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1. Nanomedicine 

Nanomedicine, the application of nanotechnology for medical purpose, has 

attracted a great attention in the past few decades. Thanks to their unique 

physiochemical properties such as nanoscale size, large surface area to mass ratio 

and high reactivity, various nano-sized materials including liposomes, micelles, 

polymeric nanoparticles and inorganic nanoparticles have been proposed as novel 

tools to deliver drugs, genes, and other agents for therapy and/or diagnosis [1–4]. 

Compared to conventional drugs that might diffuse nonspecifically after 

administration, nanoscale materials - benefiting from their size - can passively 

accumulate through the well-known enhanced permeability and retention (EPR) 

effect  in tumors, taking advantage of the leaky blood vessels and poor lymphatic 

drainage that characterize many solid tumors (Fig. 1) [5–7]. Alternatively, 

nanomaterials can be used for active targeting by functionalizing their surface with 

ligands that bind to specific receptors expressed on the cell surface at the disease site 

(Fig. 1) [8–10]. In addition to their application for active and passive targeting 

strategies, nano-sized drug delivery systems also allow improving the solubility of 

poorly-soluble drugs, carrying large drug payload, prolonging blood circulation half -

life, bypassing chemoresistance, and they can be designed to release drugs in a 

sustained and controlled way [2–4]. These aspects altogether enhance the 

pharmacokinetics of therapeutic agents and reduce potential side effects [3,11]. 

Among various nanomaterials, liposomes are considered as one of the most 

clinically established drug delivery systems [3,12]. Since the introduction on the 

market in 1995 of the first liposomal formulation, named Doxil, to treat AIDS-related 

Kaposi’s sarcoma, the application of liposomes in the field of nanomedicine has 

attracted a lot of attention, and several liposomal formulations have been approved 

for clinical use [13–16]. Liposomes are vesicles consisting of one or more 

phospholipid bilayers enclosing discrete aqueous volumes. This unique structure 

endows liposomal delivery systems the ability to entrap a diverse range of drugs, 

including hydrophobic molecules inserted into the lipid bilayer and hydrophilic 

molecules entrapped in their aqueous core (Fig. 2), thus protecting the loaded drugs 

from the external environment and from degradation [16,17]. Owing to their self-

assemble structure and controllable synthetic identity, liposomes with a wide range 
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of physicochemical properties can be easily formulated (Fig. 2) [13,18]. For instance, 

liposomes with different surface charge can be obtained by simply changing their 

lipid composition using neutral, positively charged and negatively charged lipids 

[19]; long circulating liposomes can be obtained by addition of hydrophilic polymers 

such as polyethylene glycol (PEG) on their surface [20], and actively targeted 

formulations can be designed by functionalizing the liposome surface with multiple 

ligands [18]. Overall, combined with their biocompatibility and biodegradability, all 

these features make liposomes a versatile tool to deliver efficiently various agents 

for diagnosis and/or therapy [16,17].   

 

Figure 1. Schematic representation of nano-sized materials accumulating in diseased tissue (tumor) 

by passive targeting and active targeting. Passive tissue targeting can be achieved by extravasation 

of nanoparticles via the so-called EPR effect, and active cellular targeting can be realized by 

functionalizing nanoparticles surface with ligands to promote cell -specific recognition and binding. 

Fig. 1 is adapted with permission from Peer et al. [1].  
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2. Biological challenges of nanomedicines for their clinical translation 

    Despite the great advantages of nanomaterial-based drug delivery systems and 

thousands of papers on nanomedicine published every year, nanomedicines remain 

hard to be translated into clinical formulations to benefit patients, and currently 

relatively few nano-formulations have been approved for marketing [21–24]. In 2012, 

for instance, 5 nano-carriers received great attention and media coverage when they 

entered into clinical trial, while all of them were terminated by 2016 because of lack 

of efficiency [21,25]. Additionally, in 2016, after surveying the literature from the 

previous decade, Wilhelm et al. reported that on average only 0.7% of the 

administrated nanoparticle dose is delivered to solid tumors [26], which led to an 

important debate on the success of this technology so far. Overall, there are various 

reasons that contribute to the slow translation of nano-formulations from bench to 

beside and limit their efficacy. One of the major obstacles is the so far still limited 

understanding of the basic mechanisms of interactions of nanomaterials with 

biological systems [8,18,22,23,27].  

 

Figure 2. Schematic representation of different types of liposomal formulations as drug delivery 

systems. (A) Conventional liposome that consists of lipids of various charge and is capable to load 

both hydrophilic and hydrophobic drugs. (B) PEGylated liposome that is coated with hydrophilic 
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polymers, such as PEG, on its surface acquiring prolonged circulation time in vivo. (C) Ligand-

targeted liposome that can realize specific targeting thanks to the presence of various targeting 

ligands, such as peptides and antibodies, on its surface. (D) Theranostic liposome that combines 

imaging agents and therapeutic components in one system. Fig.2  is adapted with permission from 

Sercombe et al. [18].         

 

At an organism level, once introduced in the body, nanomaterials have to overcome 

multiple defense systems such as the reticuloendothelial system (RES) and 

opsonization, which aim to recognize, neutralize and eliminate foreign  substances 

[18,28]. These defense systems can affect the biodistribution of nanomaterials and 

promote their clearance, leading to the reduction of their therapeutic efficiency 

[18,29]. However, achieving a clear understanding of the immune responses to nano-

sized materials is still a challenge for scientists and regulatory agencies  [30,31]. In 

addition, disease pathophysiology and heterogeneity can have strong effects on 

nanomedicine behavior and efficacy [22,23]. For instance, the EPR effect has been 

widely exploited for passive targeting of tumors, however a recent study performed 

by Sindhwani et al. showed that in some tumors gaps in tumor vessels allowing 

nanoparticle extravasation can be rare and on the contrary up to 97% of nanoparticles 

enter tumors utilizing an energy-dependent pathway through endothelia cells [32]. 

Additionally, recent reports indicated that many nano-formulations often show 

negative outcomes in clinical trials because of the poor translation of the results 

observed in animal models [21,26]. This suggested that differences in the anatomy 

and physiology between animal species and humans should be taken into account in 

order to choose better animal models for preclinical studies.  

Going down to cellular and intracellular levels where ultimately nanomaterials 

need to arrive for their action, understanding the extracellular and intracellular nano -

bio interactions and controlling the entry and trafficking of nanomaterials into cells 

remain other major final challenges for the development of successful nanomedicines 

[33].  

Nanomaterial interactions at cellular level include effects due to the modifications 

they encounter after interaction with biological fluids, the subsequent interactions 

with the cell membrane, and finally nanomaterial intracellular trafficking and fate.  
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Before their first interactions with cells, it is known that nanomaterials, once 

introduced in a biological environment, absorb numerous proteins and other 

biomolecules on their surface, forming a layer called “protein corona” [34,35]. This 

corona layer confers nanomaterials a new biological identity by modifying their 

charge, size and interfacial properties, affecting the subsequent outcomes at cell level 

[27,36–42]. After these initial interactions with the biological fluids in which they 

are applied, nanoparticles eventually will reach the membrane of cells and usually 

enter cells through endocytosis [33]. In order to achieve efficient uptake of 

nanoparticles in the targeted cells, a better understanding of these first interactions 

at cell level and nanoparticle internalization mechanism is necessary [43–45]. After 

their entry, the intracellular fate of nanoparticles also plays a critical role in the 

success of their application, given that the load they carry (i.e. chemical drugs, 

proteins or genes etc.) has to be delivered to specific intracellular sites [33,44,45].             

Within this context, by using liposomes as a model nanomedicine, the aim of 

this thesis is to gain a better understanding of the final steps of the nanomaterial 

journey in biological systems and in particular their interactions at a cellular 

and subcellular levels. Thus we have studied the modifications liposomes 

encounter following the interaction with the biological environment in which 

they are applied, their uptake and intracellular fate, as well as the release of 

their cargo.  A better understanding of these interactions will provide important 

tools to accurately predict the behavior of nano-formulations  at cellular level. In this 

way, nanocarrier physicochemical properties can be tuned in order to achieve the 

desired outcomes at cell level, and this ultimately will contribute to accelerate the 

clinical translation of nanomedicines.  

 

3. Extracellular and intracellular nano-bio interactions  

3.1 Interactions of nanomedicines with biological fluids 

Once introduced in a biological environment, nanomaterials, such as liposomes, 

are first exposed to biological fluids and are immediately covered with plenty of 

proteins and other biomolecules, form ing a layer known as “protein corona” [34,35]. 

Generally, the corona includes a soft and a hard corona (Fig. 3A). The hard corona 



 

7 

 

1 

2 

3 

4 

5 

6 

7 

 

is constituted by the proteins that tightly attach on the nanoparticle surface with high 

affinity, while the soft corona includes the weakly bound proteins of the outer corona 

layer, which is very dynamic and exchanges with surrounding biomolecules rapidly 

[27,46]. On the contrary. due to their high affinity, hard corona proteins have a low 

exchange rate, thus they have a long residence time on nanomaterials, and because 

of this they can affect the interactions at cell level, including for instance recognition 

by cell receptors and the subsequent mechanism of endocytosis (Fig. 3B) [27,36]. 

Indeed, rather than the bare nanoparticle surface, it is the nanoparticle -corona 

complex that constitutes the real biological unit that is actually ‘seen’  by cells (Fig. 

3B) [27,36,38–41]. For instance, Salvati et al. showed that transferrin-modified 

nanoparticles lose their targeting abilities  because of screening of the targeting 

ligands after protein corona formation on the particle surface [37], and Digiacomo et 

al. demonstrated that after corona formation the internalization pathway of bare 

liposomes via micropinocytosis was changed to clathrin-dependent endocytosis [47].  

Overall, corona formation is a dynamic process, which depends on both the 

physicochemical properties of the nanomaterials and the properties of the biological 

environment in which nanomaterials are applied [27].  

 

Figure 3. The nanoparticle-corona complex in a biological environment. (A) Proteins absorb 

strongly to the bare nanoparticle surface (e.g. k1) forming a tightly bound layer of hard corona 

proteins, while the proteins that exchange rapidly wi th the environment (e.g. k2) constitute the soft 

corona layer. (B) The nanoparticle-corona complex constitutes the real unit that interacts with cells. 

Fig.2 is adapted with permission from Monopoli et al. [36]. 
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3.1.1 Effects of nanomaterial physico-chemical properties on corona formation    

It is known that the physicochemical properties of nanomaterials, such as size, 

charge, topography, curvature, surface chemistry and surface 

hydrophobicity/hydrophilicity, are some of the critical factors that determine protein 

corona composition [33,48,49]. Because of the difficulty in predicting nanomaterial 

behavior after corona formation, different strategies have been developed to 

“passivate” the nanomaterial surface and reduce protein binding [27,50,51]. 

Polyethylene glycol, PEG, is currently the most commonly used polymer for reducing 

protein adsorption thanks to its hydrophilic properties [52]. For example, by 

modifying gold nanoparticle surfaces with introducing PEG at increasing density, 

Walkey et al. showed that the total serum protein adsorption was decreased, and this 

reduced uptake by macrophages [53]. However, in this and other similar studies, it 

was also shown that protein adsorption cannot be completely suppressed by PEG 

modification. Additionally, recent works also demonstrated that the stealth properties 

of PEG are conferred by a specific protein, i.e. clusterin, adsorbed in the corona of 

PEGylated nanomaterials, rather than the reduction of protein adsorption due to PEG 

[54]. Besides, it has emerged that PEGylation suffers several drawbacks, such as 

oxidation of PEG in physiological environments and aggregation in high salt 

solutions, and can lead to the production of antibodies against PEG itself [27,52].  

In addition to PEG, several novel anti-fouling polymers have been proposed as 

potential alternatives, which include polyoxazolines, dendrons, polysaccharides, 

polypeptoids, and zwitterionic polymers [27]. Besides, pre-absorbing specific 

proteins on the nanoparticle surface can be also used to suppress serum proteins 

adsorption [52]. For instance, nanoparticles with a preformed albumin corona showed 

significant reduction of plasma protein adsorption once applied in vivo and this led 

to reduced cytotoxicity and longer plasma residence time [55]. Similarly, clusterin, 

which as mentioned above was discovered to play an important role in the stealth 

effect of PEGylated nanoparticles [54], can be used as another protein candidate to 

pre-coat the nanoparticle surface for reducing particle clearance . Though this 

strategy may be reasonably successful for abundant and stable proteins (e.g. albumin), 

it may remain challenging for low abundant, enzymatically active and unstable 
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proteins, since in these cases protein purification can be tedious, expensive  and may 

damage their conformation and activity [27].      

At the same time, it is also emerging that specific corona proteins can be 

recognized by cell receptors, thus they can be used as targeting molecules [56,57]. 

Lara et al. reported that the corona proteins on the surface of 100 nm silica 

nanoparticles presented functional epitopes of low-density lipoproteins and 

immunoglobulin G which can be recognized by specific cell receptors [57]; 

Caracciolo et al. demonstrated that lipid particles made of DOTAP lipid and DNA 

can enrich vitronectin after interaction with human plasma and thus promote particle 

internalization in cancer cells highly expressing the vitronect in ανβ3 integrin 

receptor [58]; similarly, Zhang et al. developed β-amyloid peptide modified 

liposomes which can absorb plasma apolipoproteins, and expose receptor -binding 

domains on their surface to achieve brain targeted delivery [59]. Therefore, instead 

of trying to avoid corona formation, manipulating corona formation to recruit 

specific proteins on the nanoparticle surface during their interaction with biological 

fluids can be used as an alternative strategy to control nanoparticle behavior and 

promote targeting [27][52].   

In order to explore similar strategies to control protein corona formation or to 

exploit it for novel targeting applications, it is essential to understand how the 

physicochemical properties of nanoparticles affect their corona composition and how 

this resulting corona in turn influences nanomaterial outcomes in vivo and at cell 

level (Fig. 4). Recently, different efforts have been made to connect the synthetic 

properties of nanoparticles to their biological identities and their biological response. 

For instance, Walkey et al. established a quantitative model using nanoparticle 

properties and their serum protein corona composition to predict cell association of 

a gold nanoparticle library [60]; Bigdeli et al. exploited quantitative structure-

activity relationship (QSAR) approaches to correlate the physicochemical properties 

of liposomes and their protein corona fingerprints to their cellular uptake and 

viability [61]; and Lazarovits et al. used supervised learning to predict the biological 

fate of engineered nanoparticles in vivo from the evolution of corona protein patterns 

on their surface [42]. 
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Figure 4. By establishing a database including physicochemical properties of various nanomaterials, 

their protein corona characterization and corresponding biological interactions, models may be built 

to predict biological outcomes of nanoparticle s, and guide the design of nanoparticles for diverse 

application. Fig.5 is adapted with permission from Walkey et al. [60]. 

      

    Overall, a deeper understanding of how nanomaterial physico-chemical properties 

affect corona formation and – in turn – their cellular outcomes is still required. 

Within this context, in Chapter 2 we have used liposomes as a nanomedicine model 

to prepare a series of nanoparticles with tailored surface properties by mixing 

zwitterionic and negative charge lipids at different ratio in a systematic way. Their 

uptake efficiency and kinetics were determined, and the liposome-corona complexes 

were isolated after exposure to human serum for detailed characterization. In this 

way, we have obtained liposomes with very different uptake behavior and correlated 

the abundance of specific corona proteins on the different liposomes with the uptake 

kinetics in cells. Similar approaches can be used to tune corona composition in a 

systematic way in order to optimize liposome or other nano-formulations for specific 

applications. 

 

3.1.2 Effects of the biological environment on corona formation   

Beside nanoparticle properties, the biological fluids also play an important role in 

the interaction of nanoparticles with surrounding environment and the resulting 
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corona. It is known that the corona can be seen as a ‘memory’ of the journey of the 

nanoparticles through different biological environments [36,62]. When nanoparticles 

translocate from one biological environment to another, for instance for inhaled 

nanoparticles from lung fluids through epithelial cells to the bloodstream, their 

corona will contain not only proteins from the fluid in which they are found (e.g. 

serum proteins), but also components from the previous environments in which the 

nanoparticles have transferred (e.g. lung surfactant and membrane components) 

[36,63]. This is due to the distinctive stabil ity of the hard corona which can be 

retained at least in part as the nanoparticles transfer to a new environment [36]. At 

the same time, the corona will also be modified because nanoparticles may be 

exposed to novel proteins with higher affinity for their surface, capable to displace 

components of the original corona [36,62].  

Indeed, multiple studies have demonstrated that even subtle differences in 

biological fluids can lead to discrepancies in the corona forming on the same 

nanoparticles and in the following cell response [36]. These include, for instance, 

serum heat inactivation [64], serum concentration [65], cell culture media [66], and 

the species from which the serum is obtained [67], among many others. For instance, 

Müller et al. showed that the plasma of humans, mice, rabbits and sheeps had very 

different protein composition (e.g. immunoglobulin), and the stability and corona of 

nanoparticles was strongly affected by the source of the plasma in which they were 

dispersed [68]. Notably, they also observed that in many cases the differences in 

corona composition after dispersion in different plasma were more significant than 

the differences in the corona forming on nanoparticles with different surface 

modifications [68]. Similar observations clearly indicate the importance of exact 

matching of the media for comparative experiments. Similarly, many studies have 

demonstrated that the nanoparticle-protein corona forming in human serum/plasma 

is different from that formed in standard cell culture medium supplemented with low 

amount of fetal bovine serum (FBS) used for in vitro testing, and also from the corona 

formed in mouse plasma in in vivo studies (Fig. 5). These differences affected also 

cellular uptake efficiency [67–70]. Overall, these observations suggest that the 

biological response of nanoparticles obtained in in vitro studies may not accurately 

predict nanoparticle behavior in vivo. Similarly, outcomes observed in laboratory 
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animals may not directly translate into humans once nanomedicines reach the clinics 

[70].     

 

Figure 5. Serum from different species can lead to different corona formation. In the example shown 

here the human protein corona (HPC) and mouse protein corona (MPC) of functionalized SiO 2 

nanocarriers are compared. Fig.6 is adapted with permission from Solorio-Rodríguez et al. [67]. 

 

Next to effects due to differences in corona composition, other factors, often 

overlooked, when comparing nanoparticle outcomes in different biological fluids are 

those due to the presence of excess free biomolecules in solution. For instance, it is 

a common observation that nanoparticles dispersed in FBS have much higher cell 

uptake than when they are dispersed in the same concentration of human serum, and 

that increasing human serum concentration can further reduce nanoparticle uptake 

[37,57,65,71]. On the one hand, the different cellular uptake efficiency might result 

from the different corona forming in different biological fluids, as discussed above. 

On the other hand, the excess free serum proteins in solution may also contribute to 

such differences (Fig. 6). In fact, serum proteins can be recognized by cell receptors, 

for example, the free apolipoprotein B in serum can bind to the low-density 

lipoprotein receptor (LDL receptor), apolipoproteins A-I, A-II, and A-IV can be 

recognized by the high-density lipoprotein receptor (HDL receptor) and 

immunoglobulins can be recognized by the Fc receptor [72–74]. These proteins can 

compete with the nanoparticles and their corona for the same receptors. Thus, when 

using serum from different species, because of their different composition, the 

concentration of these free endogenous ligands will be different, and because of this 

also their competition for cell receptors. What’s more, it is also likely that free serum 

proteins in the media will have higher affinity for cells from the same species (e.g. 

human serum on human cell lines), thus they can compete better for the cell receptors 
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than proteins of a different species [65,71,75]. However, currently, a full 

understanding of how the composition of the biological environment affects 

nanoparticle-cell interactions is still missing and, more in particular, potential effects 

related to the presence of excess free proteins in solution on nanoparticle outcomes 

at cell level have not been considered in detail.  

 

Figure 6. Competition of free low-density lipoprotein (LDL) or apolipoprotein B-100 in human 

serum with a nanoparticle-corona complex. The corona formed on 100 nm silica nanoparticl es in 

serum includes LDL, which is recognized by the LDL receptor (LDLR) and triggers uptake by cells. 

At the same time, free LDL and apolipoprotein B-100 in human serum can also bind to the same 

receptor, leading to receptor occupancy and nanoparticle upt ake competition. Fig.7 is adapted with 

permission from Lara et al. [57].     

 

To this aim, Chapter 3 aimed at gaining a better understanding of nanomaterial -

cell interactions when using serum proteins from different species. Using liposomes, 

once again, as a nanocarrier model, cell uptake and corona composition we re 

characterized for liposomes exposed in medium supplemented with FBS or human 

serum (HS). Next, corona-coated liposomes were isolated and added to cells in 

serum-free conditions or after re-exposure to media supplemented with either FBS or 

HS. This has allowed us to differentiate effects of the protein source on corona 

composition from those due to the excess free proteins in solution.    
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Overall, when designing nanoparticles for disease therapy or diagnosis, it is clear 

that the influence of biological fluids should be carefully considered and a 

comprehensive understanding of the effects related to both corona formation and the 

presence of free proteins in solution is required to optimize nano-formulations.       

 

3.2 Cell membrane interactions and internalization of nanoparticles 

When nanoparticles are exposed to cells, they will first interact with the cell 

membrane and in most cases they are then internalized by cells (Fig. 7). Unlike small 

hydrophobic molecules which can partition in cell compartments according to 

physicochemical equilibrium principles [76], synthetic nanomaterials, because of 

their size and surface, use various energy-dependent endocytic pathways to gain 

access into cells (Fig. 7) [77]. This constitutes one of the great advantages of 

nanomedicines over many conventional drugs, since nanocarriers can be designed to 

target specific cell types and specific pathways for the intracellular delivery of drugs 

and they are processed by cells using endogenous pathways [44]. However, it is clear 

that almost all the internalized nanoparticles are primarily routed to the degradative 

organelle of cells, the lysosome [77]. This constitutes a major intracellular barrier to 

drug delivery. Understanding and controlling the initial interactions on the cell 

membrane and the internalization mechanism of nanoparticle by cells may help not 

only to discover most efficient receptors and pathways for targeted uptake, but 

potentially also to discover strategies for endosomal escape and to control the 

intracellular fate of nanomaterials.  

 

Figure 7. Nanomaterials interact with cell membrane and use various endocytic pathways to enter 

cells. Fig.8 is adapted with permission from Sahay et al. [78].     
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Within the different pathways cells use for internalizing exogenous materials, 

mechanisms of endocytosis are usually classified as clathrin -mediated endocytosis 

(CME), caveolae-mediated endocytosis, clathrin/caveolae-independent endocytosis, 

macropinocytosis and phagocytosis [78]. CME is the main mechanism that cells use 

to obtain nutrients and internalize membrane components. It involves the formation 

of invaginations of the cell membrane assisted by clathrin (together with other 

proteins), and usually is followed by trafficking of the internalized cargo towards the 

lysosomes [79]. Caveolae-dependent pathways have also been described and are 

believed to enable transcytosis of internalized cargoes across cells, however this kind 

of observations is nowadays debated, as also the existence of caveolae-mediated 

endocytosis [80]. Additionally, several other clathrin/caveolae independent pathways 

have also been described and are still being investigated [81]. Macropinocytosis is 

an actin-driven endocytic process, which creates large vesicles by extensions of the 

cell membrane that engulf larger volumes of extracellular fluids [82]. This pathway 

is considered important in the uptake of larger nanoparticles [83]. Finally, 

phagocytosis mainly takes place in professional phagocytes, such as macrophages, 

for the immune response to pathogens [84].  

Overall, a clear understanding on how nanoparticle properties affect the 

mechanisms cells use for the internalization of nanomaterials is still missing. Thus 

several studies have tried to investigate how mechanisms of uptake change with 

nanoparticle properties such as size, charge, material etc. For instance, it is generally 

observed that charged nanoparticles have higher uptake than neutral and zwitterionic 

ones [13]. Zwitterionic modifications have received increased attention as a strategy 

alternative to PEGylation to reduce protein adsorption [27]. However, it is not known 

yet how zwitterionic modifications affect nanoparticle uptake efficiency, as well as 

nanoparticle uptake mechanism. In this context, in Chapter 4 we characterized and 

compared the uptake mechanism of negatively charged and zwitterionic liposomes of 

same size in HeLa cells. This was done by blocking key components of different 

endocytic pathways using a panel of common pharmacological inhibitors and RNA 

interference, and comparing their effects on the uptake of both liposomes. The effects 

of liposome or other nanocarriers formulation on the mechanisms cells use for their 
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internalization are other important factors that require a better understanding to allow 

the optimization of nanomedicines with optimal properties for specific applications.  

 

3.3 Intracellular fate of nanoparticles and drug release  

Following uptake, the next crucial step for successful drug delivery is the 

intracellular sorting and trafficking of nanoparticles, and ultimately the release of 

the carried drug [33]. The final intracellular destination of nanoparticles can strongly 

affect their therapeutic/diagnostic efficiency, as well as their potential side toxicity 

[44]. As mentioned above, it is known that almost all of the endocytosed 

nanoparticles are primarily routed to the lysosomes [77], which makes lysosomal 

targeting relatively easy. For instance, Jena et al. developed an optical reporter based 

on carbon nanotubes to quantitatively map lipid accumulation in the lumen of 

endolysosomal organelles [85]. However, for any other intracellular target, 

endosomal escape or cargo release during endolysosomal trafficking are required to 

avoid lysosome-mediated digestion of the carried drug (Fig. 8) [86]. For example, 

polyethyleneimine (PEI)-DNA complexes can escape from endosomes via the so-

called proton sponge effect to reach the cytosol and accumulate in the nucleus for 

gene transfection [87].     

 

Figure. 8 Expected intracellular trafficking of nanoparticles. Nanoparticles can either target to 

lysosomes or need to escape from endosomes to accumulate in cytosol and/or for subcellular 

targeting. Fig.9 is adapted with permission from Pearson et al. [86].        
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In addition, the kinetics of cargo (e.g. genes and drugs) release from nanocarriers 

after internalization is also crucial for a successful nanomedicine application. For 

instance, despite their several advantages for clinical use, some studies pointed out 

that the unloading of the encapsulated cargo from liposomes following endocytosis 

by the targeted cells is usually a rate-limiting step [88,89]. Seynhaeve et al. have 

reported that free doxorubicin can kill cells more efficiently than liposomal 

formulations, such as Doxil, because of the fast diffusion of free drugs through cells 

and their quicker accumulation in nucleus compared with drugs trapped in liposomes 

[90]. Similarly, the commercial lipofectamine 2000, commonly used as an efficient 

gene delivery tool in vitro, is not suitable for therapeutic purposes because its release 

cannot be controlled, and it shows slow gene transfection [91].  A clear knowledge 

of when and where the cargo is released from a nanocarrier after its internalization 

by cells is required for the design of formulations with the required release 

characteristics.     

However, nowadays, no standardized methods are available yet for testing the 

release of drugs from liposomal products or other nanomedicines [92][93]. The 

commonly used techniques for studying drug release in vitro are based on dialysis 

and centrifugation: the released drugs are separated from drug-loaded liposomes 

using either a dialysis membrane or ultracentrifugation and then quantified using 

methods such as  UV/fluorescence spectroscopy or HPLC. Nevertheless, these 

methods cannot be used to determine cargo release from liposomes in complex 

biological environments or once inside cells, and the in vitro separation step can 

affect drug release rate. For instance, when using dialysis, Washington et al. 

suggested that the drug release rate is affected by the high concentration gradient 

between the large release medium in the donor compartment and the bulk phase in 

the receptor compartment [94]. Similarly, centrifugation-based methods can lead to 

drug release enhancement or even liposome damage when high centrifugal force 

applied [95]. Additionally, the current methods usually do not take into account the 

effects of protein binding and corona formation on liposome stability and release 

properties, as also further effects following their uptake by cells and intracellular 

trafficking [93]. 
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Within this context, in Chapter 5 we have used sulforhodamine B, a membrane 

impermeable fluorophore, to mimic hydrophilic drugs entrapped in the inner aqueous 

volume of liposomes, and by combining flow cytometry analysis and microscopy 

imaging, we have determined liposome release behavior after internalization by cells. 

An ideal nanocarrier should not only have efficient drug release in the targeted cells 

to maximize its therapeutic effects, but also avoid cargo leakage in biological fluids 

to minimize side effects while it is distributed towards its target. Thus the release 

properties of liposomes were also studied after exposure to biological fluids and 

incubation in biological conditions in order to  include effects of corona formation 

and aging of the dispersions. Having observed in the previous Chapters that 

liposomes with different composition showed very different uptake efficiency and 

uptake mechanism by cells, in this Chapter the same liposomes were used as a model 

in order to investigate how the different lipid composition affects liposome stability 

and intracellular drug release.  

 

4. Liposome targeting with endogenous components  

As mentioned above, once introduced in a biological environment,  nanomaterials 

interact with various components, such as biomolecules and proteins from biological 

fluids, cell membrane receptors and intracellular components, before they arrive to 

their destination. These interactions are very difficult to predict and i t is still difficult 

to tune nanoparticle properties in order to precisely control their performance in a 

biological environment using synthetic nanomedicines.  

While several studies, such as those in the Chapters presented here, try to 

understand how to tune nanoparticle properties in order to control their biological 

outcomes, biomimetic nanotechnology is receiving increasing attention as an 

alternative strategy to fabricate nanoparticles with defined interactions with 

biological systems (Fig. 9) [96–98]. Cells are involved in various basic functions. A 

large portion of these cell-specific functions are governed by their plasma membrane, 

which regulates - for instance - the interactions with other cells, receives 

extracellular signals and modulates immunity [96]. Inspired from these basic 

functions governed by cell membranes, cell-membrane coated nanoparticles have 
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been recently developed as novel biomimetic nanocarriers. Cell membranes derived 

from different cell types are used to prepare or to coat nanoparticles, and in this way 

achieve naturally existing interactions that cells usually have wi th other cells or 

biological components, while reducing non-specific or unwanted interactions (Fig. 9) 

[97,98]. For instance, to benefit of the long circulation, inherent biocompatibility 

and lack of immunogenicity of erythrocytes, erythrocyte membrane-camouflaged 

polymeric nanoparticles have been developed. Interestingly, they showed prolonged 

circulation half time in vivo up to 72 h, in comparison to the same polymeric 

nanoparticles cores coated with the state-of-the-art synthetic stealth materials [99]. 

Similarly, taking advantage of the unique ability of leukocytes to accumulate to 

inflamed sites, leukocyte membrane doped liposomes were used to target inflamed 

vasculature and selectively deliver  dexamethasone to inflamed tissues [100]. 

Additionally, several studies have suggested that cancer cel l membranes can be used 

to achieve homotypic targeting to the cells from which they are derived, though the 

mechanism is not clear, and various homotypic cancer cell membrane coated 

nanoparticles  have been developed to try to achieve tumor self -recognition and self-

targeting [101–103].  
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Figure 9. Cell membrane-coated nanoparticles. Different cell types have been used as membrane 

sources to coat nanoparticle surfaces. Depending on the application, cell membranes from various 

cell types can be used to provide the nanoparticle cores with specific functionalities. Fig.10 is 

adapted with permission from Fang et al. [98].         

 

Within this context, in Chapter 6 we have used cancer cell membrane 

nanotechnology as a tool to study the interactions of leukemia cells with stromal cells 

in the bone marrow and in this way investigate new strategies to target acute myeloid 

leukemia (AML). It is known that acute myeloid leukemia (AML), a cancer of the 

myeloid line of blood cells, has high treatment failure because of drug resistance, 

disease relapse and difficulty of targeting due to its various mutations [104–106]. 

Since in 1978 Schofield proposed the concept of ‘niche’, increasing evidence has 

suggested that the bone marrow microenvironment (the niche) plays an important 

role in the development and evolution of this disease, by regulating the leukemic 

cells or their progenitors via secreted factors, released vesicles and via direct cell -

cell interactions [107,108]. Thus, novel strategies to target the interactions of AML 

with its niche are being investigated. In this context, in this chapter, leukemia and 

stromal cell models were used to extract cell membranes and prepare cell membrane 

nanoparticles. Synthetic liposomes such as those used in the other chapters were 

doped with cell membrane components and characterized. Thus, we have compared 

cellular uptake levels of liposomes doped with various cell membranes in  order to 

determine their affinities for leukemia and stromal cells. Such approaches can be 

used to characterize the interactions between stromal and leukemia cells and discover 

potential novel strategies to target them.  

 

5. Scope and outline of the Thesis 

Nanomedicine has been rapidly developed in the last decades and numerous 

nanomaterials have been proposed as drug/gene delivery tools to treat various 

diseases. However, the clinical translation of nano-formulations is slow and 

relatively few of them have been approved for clinical use so far. One of the main 

obstacles in the development of nanomedicines is the still limited understanding of 

nanomaterial interactions with biological systems.  
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Using liposomes - one of the most clinically established nano-formulations - as a 

nanomedicine model, this Thesis aims to investigate nanocarrier behavior in 

complex biological systems, in order to explore new strategies to guide the design of 

more effective nano-formulations.  

 

Figure 10. The liposome journey in a biological environment. This includes three steps: i) the 

liposome interaction with biological fluids and the rapid formation of protein corona on their surface; 

ii) the cell recognition of liposome-corona complexes followed by their internalization; iii) 

liposome interaction with intracellular compartments and the final drug release.      

 

The interactions of liposomes and other nanocarriers with complex biological 

environments involve several key steps and barriers, and these all need to be studied 

(Fig. 10). These include, first of all, the interactions with the biological fluids in 

which the nanocarriers are applied (Chapter 2 and 3), secondly, their interactions 

with the cell membrane and the nanocarrier entry into cells via different mechanisms 

(Chapter 4), and finally, the intracellular trafficking and cargo release, which  also 

affect their final therapeutic efficacy (Chapter 5) (Fig. 10). At the same time, cell 

membrane nanotechnology can be been used to camouflage nanomaterials and 

develop novel drug delivery tools expressing specific biological signals on their 

surface, and in this way to help nanocarriers to cross some of these barriers (Chapter 

6). 
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Within this context, in this Thesis, we have changed in a systematic way the 

synthetic properties of liposomes in order to tune the corona they form once applied 

in serum and modulate cell uptake efficiency and kinetics (Chapter 2). Additionally, 

we investigated the effect of different biological fluids - in this case serum proteins 

from different species – on nanomaterial-cell interactions and we have differentiated 

effects on corona composition from those – often overlooked - due to the presence 

of excess free proteins in solution (Chapter 3). Thus, we have studied how liposome 

charge affects the mechanisms cells use for their internalization, focusing in 

particular on the effects of zwitterionic modifications, given the current interests in 

zwitterionic particles as an alternative to PEGylation to improve the 

pharmacokinetics of nanocarriers (Chapter 4). Next to this, we have developed 

methods to study drug release kinetics of different liposomes once they are in contact 

with biological fluids, following corona formation and also once they are inside cells 

after endocytosis (Chapter 5). Finally, we have exploited cell membrane 

nanotechnology to dope liposomes with cell membranes as a tool to explore and 

characterize the interactions between leukemia and stromal cells in AML ( Chapter 

6). 

This Thesis contributes to a better understanding of the interactions be tween 

nanomaterials and biological systems and in particular of some of the most crucial 

steps in the journey of nanocarriers at cellular level. A deeper knowledge on how 

complex biological systems affect nanomaterial behavior will help to tune 

nanomaterial synthetic properties to achieve the desired biological outcomes at cell 

and organism levels, thus overall contributing to the design of more efficient 

nanomedicines.           

 

 

  



 

23 

 

1 

2 

3 

4 

5 

6 

7 

 

References 

[1] D. Peer, J.M. Karp, S. Hong, O.C. Farokhzad, R. Margalit, R. Langer, Nanocarriers as an emerging 

platform for cancer therapy, Nat. Nanotechnol. 2 (2007) 751–760. 

https://doi.org/10.1038/nnano.2007.387. 

[2] M. Ferrari, Cancer nanotechnology: opportunities and challenges, Nat. Rev. Cancer. 5 (2005) 161–171. 

https://doi.org/10.1038/nrc1566. 

[3] L. Zhang, F. Gu, J. Chan, A. Wang, R. Langer, O. Farokhzad, Nanoparticles in medicine: therapeutic 

applications and developments, Clin. Pharmacol. Ther. 83 (2008) 761–769. 

https://doi.org/10.1038/sj.clpt.6100400. 

[4] R. Langer, Drug delivery and targeting, Nature. 392 (1998) 5–10. https://doi.org/10.1016/s0378-

5173(02)00260-0. 

[5] Y. Matsumura, H. Maeda, A New Concept for Macromolecular Therapeutics in Cancer Chemotherapy: 

Mechanism of Tumoritropic Accumulation of Proteins and the Antitumor Agent Smancs, Cancer Res. 46 

(1986) 6387–6392. 

[6] E. Blanco, H. Shen, M. Ferrari, Principles of nanoparticle design for overcoming biological barriers to 

drug delivery, Nat. Biotechnol. 33 (2015) 941–951. https://doi.org/10.1038/nbt.3330. 

[7] A.K. Iyer, G. Khaled, J. Fang, H. Maeda, Exploiting the enhanced permeability and retention effect for 

tumor targeting, Drug Discov. Today. 11 (2006) 812–818. https://doi.org/10.1016/j.drudis.2006.07.005. 

[8] K. Greish, H. Nehoff, N. Parayath, L. Domanovitch, S. Taurin, Nanomedicine for drug targeting: 

strategies beyond the enhanced permeability and retention effect, Int. J. Nanomedicine. 9 (2014) 2539. 

https://doi.org/10.2147/IJN.S47129. 

[9] J.D. Byrne, T. Betancourt, L. Brannon-Peppas, Active targeting schemes for nanoparticle systems in 

cancer therapeutics, Adv. Drug Deliv. Rev. 60 (2008) 1615–1626. 

https://doi.org/10.1016/j.addr.2008.08.005. 

[10] F.X. Gu, R. Karnik, A.Z. Wang, F. Alexis, E. Levy-Nissenbaum, S. Hong, R.S. Langer, O.C. Farokhzad, 

Targeted nanoparticles for cancer therapy, Nano Today. 2 (2007) 14–21. https://doi.org/10.1016/S1748-

0132(07)70083-X. 

[11] S.D. Li, L. Huang, Pharmacokinetics and biodistribution of nanoparticles, in: Mol. Pharm., 2008: pp. 

496–504. https://doi.org/10.1021/mp800049w. 

[12] L. Sercombe, T. Veerati, F. Moheimani, S.Y. Wu, A.K. Sood, S. Hua, A. Tan, Z. Wang, R. Lust, S. Hua, 

L. Sercombe, T. Veerati, F. Moheimani, S.Y. Wu, A.K. Sood, S. Hua, Advances and Challenges of 

Liposome Assisted Drug Delivery, Front. Pharmacol. | Www.Frontiersin.Org. 6 (2015) 286. 

https://doi.org/10.3389/fphar.2015.00286. 

[13] G. Caracciolo, Liposome-protein corona in a physiological environment: Challenges and opportunities 

for targeted delivery of nanomedicines, Nanomedicine Nanotechnology, Biol. Med. 11 (2015) 543–557. 

https://doi.org/10.1016/j.nano.2014.11.003. 

[14] F. Martin, A. Huang, B. Uziely, B. Kaufman, T. Safra, A. Gabizon, R. Catane, B. Uziely, B. Kaufman, 

T. Safra, R. Cohen, F. Martin, A. Huang, Y. Barenholz, Prolonged circulation time and enhanced 

accumulation in malignant exudates of doxorubicin encapsulated in polyethylene-glycol coated 

liposomes, Cancer Res. 54 (1994) 987–992. https://cancerres.aacrjournals.org/content/54/4/987.full-

text.pdf (accessed August 16, 2019). 

[15] U. Bulbake, S. Doppalapudi, N. Kommineni, W. Khan, Liposomal formulations in clinical use: an 

updated review, Pharmaceutics. 9 (2017) 12. https://doi.org/10.3390/pharmaceutics9020012. 

[16] V.P. Torchilin, Recent advances with liposomes as pharmaceutical carriers, Nat. Rev. Drug Discov. 4 

(2005) 145–160. https://doi.org/10.1038/nrd1632. 

[17] T.M. Allen, P.R. Cullis, Liposomal drug delivery systems: From concept to clinical applications, Adv. 

Drug Deliv. Rev. 65 (2013) 36–48. https://doi.org/10.1016/j.addr.2012.09.037. 

[18] L. Sercombe, T. Veerati, F. Moheimani, S.Y. Wu, A.K. Sood, S. Hua, Advances and challenges of 



  

24 
 

liposome assisted drug delivery, Front. Pharmacol. 6 (2015). https://doi.org/10.3389/fphar.2015.00286. 

[19] M. Campos-Martorell, M. Cano-Sarabia, A. Simats, M. Hernández-Guillamon, A. Rosell, D. Maspoch, 

J. Montaner, Charge effect of a liposomal delivery system encapsulating simvastatin to treat 

experimental ischemic stroke in rats, Int. J. Nanomedicine. 11 (2016) 3035–3048. 

https://doi.org/10.2147/IJN.S107292. 

[20] R. Yatuv, M. Robinson, I. Dayan-Tarshish, M. Baru, The use of PEGylated liposomes in the 

development of drug delivery applications for the treatment of hemophilia, Int. J. Nanomedicine. 5 

(2010) 581–591. https://doi.org/10.2147/ijn.s8603. 

[21] K. Park, The drug delivery field at the inflection point: Time to fight its way out of the egg, J. Control. 

Release. 267 (2017) 2–14. https://doi.org/10.1016/J.JCONREL.2017.07.030. 

[22] X. Qu, C. Eugen Hagemeyer, N. Paolocci, S. Hua Susan, S. Hua, M.B. C de Matos, J.M. Metselaar, G. 

Storm, Current Trends and Challenges in the Clinical Translation of Nanoparticulate Nanomedicines: 

Pathways for Translational Development and Commercialization, Front. Pharmacol. | 

Www.Frontiersin.Org. 1 (2018) 790. https://doi.org/10.3389/fphar.2018.00790. 

[23] J.I. Hare, T. Lammers, M.B. Ashford, S. Puri, G. Storm, S.T. Barry, Challenges and strategies in anti-

cancer nanomedicine development: An industry perspective, Adv. Drug Deliv. Rev. 108 (2017) 25–38. 

https://doi.org/10.1016/J.ADDR.2016.04.025. 

[24] M. Torrice, Does Nanomedicine Have a Delivery Problem?, ACS Cent. Sci. 2 (2016) 434–437. 

https://doi.org/10.1021/acscentsci.6b00190. 

[25] K. Bourzac, Carrying drugs, Nature. 491 (2012) S58–S60. https://doi.org/10.1038/491S58a. 

[26] S. Wilhelm, A.J.J. Tavares, Q. Dai, S. Ohta, J. Audet, H.F.F. Dvorak, W.C.W.C.W.W. Chan, Analysis of 

nanoparticle delivery to tumours, Nat. Rev. Mater. 1 (2016) 16014. 

https://doi.org/10.1038/natrevmats.2016.14. 

[27] C.D. Walkey, W.C.W. Chan, Understanding and controlling the interaction of nanomaterials with 

proteins in a physiological environment, Chem. Soc. Rev. 41 (2012) 2780–2799. 

https://doi.org/10.1039/C1CS15233E. 

[28] Willis, Forssen, Ligand-targeted liposomes., Adv. Drug Deliv. Rev. 29 (1998) 249–271. 

http://www.ncbi.nlm.nih.gov/pubmed/10837594 (accessed February 4, 2020). 

[29] F. Alexis, E. Pridgen, L.K. Molnar, O.C. Farokhzad, Factors Affecting the Clearance and Biodistribution 

of Polymeric Nanoparticles, (n.d.). https://doi.org/10.1021/mp800051m. 

[30] M.A. Dobrovolskaia, D.R. Germolec, J.L. Weaver, Evaluation of nanoparticle immunotoxicity, Nat. 

Nanotechnol. 4 (2009) 411–414. https://doi.org/10.1038/nnano.2009.175. 

[31] S. Naahidi, M. Jafari, F. Edalat, K. Raymond, A. Khademhosseini, P. Chen, Biocompatibility of 

engineered nanoparticles for drug delivery, J. Control. Release. 166 (2013) 182–194. 

https://doi.org/10.1016/j.jconrel.2012.12.013. 

[32] S. Sindhwani, A.M. Syed, J. Ngai, B.R. Kingston, L. Maiorino, J. Rothschild, P. MacMillan, Y. Zhang, 

N.U. Rajesh, T. Hoang, J.L.Y. Wu, S. Wilhelm, A. Zilman, S. Gadde, A. Sulaiman, B. Ouyang, Z. Lin, 

L. Wang, M. Egeblad, W.C.W. Chan, The entry of nanoparticles into solid tumours, Nat. Mater. (2020). 

https://doi.org/10.1038/s41563-019-0566-2. 

[33] S. Behzadi, V. Serpooshan, W. Tao, M.A. Hamaly, M.Y. Alkawareek, E.C. Dreaden, D. Brown, A.M. 

Alkilany, O.C. Farokhzad, M. Mahmoudi, Cellular uptake of nanoparticles: Journey inside the cell, 

Chem. Soc. Rev. 46 (2017) 4218–4244. https://doi.org/10.1039/c6cs00636a. 

[34] T. Cedervall, I. Lynch, S. Lindman, T. Berggård, E. Thulin, H. Nilsson, K.A. Dawson, S. Linse, T. 

Berggard, E. Thulin, H. Nilsson, K.A. Dawson, S. Linse, Understanding the nanoparticle-protein corona 

using methods to quantify exchange rates and affinities of proteins for nanoparticles, Proc. Natl. Acad. 

Sci. 104 (2007) 2050–2055. https://doi.org/10.1073/pnas.0608582104. 

[35] A.E. Nel, L. Mädler, D. Velegol, T. Xia, E.M. V. Hoek, P. Somasundaran, F. Klaessig, V. Castranova, 

M. Thompson, E.M. V Hoek, P. Somasundaran, F. Klaessig, V. Castranova, M. Thompson, 

Understanding biophysicochemical interactions at the nano–bio interface, 8 (2009) 543–557. 

https://doi.org/10.1038/nmat2442. 



 

25 

 

1 

2 

3 

4 

5 

6 

7 

 

[36] M.P. Monopoli, C. Åberg, A. Salvati, K.A. Dawson, Biomolecular coronas provide the biological 

identity of nanosized materials, Nat. Nanotechnol. 7 (2012) 779–786. 

https://doi.org/10.1038/nnano.2012.207. 

[37] A. Salvati, A.S. Pitek, M.P. Monopoli, K. Prapainop, F.B. Bombelli, D.R. Hristov, P.M. Kelly, C. 

Åberg, E. Mahon, K.A. Dawson, Transferrin-functionalized nanoparticles lose their targeting capabilities 

when a biomolecule corona adsorbs on the surface, Nat. Nanotechnol. 8 (2013) 137–143. 

https://doi.org/10.1038/nnano.2012.237. 

[38] C.C. Fleischer, C.K. Payne, Nanoparticle–cell interactions: molecular structure of the protein corona and 

cellular outcomes, Acc. Chem. Res. 47 (2014) 2651–2659. https://doi.org/10.1021/ar500190q. 

[39] S. Tenzer, D. Docter, J. Kuharev, A. Musyanovych, V. Fetz, R. Hecht, F. Schlenk, D. Fischer, K. 

Kiouptsi, C. Reinhardt, K. Landfester, H. Schild, M. Maskos, S.K. Knauer, R.H. Stauber, Rapid 

formation of plasma protein corona critically affects nanoparticle pathophysiology, Nat. Nanotechnol. 8 

(2013) 772–781. https://doi.org/10.1038/nnano.2013.181. 

[40] P. Aggarwal, J.B. Hall, C.B. McLeland, M.A. Dobrovolskaia, S.E. McNeil, Nanoparticle interaction 

with plasma proteins as it relates to particle biodistribution, biocompatibility and therapeutic efficacy, 

Adv. Drug Deliv. Rev. 61 (2009) 428–437. https://doi.org/10.1016/J.ADDR.2009.03.009. 

[41] G. Caracciolo, O.C. Farokhzad, M. Mahmoudi, Biological Identity of Nanoparticles In Vivo: Clinical 

Implications of the Protein Corona, Trends Biotechnol. 35 (2017) 257–264. 

https://doi.org/10.1016/J.TIBTECH.2016.08.011. 

[42] J. Lazarovits, S. Sindhwani, A.J. Tavares, Y. Zhang, F. Song, J. Audet, J.R. Krieger, A.M. Syed, B. 

Stordy, W.C.W. Chan, Supervised Learning and Mass Spectrometry Predicts the in Vivo Fate of 

Nanomaterials, ACS Nano. 13 (2019) 8023–8034. https://doi.org/10.1021/acsnano.9b02774. 

[43] R.A. Petros, J.M. Desimone, Strategies in the design of nanoparticles for therapeutic applications, 2010. 

https://doi.org/10.1038/nrd2591. 

[44] L.Y.T. Chou, K. Ming, W.C.W. Chan, Strategies for the intracellular delivery of nanoparticles, Chem. 

Soc. Rev. 40 (2011) 233–245. https://doi.org/10.1039/c0cs00003e. 

[45] B. Yameen, W. Il Choi, C. Vilos, A. Swami, J. Shi, O.C. Farokhzad, Insight into nanoparticle cellular 

uptake and intracellular targeting, J. Control. Release. 190 (2014) 485–499. 

https://doi.org/10.1016/j.jconrel.2014.06.038. 

[46] C. Weber, J. Simon, V. Mailänder, S. Morsbach, K. Landfester, Preservation of the soft protein corona in 

distinct flow allows identification of weakly bound proteins, Acta Biomater. 76 (2018) 217–224. 

https://doi.org/10.1016/j.actbio.2018.05.057. 

[47] L. Digiacomo, F. Cardarelli, D. Pozzi, S. Palchetti, M.A. Digman, E. Gratton, A.L. Capriotti, M. 

Mahmoudi, G. Caracciolo, An apolipoprotein-enriched biomolecular corona switches the cellular uptake 

mechanism and trafficking pathway of lipid nanoparticles, Nanoscale. 9 (2017) 17254–17262. 

https://doi.org/10.1039/C7NR06437C. 

[48] S. Tenzer, D. Docter, S. Rosfa, A. Wlodarski, J. Kuharev, A. Rekik, S.K. Knauer, C. Bantz, T. Nawroth, 

C. Bier, J. Sirirattanapan, W. Mann, L. Treuel, R. Zellner, M. Maskos, H. Schild, R.H. Stauber, 

Nanoparticle Size Is a Critical Physicochemical Determinant of the Human Blood Plasma Corona: A 

Comprehensive Quantitative Proteomic Analysis, ACS Nano. 5 (2011) 7155–7167. 

https://doi.org/10.1021/nn201950e. 

[49] G. Caracciolo, D. Pozzi, A.L. Capriotti, C. Cavaliere, S. Piovesana, H. Amenitsch, A. Laganà, Lipid 

composition: A “key factor” for the rational manipulation of the liposome-protein corona by liposome 

design, RSC Adv. 5 (2015) 5967–5975. https://doi.org/10.1039/c4ra13335h. 

[50] H. Otsuka, Y. Nagasaki, K. Kataoka, PEGylated nanoparticles for biological and pharmaceutical 

applications, Adv. Drug Deliv. Rev. (n.d.). https://ac-els-cdn-com.proxy-

ub.rug.nl/S0169409X12002827/1-s2.0-S0169409X12002827-main.pdf?_tid=ec667a6f-b2d7-427a-b2b1-

bfbfca889152&acdnat=1522263701_0b2b9c110953b42aacfae4bf174eca99 (accessed March 28, 2018). 

[51] S.M. Moghimi, A.C. Hunter, J.C. Murray, Long-circulating and target-specific nanoparticles: Theory to 

practice, Pharmacol. Rev. 53 (2001) 283–318. 



  

26 
 

[52] W. Xiao, H. Gao, The impact of protein corona on the behavior and targeting capability of nanoparticle-

based delivery system, Int. J. Pharm. 552 (2018) 328–339. 

https://doi.org/10.1016/j.ijpharm.2018.10.011. 

[53] C.D. Walkey, J.B. Olsen, H. Guo, A. Emili, W.C.W. Chan, Nanoparticle Size and Surface Chemistry 

Determine Serum Protein Adsorption and Macrophage Uptake, (2011). 

https://doi.org/10.1021/ja2084338. 

[54] S. Schöttler, G. Becker, S. Winzen, T. Steinbach, K. Mohr, K. Landfester, V. Mailänder, F.R. Wurm, 

Protein adsorption is required for stealth effect of poly(ethylene glycol)- and poly(phosphoester)-coated 

nanocarriers., Nat. Nanotechnol. 11 (2016) 1–6. https://doi.org/10.1038/nnano.2015.330. 

[55] Q. Peng, S. Zhang, Q. Yang, T. Zhang, X.Q. Wei, L. Jiang, C.L. Zhang, Q.M. Chen, Z.R. Zhang, Y.F. 

Lin, Preformed albumin corona, a protective coating for nanoparticles based drug delivery system, 

Biomaterials. 34 (2013) 8521–8530. https://doi.org/10.1016/j.biomaterials.2013.07.102. 

[56] Z.J. Deng, M. Liang, M. Monteiro, I. Toth, R.F. Minchin, Nanoparticle-induced unfolding of fibrinogen 

promotes Mac-1 receptor activation and inflammation, Nat. Nanotechnol. 6 (2011) 39–44. 

https://doi.org/10.1038/nnano.2010.250. 

[57] S. Lara, F. Alnasser, E. Polo, D. Garry, M.C. Lo Giudice, D.R. Hristov, L. Rocks, A. Salvati, Y. Yan, 

K.A. Dawson, Identification of receptor binding to the biomolecular corona of nanoparticles, ACS Nano. 

11 (2017) 1884–1893. https://doi.org/10.1021/acsnano.6b07933. 

[58] G. Caracciolo, F. Cardarelli, D. Pozzi, F. Salomone, G. Maccari, G. Bardi, A.L. Capriotti, C. Cavaliere, 

M. Papi, A. Laganà, Selective Targeting Capability Acquired with a Protein Corona Adsorbed on the 

Surface of 1,2-Dioleoyl-3-trimethylammonium Propane/DNA Nanoparticles, ACS Appl. Mater. 

Interfaces. 5 (2013) 13171–13179. https://doi.org/10.1021/am404171h. 

[59] Z. Zhang, J. Guan, Z. Jiang, Y. Yang, J. Liu, W. Hua, Y. Mao, C. Li, W. Lu, J. Qian, C. Zhan, Brain-

targeted drug delivery by manipulating protein corona functions, Nat. Commun. 10 (2019) 3561. 

https://doi.org/10.1038/s41467-019-11593-z. 

[60] C.D. Walkey, J.B. Olsen, F. Song, R. Liu, H. Guo, D. Wesley, H. Olsen, Y. Cohen, A. Emili, W.C.W. 

Chan, Protein Corona Fingerprinting Predicts the Cellular Interaction of Gold and Silver Nanoparticles, 

8 (2439). https://doi.org/10.1021/nn406018q. 

[61] A. Bigdeli, S. Palchetti, D. Pozzi, M.R. Hormozi-Nezhad, F. Baldelli Bombelli, G. Caracciolo, M. 

Mahmoudi, Exploring cellular interactions of liposomes using protein corona fingerprints and 

physicochemical properties, ACS Nano. 10 (2016) 3723–3737. 

https://doi.org/10.1021/acsnano.6b00261. 

[62] D. Docter, D. Westmeier, M. Markiewicz, S. Stolte, S.K. Knauer, R.H. Stauber, The nanoparticle 

biomolecule corona: lessons learned-challenge accepted?, Chem. Soc. Rev. 44 (2015) 6094. 

https://doi.org/10.1039/c5cs00217f. 

[63] H.S. Choi, Y. Ashitate, J.H. Lee, S.H. Kim, A. Matsui, N. Insin, M.G. Bawendi, M. Semmler-Behnke, J. 

V. Frangioni, A. Tsuda, Rapid translocation of nanoparticles from the lung airspaces to the body, Nat. 

Biotechnol. 28 (2010) 1300–1303. https://doi.org/10.1038/nbt.1696. 

[64] A. Lesniak, A. Campbell, M.P. Monopoli, I. Lynch, A. Salvati, K.A. Dawson, Serum heat inactivation 

affects protein corona composition and nanoparticle uptake, Biomaterials. 31 (2010) 9511–9518. 

https://doi.org/10.1016/j.biomaterials.2010.09.049. 

[65] V. Francia, K. Yang, S. Deville, C. Reker-Smit, I. Nelissen, A. Salvati, Corona composition can affect 

the mechanisms cells use to internalize nanoparticles, ACS Nano. 13 (2019) 11107–11121. 

https://doi.org/10.1021/acsnano.9b03824. 

[66] G. Maiorano, S. Sabella, B. Sorce, V. Brunetti, M.A. Malvindi, R. Cingolani, P.P. Pompa, Effects of 

Cell Culture Media on the Dynamic Formation of Protein−Nanoparticle Complexes and Influence on the 

Cellular Response, ACS Nano. 4 (2010) 7481–7491. https://doi.org/10.1021/nn101557e. 

[67] A. Solorio-Rodríguez, V. Escamilla-Rivera, M. Uribe-Ramírez, A. Chagolla, R. Winkler, C.M. García-

Cuellar, A. De Vizcaya-Ruiz, A comparison of the human and mouse protein corona profiles of 

functionalized SiO 2 nanocarriers, (2017). https://doi.org/10.1039/c7nr04685e. 



 

27 

 

1 

2 

3 

4 

5 

6 

7 
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ABSTRACT 

Nano-sized objects such as liposomes are modified by adsorption of biomolecules 

in biological fluids. The resulting corona critically changes nanoparticle behavior at 

cellular level. A better control of corona composition could allow to modulate uptake 

by cells. Within this context, in this work, liposomes of different charge were 

prepared by mixing negatively charged and zwitterionic lipids to different ratios. The 

series obtained was used as a model system with tailored surface properties to 

modulate corona composition and determine the effects on liposome interactions with 

cells. Uptake efficiency and uptake kinetics of the different liposomes were 

determined by flow cytometry and fluorescence imaging. Particular care was taken 

in optimizing the methods to isolate the corona forming in human serum to prevent 

liposome agglomeration and to exclude residual free proteins which could confuse 

the results. Thanks to the optimized methods, mass spectrometry of replicate corona 

isolations showed excellent reproducibility and this allowed semi -quantitative 

analysis to determine for each formulation the most abundant proteins in the corona. 

The results showed that by changing the fraction of zwitterionic and charged lipids 

in the bilayer, the amount and identity of the most abundant proteins adsorbed from 

serum differed. Interestingly, the formulations also showed very different uptake 

kinetics. Similar approaches can be used to tune lipid composition in a systematic 

way in order to obtain formulations with the desired corona and cell uptake behavior.  

 

1. Introduction 

    Nanomaterials have been widely applied to engineer novel delivery platforms for 

drugs, genes and therapies to treat various diseases [1,2]. Among them, liposomes, 

vesicles enclosed by a lipid bilayer, are undoubtedly among the most clinically 

established drug delivery systems in nanomedicine [3,4]. Since the introduction on 

the market in 1995 of the first liposomal formulation, Doxil, nowadays, several 

liposomal formulations have been approved for routine clinical use [4–6]. Thanks to 

the unique self-assembled structure and controllable synthetic identity, liposomes 

can be designed with varied size, charge and surface properties to enable efficient 

passive or active drug delivery, and overall their biocompatibility and 
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biodegradability make liposomes a versatile tool to load both hydrophilic or 

hydrophobic agents for diagnosis and therapy [3,6].   

    Once introduced into biological fluids, nanoscale objects such as liposomes adsorb 

numerous proteins and biomolecules on their surface forming a layer known as 

“protein corona” [7,8] . This layer affects nanoparticle charge, size and surface 

properties and confers to nanomaterials new biological properties [9,10], which 

affect the following nanoparticle performance, such as distribution, toxicity, cellular 

internalization and final fate [9,11–13]. Several studies have described the corona 

forming on liposomes [14–19]. For instance, Caracciolo et al. showed that lipid 

composition can be manipulated in order to affect corona composition [14] and other 

works showed how the corona changes once liposomes are applied in vivo [15].  

    Additionally, different efforts have been made to correlate corona composition 

with nanoparticle uptake efficiency by cells. Similar studies allow to identify corona 

proteins or protein patterns correlating to higher or lower uptake by cells and/or 

different fate in vivo. For instance, Ritz et al. showed that apoA4 or apoC3 in the 

corona of polystyrene nanoparticles correlated with lower uptake by cells [20]. Using 

liposomes, Bigdeli et al. used quantitative structure–activity relationship (QSAR) in 

order to connect different physico-chemical properties of the particles, including 

their corona, with uptake and viability in cells [16]. Lazarovits et al., instead, used 

supervised learning and mass spectrometry of corona composition to predict the in 

vivo fate of nanoparticles [13].  

    Because of the difficulty in predicting and controlling corona formation, strategies 

such as poly(ethylene glycol) (PEG) modification have been used to make carriers 

“stealth”, and try to avoid protein corona formation [21,22]. However, PEGylation 

cannot completely suppress protein adsorption, and recent studies suggested that the 

stealth properties of PEG are actually conferred by a specific protein, i.e. clusterin, 

which absorbs in the corona of PEGylated nanocarriers [23]. At the same time, it is 

also emerging that corona proteins can be actively recognized by cell receptors, thus 

the corona-nanoparticle complexes constitute the real biological unit interacting with 

cells [24,25]. For instance, it has been shown that the proteins adsorbed on 100 nm 

silica nanoparticles can present functional epitopes from low-density lipoprotein and 

immunoglobulin G, which allow specific recognition by cell receptors [24]. 
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Prapainop et al. also reported that misfolding of corona proteins adsorbing on a s mall 

molecule modified quantum dot led to cell specific receptor -mediated internalization 

[26]. In light of similar observations, it has been proposed that rather than trying to 

limit its formation, the protein corona could be exploited to enable novel 

opportunities for the design of targeted nanomedicines, as well as for the discovery 

of biomarkers [25,27–29]. 

    Overall, whether exploring strategies to control corona formation or to exploit its 

biological properties for novel applications, it is clear that a comprehensive and 

accurate characterization of the corona, including the factors affecting its 

composition and the resulting corona effects on the nanomaterial outcomes at 

organism and cell levels is essential. 

    Within this context, in this work, we chose liposome as a nanomedicine model to 

prepare a series of nanosized carriers with tailored surface properties. While in many 

examples in literature, liposomes of different composition and their coronas were  

compared [14,16,18], here a liposome series of tailored surface properties was 

prepared by mixing common charged and zwitterionic lipids in different ratios in a 

systematic way, and, in this way, to tune the resulting coronas in human serum. Then, 

the stability of the different liposomes in biological conditions was tested in order to 

select stable formulations and in this way avoid confusing results for the corona 

forming on agglomerates. Liposome uptake kinetics were obtained by f low cytometry, 

using HeLa cells as a common cell model, in order to determine the effect of lipid 

composition and resulting corona in human serum on uptake efficiency by cells. 

Particular efforts were spent in the optimization of the methods for corona iso lation 

in order to recover well-dispersed liposome-corona complexes and to avoid 

contamination of residual free proteins from serum after corona isolation, which 

could confuse the results. Thus, SDS-PAGE and protein identification by mass 

spectrometry were used to characterize the corona forming on the different liposomes. 

Particular attention was paid in repeating corona isolation and identification by mass 

spectrometry multiple times for each formulation in order to confirm reproducibility 

with the optimized isolation methods and to obtain robust values of relative protein 

abundance to allow statistical analysis. Thanks to this and the optimized methods, 

differences in protein composition were analyzed and for each formulation, the most 
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enriched proteins determined. This allowed us to connect the abundance of specific 

proteins in the corona forming on the different liposomes with the uptake kinetics in 

cells.  

 

2. Materials and methods 

2.1 Preparation of liposomes 

    The zwitterionic lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), cationic lipids 1,2-

dioleoyl-3-trimethylammonium-propane (DOTAP) and 3ß-[N-(N',N'-

dimethylaminoethane)-carbamoyl]cholesterol (DC CHOL), anionic lipid 1,2-

dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DOPG) and cholesterol were 

purchased from Avanti Polar Lipids. To prepare different liposomal formulations, 10 

mg lipid mixtures at different molar ratios were prepared and dissolved in chloroform. 

The composition of all formulations tested is given in Supplementary Table S1. Then, 

the solvent was evaporated using a nitrogen stream and then by incubation under 

vacuum overnight. The lipid films were hydrated with 1 ml 25 mM sulforhodamine 

B (SRB) in PBS at room temperature and vortexed to produce fluorescently labeled 

multilamellar liposomes. Small unilamellar liposomes were obtained by performing 

8 freeze-thaw cycles followed by extrusion 21 times through a 0.1 µm polycarbonate 

membrane using the Avanti Mini-Extruder (Avanti Polar Lipids). Residual free SRB 

was removed by centrifugation with a Zeba  Spin Desalting Column, 7K MWCO 

(Thermo Fisher Scientific). The obtained unilamellar liposomes were stored at 4 °C 

and were used only for up to 1 month after preparation.  

2.2 Protein corona formation and isolation  

    In order to allow corona formation, 0.5 mg/ml liposomes were mixed with fetal 

bovine serum (FBS) (Gibco Thermo Fisher Scientific) or human serum from pooled 

donors (TCS Biosciences Ltd) at a final concentration of 40 mg/ml and were 

incubated in a Thermo-Shaker (Grant Instruments Ltd) at 37 °C, 250 rpm. After 60 

min incubation, corona-coated liposomes were separated from the excess serum 

proteins by size exclusion chromatography using a Sepharose CL-4B (Sigma-Aldrich) 

column (15 × 1.5 cm) pre-balanced with PBS. Fractions of 0.5 ml eluent were 
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collected up to a total volume of 15 ml (30 fractions) and their absorption at 280 nm 

and 565 nm were measured using a NanoDrop One Microvolume UV-Vis 

Spectrophotometer (Thermo Fisher Scientific) in order to determine, respectively, 

the protein and SRB elution profiles. The fractions containing SRB-labelled corona-

coated liposomes (roughly fractions 7-10) were pooled together and concentrated 

using a Vivaspin 6 centrifugal concentrator (10K MWCO, Sartorius) by 

centrifugation at 1600 g at 4 °C until the final volume of the solution was less than 

0.2 ml.  

    In order to prepare particle-depleted human serum by removing larger objects 

eluting in the same fractions as the liposomes, 1  ml human serum was injected in the 

column and fractions were collected as described above. Then, the fractions 

corresponding to larger particles were discarded and all other fractions (roughly from 

11 to 30) were pooled together and the total protein content determined using a Bio-

Rad DC protein assay (Bio-Rad Laboratories, Inc.) as described below. The particle -

depleted serum was then used to prepare liposome-corona complexes. Given that the 

corona composition changes when the ratio between the total nanoparticle surface 

area and protein content is varied [30], in order to apply the same conditions as for 

the isolation in full FBS or full HS, 0.075 mg/ml liposomes were dispersed in 6 mg/ml 

serum. Then, the isolation of corona-coated liposomes was performed as described 

above. 

2.3 Size and zeta potential measurements 

    Size distribution and zeta potential of the liposomes dispersed in various media 

were measured using a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd., USA). 

Samples at a final concentration of  50 µg/ml were prepared by  dilution of the 

liposome stock solution in different media, including MilliQ water, PBS, and MEM 

cell culture medium supplemented with 10% v/v FBS (roughly corresponding to 4 

mg/ml) (cMEM) or with 4 mg/ml human serum (hsMEM) and measured just after 

dispersion. For size measurements, each sample was measured 3 times at 20 °C with 

automatic setting for the measurement duration. To measure the zeta potential, 

disposable folded capillary cells were used and 3 measurements per sample were 

recorded at 20 °C with automatic setting for the measurement duration and 
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monomodal analysis. The size distribution and zeta potential of the corona-coated 

liposomes after the isolation procedure were also determined in the same way.   

2.4 Protein assay and lipid assay 

    To compare the protein-binding capacity of the different liposome formulations, 

the protein/lipid ratio (µg of protein/µmol of lipid) was calculated by determining 

the amount of proteins and lipids in the corona-coated liposomes after isolation from 

free proteins and spin-concentration. The amount of proteins in the corona was 

quantified using the Bio-Rad DC protein assay (Bio-Rad Laboratories, Inc.) using 

dilutions of bovine serum albumin (BSA) at known concentrations as a standard. 

Briefly, standard solutions containing 0.1 mg/ml to 3.2 mg/ml BSA were prepared, 

then 5 µL sample or standards were mixed with the working reagent. After 15 min, 

the absorbance at 650 nm was read using a ThermoMAX microplate reader 

(Molecular Devices, LLC). Then, the protein concentration was calculated according 

to the BSA standard curve. The lipid concentration was determined via the Stewart 

assay. For this, a ferrothiocyanate reagent was prepared by dissolving 27.0 mg ferric 

chloride hexahydrate (Sigma Aldrich) and 30.4 mg ammonium thiocyanate (Sigma 

Aldrich) in 1 ml Milli-Q water. Then, 20 µL liposome samples or lipid standards 

(from 0 mg/ml to 1 mg/ml) were mixed with 1 ml chloroform and 1 ml 

ferrothiocyanate reagent and vortexed for 60 s followed by centrifugation at 300 g 

for 10 min. 900 µL of the organic phase was transferred to a quartz cuvette, and the 

absorbance at 470 nm was measured on a Unicam UV500 Spectrophotometer 

(Unicam Instruments). Lipid concentrations were calculated according to a standard 

curve obtained with the same lipid from samples at known concentrations. The 

protein/lipid ratios were determined. The average and standard  deviation of the 

results obtained in 3 independent experiments was calculated.  

2.5 SDS-PAGE electrophoresis  

In order to separate the isolated corona proteins, corona-coated liposomes 

corresponding to 0.05 µmol lipid were mixed with 4× loading buffer (con taining 200 

mM Tris-HCl, 400 mM DTT, 8% SDS, 0.4% bromophenol blue and 40% glycerol) to 

a final volume of 40 µL and heated for 5 min at 95 °C. 20 µg human serum was also 

loaded as control using the same procedure. Samples were then loaded onto a 10% 

polyacrylamide gel and run for 1 h at 120 V at room temperature. The gels were 
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stained by using a solution containing 0.1% Coomassie blue R-250 in a water–

methanol–glacial acetic acid (5:4:1) mixture with gentle agitation, followed by 

destaining in hot ultrapure water. Images were captured using a ChemiDoc XRS (Bio-

Rad).  

2.6 Protein digestion and peptide desalting  

    Mass spectrometry was used to identify the corona proteins isolated on the 

liposomes after dispersion in particle-depleted human serum, and –as a reference – 

the proteins in full human serum. Protein digestion was performed as described in 

literature [31]. Briefly, after corona formation and isolation, samples containing 10 

µg corona proteins and –as a control - the same amount of human serum proteins 

were resuspended in 40 µL of 8 M urea in 50 mM NH4HCO3 (Sigma-Aldrich) and 

incubated for 30 min at room temperature. The protein solutions were then reduced 

by adding 2 µL 200 mM DL-dithiothreitol (DTT) (Sigma-Aldrich) and incubation for 

30 min at room temperature, followed by alkylation with 8 µL 200 mM iodoacetamide 

(Sigma-Aldrich) for 30 min. 8 µL 200 mM DTT was added, and the solution was kept 

at 56 °C for 30 min. The sample solution was then diluted with 50 mM NH 4HCO3 to 

a final urea concentration of 1 M, and 2 µg trypsin (Promega Corporation) was added. 

    After overnight digestion with trypsin at 37 °C, the reaction was stopped by 

addition of trifluoroacetic acid (TFA) to 0.4% (v/v) final concentration. The solutions 

were dried in an Eppendorf centrifugal vacuum concentrator (Sigma-Aldrich) and 

resuspended in 40 µL 0.1% TFA. The digested samples were desalted and lipids were 

removed using a C18 ZipTip (Merck Millipore). Briefly, tips were washed with 

acetonitrile (ACN) 3 times and equilibrated with 0.1% TFA. Samples were then 

loaded onto tips, followed by washing the tips with 0.1% TFA. Peptides were then 

eluted with 100 µL of 0.1% TFA/50% ACN (50:50, v/v), and the solvent was removed 

using a centrifugal vacuum concentrator. The dried peptides were dissolved in 10 µL 

0.1% HCOOH (v/v) for LC/MS analysis.  

2.7 Shotgun LC/MS-MS analysis, data processing and bioinformatics analysis  

    Tryptic peptides were analyzed with an UltiMate 3000 RSLC UHPLC system 

(Dionex) linked to an Orbitrap Q Exactive Plus mass spectrometer (Thermo Fisher 

Scientific) performing in a data-dependent acquisition (DDA) mode, and the obtained 
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raw data were analysed with PEAKS Studio software (version 8.5) [32] using the 

SwissProt human database (20197 entries; downloaded on July 27 th, 2016). The 

detailed protocol is included in Supplementary materials.  

    A relative quantitation of the identified proteins was performed by dete rmining 

the ion peak area (Area), which was the sum of the areas of all unique peptides 

mapping to the protein group. For each identified protein, the protein Area was 

normalized by the protein mass and expressed as the relative protein abundance 

according to the following equation: 

Areax = [(Area/Mw)x / ∑ (Area/Mw)𝑛
𝑖=1 i] × 100                                  (1) 

    Based on the calculated Area value, data were further analyzed and visualized with 

an in-house developed script in R (version 3.4.3) and R Studio (version 1. 0.143). 

The quantitative Area values were subjected to median scale normalization [33].  

    In order to determine the most abundant proteins in the corona, the Rank Product 

method [34] was applied to rank the identified proteins as follows: in Fig. 6A and 

Supplementary Fig. S7 to rank the most abundant corona proteins identified on all of 

the 3 different formulations (3 liposomes with 3 replicate isolations each, thus 9 

corona samples in total) and in Supplementary Figs. S8A-C instead to rank the corona 

proteins of each liposome (in 3 replicate isolations), thus the corona proteins of 

DOPC liposomes in Supplementary Fig. S8A, DOPC/G liposomes in Fig. S8B and 

DOPG liposomes in Fig. S8C . The detailed protocol is included in Supplementary 

materials.   

2.8 Cell culture 

    HeLa cells (ATCC CCL2) were cultured in MEM (Gibco Thermo fisher Scientific) 

supplemented with 10% v/v FBS (roughly corresponding to 4 mg/ml proteins) 

(complete cell culture medium, cMEM) in a humidified atmosphere containing 5% 

CO2 at 37 °C. Cells were passaged two to three times a week and used for up to 

maximum 20 passages. Cells were tested against mycoplasma monthly to exclude 

mycoplasma contamination. 

2.9 Liposome uptake by flow cytometry 
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    Uptake of the different liposomes in different media by HeLa cells was determined 

by flow cytometry. HeLa cells were seeded at a density of 5 × 10 4 cells/well in a 24-

well plate and incubated in cMEM for 24 h. Cells were then washed with serum free 

medium three times and incubated with 50 µg/ml liposome dispersions prepared by 

dilution of the liposome stock in to cMEM or hsMEM. After exposure to the liposome, 

HeLa cells were washed once with cMEM and twice with PBS in order t o remove 

excess liposomes outside the cells and harvested by incubation for 5 minutes with 

0.05% trypsin-EDTA at 37 ˚C. Cells were then centrifuged at 300 g for 5 minutes, 

resuspended in PBS and measured immediately using a BD FACSArray (BD 

Biosciences) with a 532 nm laser. Gates were set in the forward and side scattering 

double scatter plots to exclude dead cells and cell doublets. For each condition 2 

samples were prepared and 2 × 104 cells were recorded for each sample. Data were 

analyzed with FlowJo software (FlowJo, LLC), and the average of the median 

fluorescence intensity and standard deviation over the replicates calculated.  

    In order to measure potential uptake in energy depleted cells, cells were incubated 

with 5 mg/ml sodium azide (Merck). The detailed protocol is given in Supplementary 

materials. 

2.10 Fluorescence imaging 

    For fluorescence microscopy, 1.5 × 105 cells were seeded in 35 mm dishes with a 

170 µm thick glass bottom. To visualize the lysosomes, cells were incubated for 30 

min with 100 nM LysoTracker Deep Red in cMEM and nuclei stained by incubation 

with 1 µg/ml Hoechst 33342 Solution in cMEM for 5 min (both from Thermo Fisher 

Scientific). Cells were imaged using a Leica TCS SP8 fluorescence confocal 

microscope (Leica Microsystems) or a DeltaVision Elite (GE Healthcare Life 

Science). ImageJ software (http://www.fiji .sc) was used for image processing and 

brightness and contrast were adjusted using the same setting for all samples in order 

to allow better visualization. The detailed protocols are included in Supplementary 

materials. 

2.11 Statistical analysis 

    One way ANOVA analysis was used to test the difference of each identified corona 

protein across DOPC, DOPC/G and DOPG liposomes. After Benjamini-Hochberg 
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correction for multiple testing, the calculated p values were considered to be 

significant for p value ≤ 0.01.  

    All cellular uptake data are displayed as the average and standard deviation over 

2 replicates of the median cells fluorescence obtained by flow cytometry.  

 

Figure 1. Physicochemical characterization of liposomes. (A) Size distribution by in tensity 

(diameter, nm) of liposomes in different media. 50 μg/ml liposomes in PBS, cMEM and hsMEM 

were characterized by DLS as described in Materials and methods. (B) Zeta potential of liposome 

dispersions in different media. 50 μg/ml liposomes were incuba ted in PBS, cMEM and hsMEM and 

their zeta potential was measured as described in Materials and methods. The results are the average 

and standard deviation over 3 measurements. (C-D) Liposome stability in cMEM (C) and hsMEM 

(D). 50 μg/ml liposomes were dispersed in cMEM (C) or hsMEM (D) and their size distribution was 

measured by DLS just after dispersion (0 h) or after 1 h and 24 h incubation at 37 °C 5% CO 2.  
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3. Results and discussion 

3.1 Liposome formulation and characterization 

    Liposome series were prepared by gradually mixing lipids of different charge in 

different ratio. All the liposome formulations tested are listed in Supplementary 

Table S1. Sulforhodamine B (SRB) was chosen as a hydrophilic dye to label all the 

different formulations and in this way quantify their uptake and localization inside 

cells. This was preferred to using a lipid dye, because polar molecules such as SRB, 

once loaded in the inner aqueous volume of liposomes are unable to cross the 

liposome and cell membrane by simple diffusion. Additionally, similar hydrophilic 

labels cannot easily transfer from the liposome into cell membranes, as observed with 

several hydrophobic dyes [35]. Fluorescence measurements showed that all 

liposomes encapsulated comparable amounts of SRB, with the DOPC liposomes 

usually showing slightly higher encapsulation efficiency. Cholesterol was added in 

order to improve liposome stability in biological conditions: exposure to biological 

media such as serum is known to affect bilayer stability, especially at higher protein 

concentration, as used here. This could lead to leakage of the delivered drugs or –in 

our case – the fluorescent label SRB from the inner volume, which could confuse 

uptake quantification [36]. 

    In order to allow corona formation, a medium supplemented with human serum 

was used as a more relevant source of serum when studying uptake in human cells, 

as in this case. Additional results for liposomes dispersed in a standard cell culture 

medium supplemented with fetal bovine serum (FBS) were also included as a 

reference for comparison. 

All liposomes were characterized by dynamic light scattering (DLS) and ζ -

potential measurements after extrusion and after dispersion in relevant biological 

fluids, including cell culture medium (MEM) supplemented with roughly 4 mg/ml of 

either fetal bovine serum (standard 10% FBS complete cell culture medium, cMEM) 

or human serum (here referred to as hsMEM). After preparation, all formulations 

showed narrow size distributions with very low polydispersity indexes in the range 

of 0.1-0.3, confirming that preparation by extrusion allowed us to obtain liposomes 

with excellent homogenous properties (Fig. 1A). Once introduced into biological 
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medium supplemented with serum, for the zwitterionic and anionic liposomes 

homogeneous dispersions could be obtained in both cMEM and hsMEM (Fig. 1A). 

In some cases, a small peak around 10 nm was visible from the excess free proteins 

in solution. For all formulations, the zeta potential in PBS reflected the different 

lipid composition, but once introduced in medium with serum all converged towards 

neutrality, independently of the original surface charge, as expected as a consequence 

of protein adsorption on the surface and corona formation (Fig. 1B and 

Supplementary Fig. S1) [9]. Additionally, in both cell culture media, the dispersions 

of the optimized liposome formulations remained stable for up to 24 h under 

biological conditions (37 ºC, 5% CO2 as used for experiments with cells) (Fig. 1C-

D). The cationic liposomes instead showed strong aggregation in both biological 

media (Supplementary Fig. S1). It is known that bridging flocculation can occur 

between negatively charged proteins and positively charged nanoparticles [37]. 

Hence, in order to avoid confusing results for the corona forming on agglomerates, 

only the series with the zwitterionic DOPC and anionic DOPG lipids mixed in 

different ratios was used for further studies.  

 

3.2 Uptake efficiency by cells and uptake kinetics  

    In order to investigate cellular uptake behavior of the liposome series, HeLa cells 

were selected as a standard cell model commonly applied for similar liposome uptake 

and corona studies [16,38]. As a first step, flow cytometry was used to measure the 

median fluorescence intensity of cells after exposure to liposomes for different times. 

Because of their comparable fluorescence, liposomes were exposed to the same total 

amount of lipids, obtained as described in the Materials and methods. Uptake kinetics 

were determined for both liposomes dispersed in hsMEM and cMEM, and also 

liposomes dispersed in higher concentration of human serum (Fig. 2A and 

Supplementary Fig. S2A and B, respectively).  

    When comparing uptake efficiency for the different formulations (Fig. 2A), the 

zwitterionic DOPC liposomes showed lower uptake efficiency by cells, and their 

uptake increased with increasing exposure time. On the contrary, the kinetics of 

uptake of the anionic DOPC/G and DOPG liposomes differed strongly, with much 

higher uptake levels in the first few hours (with the fully anionic DOPG liposomes 
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showing the highest efficiency), followed by a progressive decrease in the average 

cell fluorescence, converging to similar levels for the two formulations over 24 hours. 

Zwitterionic objects are known to bind less to cells in comparisons to charged 

particles, thus it is generally observed that increasing particle charge can improve 

their uptake efficiency. For instance, Lee et al. [39] found that the endocytosis of 

anionic liposomes including phosphatidylglycerol (PG), phosphatidylserine (PS) or 

phosphatidic acid (PA) was faster and more efficient than for zwitterionic liposomes. 

Allen et al. also observed that for several liposomes (e.g. liposomes containing PS 

or various gangliosides) the uptake efficiency in bone marrow macrophages in vitro 

was positively correlated with the clearance by the reticuloendothelial system 

observed in vivo [40]. However, as mentioned, once liposomes were introduced to 

medium with serum, the resulting corona-nanoparticle complexes, all converged to 

equivalent zeta potential values, regardless of the starting charge (Fig. 1B) [9]. This 

is an important consequence of corona formation, still often overlooked, that should 

be kept in mind when tuning nanoparticle charge in the attempt of improving uptake 

efficiency. Given the similar zeta potential of the different formulations once 

dispersed in medium with serum, the different uptake efficiency in the first hours of 

exposure is likely due to differences in affinities and binding capacity between ce ll 

membrane components and liposomes, possibly mediated by specific differences in 

corona composition.  

    It is interesting to note also that the uptake of liposomes was lower in medium 

with human serum than with bovine serum (as observed when comparing the results 

in Supplementary Fig. 2A and Fig. 2A), and uptake levels decreased further when 

increasing human serum concentration in the medium (Supplementary Fig S2B). It is 

known that protein concentration and also protein source both have significant 

implications on nanoparticle uptake. Kim et al. [41] for instance showed that 

increasing serum concentration decreased uptake of polystyrene nanoparticles, and 

Schöttler et al. [42] showed that dispersion in human serum or plasma reduced the 

uptake of amino-modified polystyrene nanoparticle dramatically compared the 

uptake levels in medium with bovine serum. 

As a next step, in order to determine whether liposome uptake was energy 

dependent, cells were exposed to the metabolic inhibitor sodium azide, commonly 
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used to deplete cell energy (Fig. 2B-D for liposome dispersions in hsMEM and 

Supplementary Fig. 2S for dispersions in cMEM or higher human serum 

concentration). The results showed that exposure to sodium azide lowered strongly 

uptake levels, which indicated that liposome uptake was energy dependent. This 

suggested that liposomes were internalized by cells as intact nanoparticles via some 

active mechanism of endocytosis, and not by a passive mechanism of direct fusion 

with the cell membrane. Transport inhibitors and other methods are required in order 

to determine the mechanism of uptake for each formulation, as we analyzed in detail 

in a separate study (Yang et al., in Chapter 4). 

 

Figure 2. Uptake of liposomes in hsMEM by HeLa cells. (A) Uptake kinetics of liposomes in 

hsMEM. HeLa cells were exposed to 50 μg/ml DOPC, DOPC /G and DOPG liposomes in hsMEM, 

and after different exposure times, cells were collected for flow cytometry measurement as 

described in Materials and methods. (B-D) Uptake of DOPC (B), DOPC/G (C) and DOPG (D) 

liposomes in energy depleted cells. Briefly, af ter 30 min pre-incubation with 5 mg/ml sodium azide, 

HeLa cells were exposed to 50 μg/ml liposome in standard hsMEM or hsMEM containing 5 mg/ml 

sodium azide, followed by cell fluorescence measurement by flow cytometry (see Materials and 

methods for details). In all panels, the results are the average and standard deviation over 2 

replicates of the cell fluorescence intensity obtained by flow cytometry (error bars are included in 

all graphs but in some cases are not visible because very small).  

 

    In order to confirm that the measured cell fluorescence was due to the active 

uptake of SRB encapsulated in the liposomes, as opposed to the uptake of residual 
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free SRB or SRB leaking from the liposomes, additional controls for liposome 

stability were performed (Supplementary Fig. S3). First, size exclusion 

chromatography (SEC) was used to separate eventual free dye leaking from the 

liposome. This confirmed excellent removal of residual free SRB after liposome 

preparation and no leaking in PBS (Supplementary Fig. S3A). The same was repeated 

after exposure to human serum (40 mg/ml) to test liposome stability and eventual 

leakage after corona formation. SEC showed that for DOPC/G and DOPC liposomes 

most SRB remained encapsulated in the liposomes, while dye leakage was  observed 

for DOPG liposomes (Supplementary Fig. S3B), possibly contributing to its peculiar 

uptake kinetics.  

    However, as shown in Supplementary Fig. S3C, the cellular uptake of the same 

amount of free SRB was much lower, and particularly in comparison to DOPG and 

DOPC/G liposomes. Additionally, exposure to sodium azide led to only 25% uptake 

reduction for free SRB (as opposed to 50% for DOPC and 70-80% for DOPC/G and 

DOPG liposomes), possibly also because of compromised cell membrane 

permeability in the energy depleted cells (see Supplementary Fig. S3 for details). 

Altogether, the lower uptake efficiency of free SRB and the lower effect of sodium 

azide confirmed that the fluorescence measured in cells exposed to the liposomes 

was primarily resulting from the uptake of SRB encapsulated in the liposomes. On 

the contrary, when a lipid dye was used to label the liposomes, almost no reduction 

of uptake was observed in the presence of sodium azide (Supplementary Fig. S3D). 

This possibly resulted from the transfer of the lipid dye from the liposomes to the 

cell membrane [35,39]. Because of this observation, to exclude similar effects which 

could confuse uptake results, liposomes labelled with SRB were chosen for the study.  

Next, fluorescence microscopy was used to determine the final intracellular 

location of the liposomes after 3 h exposure (Fig. 3 for experiments in hsMEM and 

Supplementary Figs. S4A-C for comparable experiments in cMEM). Imaging 

indicated that the DOPC/G and DOPG liposomes in cMEM or hsMEM colocalized 

with intracellular vesicles stained by LysoTracker, confirming that these liposomes 

were efficiently trafficked along the endosomal  pathway by cells and mostly 

accumulated in the perinuclear area in the lysosomes. In agreement with the lower 

uptake levels observed by flow cytometry (Fig. 2A), when using the same microscopy 
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setting almost no signal from the DOPC liposomes could be detected (Fig. 3 and 

Supplementary Figs. S4A-C). However, by increasing gain settings, uptake and 

colocalization with LysoTracker were observed also in cells exposed to the DOPC 

liposomes (Supplementary Fig. S4E), confirming internalization and trafficking 

along the endo-lysosomal pathway also for this formulation. Interestingly, in 

comparison, cells exposed to the same amount of free SRB for the same time showed 

almost no signal, and no clear intracellular SRB could be detected even when imaging 

cells with increased gain (Supplementary Figs. S4D and F). In line with the flow 

cytometry results with free SRB, this confirmed once more that the SRB signal 

detected in cells exposed to the liposomes comes primarily from the active delivery 

of SRB encapsulated in the liposomes, rather than free dye released prior to or during 

uptake. 

  

Figure 3. Fluorescence microscopy images of HeLa cells exposed to liposomes in hsMEM. Briefly, 

HeLa cells were exposed for 3 h to 50 μg/ml SRB -labelled DOPC, DOPC/G or DOPG liposomes 

and imaged using the same settings to allow comparison of the uptake levels by cel ls in hsMEM. 

Blue: Hoechst stained nuclei. Red: SRB stained liposomes or free SRB. Green: LysoTracker stained 

lysosomes (see Materials and methods for details and Supplementary Fig. S4 for images at different 

settings to confirm uptake also for DOPC liposo mes). Scale bar: 10 µm. 
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    In summary, all the liposomes were internalized by cells as intact nanoparticles 

via energy-dependent pathways, and trafficked along the endo-lysosomal pathway,  

delivering into cells higher levels of SRB than what obtained in cells exposed to the 

same amount of free dye (much higher in the case of the DOPG and DOPC/G 

liposomes). However, uptake efficiency and kinetics varied strongly for the 

negatively-charged and zwitterionic formulations, likely as a result of specific 

interactions of corona proteins with cells.  

 

3.3 Isolation and characterization of protein corona coated liposomes  

    As a next step, in order to connect the observed differences in cellular uptake 

behavior with potential differences in corona composition, corona-coated liposomes 

were isolated from the excess serum to allow identification and quantification of 

protein corona composition [43,44]. As a first step, liposomes dispersed in medium 

with FBS were used for optimization of the isolation procedure.  

 

Figure 4. Isolation and characterization of liposome-corona complexes. (A) Scheme of corona 

isolation by size exclusion chromatography (SEC) (see Materials and methods for details). (B) 

Elution profiles of different samples following SEC. Briefly, the corona -complexes forming on 1 
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ml 0.5 mg/ml DOPC liposome in 40 mg/ml FBS (orange) were isolated by SEC as described in 

Materials and methods. The same amounts of FBS (green) and liposomes (blue) alone were also 

loaded in the column for comparison. Then, fractions were collected and their absorbance at 280 

nm measured to obtain the protein elution profile. (C) Size distribut ion by intensity of liposome 

dispersions in PBS and the corresponding corona-coated liposomes in FBS after corona isolation. 

The size distributions were obtained by DLS immediately after the corona fractions were pooled 

together and concentrated as described in the Materials and methods.  

 

    Although centrifugation is often used for nanoparticle-corona isolation, this 

method is not best suited for nanomaterials  of smaller size or with low density such 

as liposomes, as sedimentation is difficult and using h igher centrifugal forces could 

result in strong agglomeration which could affect corona composition. For our 

formulations, in fact, centrifugation led to strong agglomeration (Supplementary Fig. 

S5) [7,9]. Hence, in order to avoid to study the corona forming on agglomerates, 

additional efforts were spent in the optimization of other methods to allow isolation 

of well dispersed corona-coated liposomes. This was achieved by isolation via size 

exclusion chromatography (SEC). As depicted in Fig. 4A, the corona proteins are 

carried by the liposomes and elute in earlier fractions than free serum. Thus, the 

absorbance at 280 nm and the fluorescence of SRB were monitored to  determine the 

fractions in which the fluorescently labelled corona-coated liposomes eluted. 

Comparison of the elution profiles of liposomes alone, serum alone and their mixture 

confirmed successful isolation of corona-coated liposomes (Fig. 4B). The fractions 

containing liposomes were pooled together and concentrated by membrane 

ultrafiltration. DLS measurements confirmed isolation of well -dispersed corona-

coated liposomes, with a small increase in size distribution as a consequence of 

corona formation, and overall still very low polydispersity (Fig. 4C).  

    The optimized procedure for corona isolation was then used for samples dispersed 

in human serum. However, different from FBS, when using human serum, we 

observed that some components eluted out in the same fractions as the liposomes 

(Supplementary Figs. S6A-B). DLS results confirmed that these fractions contained 

particles with sizes comparable to the liposomes (between 100-200 nm), and SDS-

PAGE images showed that they also contained many proteins (Supp lementary Figs. 

S6C-D). Thus, human serum contains protein particles which have similar size as the 

liposomes. The same was observed also with human plasma and when using other 
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sources of human serum pooled from donors (data not shown). In agreement with o ur 

results, Caby et al. [45] observed that exosomes-like particles are present in plasma 

samples of healthy donors, with sizes around 100 nm and containing tetraspanin 

molecules and other known exosomes enriched proteins. It is likely that these objects 

also included protein aggregates formed after freezing the s erum for storage. The 

presence of these aggregates and/or particles in the same fractions in which 

liposomes elute can contaminate the isolated corona-coated liposomes and their 

proteins can confuse corona protein identification. Similar issue were reporte d by 

Kristensen et al. [46]. Different approaches can be followed to address this issue, 

also depending on the purpose of the study [29,46,47]. In our case, in order to avoid 

contamination of corona proteins by exosomes or protein aggregates in the serum, 

SEC was used to first remove particles and aggregates from the serum in the fractions 

corresponding to the liposomes. All other serum fractions were pooled together 

(excluding those containing particles) and SEC was performed again to confirm 

efficient particle removal (Fig. 5A). This will be referred to as particle-depleted 

human serum (particle-depleted HS). Although the removal of a (very small) fraction 

of proteins and protein aggregates is likely to affect the final corona composition, 

for the purpose of this study this approach was preferred in order to ensure that after 

liposome isolation the proteins identified only belonged to their corona, and no 

contamination of other protein particles or aggregates was present. Then, liposomes 

were incubated 1 h with the particle-depleted HS and finally the corona-coated 

liposomes were isolated by SEC (Fig. 5B. We note that most SRB eluted in the same 

fractions as the liposomes, confirming stability of DOPC also after incubation in 

serum). DLS measurements after corona isolation showed a small shift to larger sizes 

which confirmed corona formation on the liposomes (Fig. 5C). Additionally, 

dispersions with very narrow size distributions were obtained, indicating that the 

liposome remained intact and highly homogeneous after corona formation and 

isolation.  

In order to qualitatively compare corona properties for the three different 

liposomes, the protein binding capacity (PBC) defined as the amount of absorbed 

proteins (µg) per micromole of lipid was evaluated, and gel electrophoresi s (SDS-

PAGE) was performed to separate the corona proteins (see Materials and methods 



 

51 

 

1 

2 

3 

4 

5 

6 

7 

 

for details). As shown in Fig. 5D, DOPC and DOPC/G liposomes showed comparable 

PBC, while the PBC of DOPG liposomes was significantly higher. This indicated that 

much more proteins adsorbed on the DOPG liposome surface once introduced in a 

biological environment in comparison to the other formulations. Thus, addition of 

increasing amount of the zwitterionic DOPC lipid resulted in liposomes with lower 

zeta potential (Fig. 1B) and in turns this resulted in lower protein binding (Fig. 5D), 

as well as lower uptake efficiency in cells (Fig. 2A).  

 

Figure 5. Preparation of particle-depleted human serum (particle-depleted HS) and isolation of 

corona-coated liposomes. (A) Elution profiles of human serum after depletion of larger particles by 

SEC. Briefly, SEC was used to remove larger particles from human serum as described in the 

Materials and methods, then 1 ml particle -depleted HS was loaded again into a Sepharose CL-4B 

column and the protein elution profile was obtained. (B) Elution profile of DOPC liposomes after 1 

h incubation with particle-depleted HS. Briefly, 0.075 mg/ml liposomes were mixed with 6 mg/ml 

particle-depleted HS and the obtained corona-coated liposomes were separated by SEC and the 
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elution profiles at 280 and 565 nm determined as described in Materials and methods. (C) DLS size 

distributions by intensity of DOPC, DOPC/G and DOPG liposomes in PBS and the corresponding 

corona-coated liposomes in particle-depleted HS after corona isolation. (D) Comparison of the 

amount of protein absorbed on DOPC, DOPC/G and DOPG liposomes after corona isolation . The 

protein binding capacity (PBC) was defined as the amount of absorbed proteins (μg) per micromole 

of lipid. The results are the average and standard deviation from three independent corona isolation 

experiments. (E) SDS-PAGE image of corona proteins recovered from DOPC, DOPC/G and DOPG 

liposomes in particle-depleted HS. The same amount of lipids was loaded in each lane (0.05 μmol), 

together with 20 μg full human serum and particle -depleted HS as controls.  

 

SDS-PAGE was then used to separate the corona recovered from the same amount 

of liposomes. Full serum and the particle-depleted HS were also loaded as a control, 

showing no major differences in the bands detected (Fig. 5E). Instead, the corona 

proteins identified on the three liposomes differed strongly, mainly showing 

differences in their intensities (Fig. 5E). Indeed, in agreement with the PBC 

evaluation, higher band intensities were observed for liposomes with increasing 

percentage of the charged DOPG lipid in their formulation. In general, liposome s 

with a charged surface tend to have stronger protein adsorption than the ones with 

neutral surface [48], which is consistent with our results. Zwitterionic modifications 

are in fact used as alternative to PEGylation to reduce protein binding [49] and 

usually zwitterionic particles also show lower cellular adhesion [49], while 

liposomes possessing charged headgroups have been found to activate the 

complement more efficiently and be cleared faster [50], especially the one with 

cationic lipids [48]. Our results are in agreement with these observations.  

 

3.4 Identification of corona proteins and comparative analysis of corona 

composition 

    The next step was to identify the recovered corona proteins and analyze 

differences in corona composition for the different liposome formulations, in order 

to connect the corona composition to the observed differences in uptake behavior on 

cells. For this, a quantitative characterization was performed by liquid 

chromatography tandem mass spectrometry (LC-MS/MS). In order to obtain similar 

total ion current (TIC) and similar dynamic concentration range for each sample, for 

each of the liposomes, the same amount of corona proteins were injected for LC-

MS/MS analysis. The relative protein abundance of the identified corona proteins 
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was calculated with eqn (1) as described in the Materials and methods. Usually, the 

spectral counts normalized by the protein molecular weight are used to  calculate a 

relative protein abundance and compare corona composition in different samples 

[15,16,30]. Here instead, the ion peak area was used for a more accurate intensity-

based quantification of the protein abundance [11,51]. It has been shown that the 

total protein approach (TPA) as obtained in single stage MS quantification is a robust 

measurement of protein concentration [52]. In order to compare the quantities of the 

different proteins identified within a corona sample, the raw quantitative pr otein 

values (peak areas) were first normalized by the protein mass, and then, in order to 

correct for differences in the amount of sample injected, by the sum of all normalized 

protein areas in the same sample. Thus the relative protein abundance is expre ssed 

as a percentage in respect to the total amount of proteins identified in each corona 

(see Materials and methods and Supplementary materials for more details).  

    The top 20 most abundant common proteins identified on all the 3 liposomal 

formulations in three independent corona preparations and isolations are shown in 

Fig. 6A. Additionally, in Supplementary Fig. S7 their abundance in the full human 

serum is also included as a reference for comparison (the complete list of identified 

proteins is provided in Supplementary Materials). The relative protein abundance of 

each protein was calculated with eqn(1) and the proteins were ranked as described in 

the Methods. It is important to notice the high reproducibility of corona composition 

in triplicate experiments, confirming that the optimized procedure allowed us to 

isolate corona proteins in a robust and reproducible manner. This also allowed us to 

compare the relative protein abundance for the different formulations and apply 

statistical analysis to determine the most statistically different proteins among the 

liposomes and the serum.  

    The comparison of the relative protein abundance of the top 20 corona proteins 

with their abundance in the full serum, as shown in Supplementary Fig. S7, confirmed 

that –as well established in the field- corona formation led to specific and strong 

enrichment of proteins on the liposomes [7–10]. As an example of this, the most 

abundant protein in serum, albumin, which alone constituted roughly 60% of the total 

proteins identified in serum, was not the most abundant protein in the corona (its 

abundance ranged between 5 and 7% for the different formulations, with higher 
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values in the case of the zwitterionic liposomes). On the cont rary, low abundance 

proteins were highly enriched. For instance APOC1, which had around 0.15% 

abundance in full serum, was strongly enriched on the DOPC/G liposomes, where 

alone it constituted roughly 31% of the total amount of proteins in the corona.  

 

Figure 6. Analysis of the protein corona on different liposomal formulations. (A) Analysis of the 

top 20 most abundant proteins in the different liposomes. For each liposome, 3 replicate corona 

isolations and identifications have been performed and the relat ive abundance of each of the top 20 

proteins is indicated (calculated using eqn (1) and ranked as described in the Materials and methods). 

For each protein, the Area value obtained in each replicate sample is specified, while the balloon 

area shows the relative percentage of the median scale normalized protein abundance and the colors 
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from black to red correspond to the p-values of the one way ANOVA analysis. (B) Venn diagram 

of the corona proteins identified on the 3 liposomes. (C) Z -score heat map of the most statistically 

different proteins in the corona forming on the 3 liposomes (p value ≤ 0.01), calculated as described 

in the Materials and methods.  

     

To better analyze how liposome formulation affected corona composition, Fig. 6A 

shows a similar analysis to determine the 20 most abundant proteins identified in all 

the 3 liposomes (without including the full serum). Additionally, in Supplementary 

Figs. S8A-C proteins were ranked based on the rank product of each formulation to 

show the 20 most abundant proteins in the DOPC, DOPC/G, and DOPG liposomes, 

respectively, together with their abundance in the other formulations, as well as in 

the serum, for comparison. The results clearly showed that the identity and relative 

abundance of the proteins adsorbed on the different liposomes varied strongly, 

confirming that tuning liposome formulation by mixing neutral and charged lipids in 

different ratio allowed to enrich corona of very different composition, and –as a 

result of that – to obtain formulations with very different uptake kinetics in cells (Fig. 

2). 

    The ranking of top 20 abundant proteins (Fig. 6A) showed – as expected - 

enrichment of lipoproteins, immunoglobulins and other proteins on all samples, as 

commonly observed in similar corona studies [14–16]. Several apolipoproteins 

including APOA1, APOA2, APOC1, APOC2 and APOE were included in the top 20 

list, but their amount on three liposomes was different. To evaluate the effect of lipid 

composition on corona formation, a Venn diagram was used to show the common and 

unique corona proteins identified on the three liposomes (Fig. 6B). A first important 

observation is that the number of corona proteins identified on DOPG liposome and 

DOPC/G liposome (281 and 258 proteins, respectively) was much higher than for 

DOPC liposome (186 proteins). Interestingly, almost all of the proteins identified on 

DOPC liposomes were in common with the other formulations (170 proteins out of 

186 total proteins identified), whereas by adding increasing amounts of the 

negatively charged DOPG lipid, the number of unique corona proteins on the 

liposomes increased from 4 unique proteins for DOPC, to 35 and up to 60 in the case 

of DOPC/G and DOPG respectively. Thus, adding increasing amounts of the 

negatively charged lipid had a strong influence on corona formation, and not only 
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increased the total amount of absorbed proteins (Fig. 5C) but also protein  variety and 

the presence of unique proteins.  

    A Z-score heat map allowed to have a closer look at the most statistically different 

proteins adsorbed on the different formulations (Fig. 6C, p value ≤ 0.01). From this 

graph and the list of the top 20 most abundant proteins in each formulation 

(Supplementary Figs. S8A-C) some interesting conclusions can be drawn. First, 

immunoglobulins were among the most abundant proteins on DOPC liposomes 

(Supplementary Fig. S8A). Additionally, DOPC showed enrichment of several 

unique lipoproteins including APOB, APOM, APOD and APOC3 which had higher 

Z-score on the DOPC liposomes in comparison to the other formulations, although 

their relative abundance in the DOPC corona was not very high (Supplementary Fig. 

S8A). Enriched proteins distinguishing the corona of a specific formulation may have 

strong biological impact even if their relative abundance is low. Similarly, the 

complement proteins C4BPA and C4BPB had higher Z-score on the DOPC liposomes. 

On the opposite side, on the anionic DOPG liposomes, a different set of lipoproteins 

was enriched, including for instance APOC1, APOH and APOE (the first two highly 

abundant also on the mixed DOPC/G liposomes). Additionally, it was interesting to 

note that several of the  proteins most statistically different on DOPG liposomes (Fig. 

6C), such APOE, VTNC and THRB were proteins that – based on their isoelectric 

point (pI) [53]– have a negative charge in a physiological environment. This 

suggested that corona composition cannot be predicted solely based on the particle 

surface charge [9]. A classification of the identified corona proteins based on their 

pI is included in Supplementary Fig. S9. Despite the variation of protein pI 

distribution among the different formulations, for all liposomes more than 50%  of 

the corona proteins had a pI < 7.4 thus a negative charge in physiological 

environment. This may contribute to the so-called ‘normalization’ effect of the 

corona in serum, where most nanomaterials, regardless of their initial charge, tend to 

similar (low and slightly negative) zeta potential upon corona formation, as indeed 

we showed also for these liposomes (Fig. 1B) [9].    

    As a final step, we tried to connect uptake efficiency and corona composition. In 

agreement with our results, a strong positive correlation has been reported between 

the overall serum protein binding capacity of nanomaterials  and their cellular uptake 
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in vitro [54] and in vivo [55]. Thus, in our case, with the addition of the anionic 

DOPG lipid, liposomes with increased amount and larger variety of absorbed proteins 

were obtained, and they also showed higher uptake rate in HeLa cells, especially in 

the first hours of exposure. It is important to stress that all formulations had 

comparable zeta potential once dispersed in serum, as a consequence of protein 

adsorption and corona formation, regardless of the very different charge and zeta 

potential in pristine conditions (Fig. 1B). We have recently shown that when different 

coronas form on silica nanoparticles and DOPG liposomes, nanoparticles are 

recognized by different cell receptors and cells use different mechanisms for their 

uptake [38]. Similarly, Digiacomo et al. showed that the mechanism of 

internalization of liposomes was changed from micropinocytosis to clathrin -

dependent endocytosis after corona formation [56]. Therefore, in the current study, 

the very different uptake kinetics of DOPC, DOPC/G and DOPG liposomes were 

likely a result of specific interactions of their different corona components with cell 

receptors and activation of different uptake mechanisms.     

    Additionally, Ritz et al. correlated the enrichment of corona proteins on 

polystyrene nanoparticles with their cellular uptake [20], and they reported that a 

higher relative amount of THRB, VNTIII, VTN, ITIH4, PLF4 and APOH correlated 

with a higher cellular uptake, while a negative correlation was observed between 

APOA4, APOC3, ALBU and CO3 and uptake. In our case, immunoglobulins, albumin 

and the lipoproteins APOC1, APOA1 and APOA2 were present in all of the coronas , 

but in different abundance for the different formulations. In agreement with the 

results by Ritz et al., APOC3 was most abundant and most statistically different in 

the corona of DOPC liposomes for which the lower uptake was observed, while 

THRB, VTNC, PLF4 and APOH were most abundant and enriched on the DOPG 

liposomes, which had the highest cellular uptake efficiency. In line with these results, 

given the higher enrichment of APOC2 and APOM on the DOPC liposomes, it may 

be interesting to determine whether the presence of these proteins in the corona leads 

to lower uptake by cells, as demonstrated for APOC3. Similarly, the specific 

enrichment of APOE on the DOPG liposomes may explain the higher uptake of these 

liposomes. It was previously reported that PG lipids promote interactions with the 

low-density lipoprotein (LDL) receptor and also that APOE in the corona or APOE 
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functionalized nanoparticles may enable access to the brain via the blood brain 

barrier [57–59]. Based on these observations, it would be interesting to explore 

whether DOPG liposomes could be exploited as a strategy to target the LDL receptor  

or promote transcytosis to the brain.  

 

4. Conclusions 

    It is nowadays well established that nano-sized materials including nanomedicines 

once applied in a biological environment are modified by adsorption of a layer of 

biomolecules resulting in a corona which strongly affects the behavior on cells [7–

10]. Growing evidence has indicated that this layer can be recognized by specific cell 

receptors, opening up interesting possibilities of tuning corona composit ion in order 

to affect nanomedicine uptake and behavior on cells [24,25,38]. Within this 

framework here we have prepared and optimized a liposomes series of tailored 

surface properties by mixing zwitterionic DOPC and anionic DOPG lipids in different 

ratios. All liposomes gave homogeneous dispersions in serum and remained stable 

up to 24 h in cell culture conditions. Additionally, they were internalized by cells as 

intact nanoparticles via energy dependent mechanisms and trafficked along the endo -

lysosomal pathway towards the lysosomes. However the different formulations 

showed very different uptake efficiency and kinetics : by adding increasing amounts 

of the negative lipid DOPG, liposomes with higher serum protein binding capacity 

were obtained, and – in line with other similar results - the protein binding capacity 

had strong positive correlation with uptake efficiency by cells [49,50]. Thus we 

optimized procedures for corona isolation to avoid contamination of serum particles 

and aggregates and we have identified the proteins recovered on the different 

liposomes by mass spectrometry. Thanks to the optimized methods, replicate 

experiments showed excellent reproducibility in the isolated corona proteins. 

Additionally, ion peak area and single stage MS quantification were used for a more 

accurate intensity-based quantification of the protein abundance and thanks to the 

replicate isolations and mass spectrometry data, statistical analysis was applied to 

compare the corona composition on the different formulations. The amount and 

identity of the proteins adsorbed varied strongly, as also the observed uptake 

efficiency and uptake kinetics by cells. Given the comparable zeta potential of the 
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liposomes in cell media following corona formation, it is likely that the observed 

differences in uptake behavior on cells were due to speci fic interactions with corona 

proteins and activation of different mechanisms of uptake, as opposed to simple 

charge differences. Thus, overall, we showed that by mixing lipids to different ratios, 

liposome series of tailored surface properties can be prepared to gradually tune 

corona composition in a systematic way. Tuning corona composition allowed us to 

obtain liposomes with very different uptake behavior on cells. Thus, formulations 

can be optimized to achieve the desired uptake efficiency and kinetic profiles as 

required for specific applications. Additionally, careful controls were included  to 

exclude the presence of particle agglomeration during corona isolation and eventual 

residual free proteins which could confuse the results.  

    At a broader level, further studies are required in order to determine how uptake 

efficiency by cells correlates with liposome outcomes in vivo [40]. Additionally, 

using similar approaches as we showed here to measure uptake by macrophages, 

further insights on effects of corona composition on clearance by the immune system 

could be obtained. Thus, novel strategies to prolong liposome circulation time in vivo 

could also be discovered [60].  

    Overall, the correlation of corona composition and uptake by cells (or cle arance 

by macrophages) can be used as a novel tool to identify proteins which correlate with 

higher and-or lower uptake by cells [16,20]. Recent studies are indicating that the 

corona may interact with cell receptors via patterns or novel epitopes forming after 

corona formation, and not only by interactions of individual proteins with their 

specific receptors. Thus the simple identity of the proteins in the corona may not 

capture all possible interactions with cell receptors and, similarly, patterns of corona 

proteins together may be responsible of nanopartic le outcomes at organism level 

[13,61]. Nevertheless, by studying the specific role of individual proteins identified 

in the corona in mediating interactions with their corresponding cell receptors and 

promoting or blocking nanoparticle uptake, additional strategies to control 

nanomedicine outcomes on cells may be developed, including for reducing their 

clearance [20,23].  

    Clearly, more work is needed to be able to predict corona formation and to predict 

uptake behavior based on corona composition and corona pattern. Overall, a deeper 
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understanding of the complex modifications nano-sized materials encounter in 

biological environments and their consequences on their outcomes at cell and 

organism level is needed to guide the design of successful nanomedicines. 

Approaches such as those presented can be used to optimize formulations with 

desired properties for specific applications.  
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Supplementary Materials 

 

Supplementary materials and methods 

Shotgun LC/MS-MS analysis 

    Tryptic peptides were analyzed with an UltiMate 3000 RSLC UHPLC system 

(Dionex) linked to an Orbitrap Q Exactive Plus mass spectrometer (Thermo Fisher 

Scientific) performing in a data-dependent acquisition (DDA) mode. For each sample, 

5 µl of the digested peptide solution (corresponding to 3 µg protein) was enriched 

onto a Acclaim PepMap 100 C18 trap column (Dionex, #160454; 300 µm i.d. × 5 mm, 

5 µm, 100 Å) with 0.1% formic acid (FA) at a flow rate of 20 µl/min. Peptide mixtures 

were then separated on a 75 µm i.d. × 500 mm Acclaim PepMap RSLC C18 analytical 

column (Dionex, #164540) with 2 µm resin size and 100 Å pore size. The analytical 

column was kept at 40 °C while performing a 90 min linear gradient from 3% to 50% 

of eluent B (ACN containing 0.1% FA) in eluent A (H 2O containing 0.1% FA), then 

passing in 1 min from 50% to 80% of eluent B, where it remained  for 9 min, and then 

passing  in 1 min back to 3% eluent B. Finally, the instrument was left equilibrating 

for 29 min before the next injection. The flow rate was set at 300 nl/min. Mass spectra 

were acquired from 300 to 1650 m/z at 70000 resolution using a dynamic exclusion 

of 20 s. Higher energy collisional dissociation (HCD) fragment analysis was 

collected from the maximum 15 most abundant precursor ions with a charge state of 

2+ to 6+, between 200 and 2000 m/z at 17500 resolution with an 5 × 10 4 AGC target 

value, a maximum ion injection time of 50 ms, a normalized collision energy of 28%, 

an isolation window of 1.8 m/z, an underfill ratio of 1%, and an intensity threshold 

of 1 × 104. For each liposome, 3 independent corona isolation experiments were 

performed and were analyzed by LC-MS/MS separately. 

 

Data processing and bioinformatics analysis  

    The raw data from DDA LC-MS/MS were analysed with PEAKS Studio software 

(version 8.5) [1] using the SwissProt human database (20197 entries; downloaded on 

July 27th, 2016), with trypsin as enzymatic digestion (≤ 2 missed cleavages). 
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Carbamidomethylation was set as fixed modification and methionine oxidation and 

acetylation of protein N-terminal as variable modifications with 3 maximum variable 

modifications per peptide, along with 0.02 Da fragment mass tolerance, 10.0 ppm 

precursor mass tolerance and ≤ 0.1% false discovery rates (FDR) for peptide -

spectrum matches (PSMs).  

    A relative quantitation of the identified proteins was performed by determining 

the ion peak area (Area), which was the sum of the areas of all unique peptides 

mapping to the protein group. For each identified protein, the protein Area was 

normalized by the protein mass and expressed as the relative protein abundance 

according to the following equation: 

Areax = [(Area/Mw)x / ∑ (Area/Mw)𝑛
𝑖=1 i] × 100                                  (1)  

    Based on the calculated Area value, data were further analyzed and visualized with 

an in-house developed script in R (version 3.4.3) and R Studio (version 1. 0.143). 

The quantitative Area values were subjected to median scale normalization [2]. To 

compare the profile of proteins adsorbed on the different liposomes, a Venn diagram 

was created with the R package “VennDiagram” including the proteins detected in at 

least 2 out of the 3 replicates. The R package “ComplexHeatmap” was then used for 

showing the Z-score heat map of the most statistically different proteins (p value ≤ 

0.01) between the various liposomes determined by one way ANOVA analysis. In 

order to determine the most abundant proteins in the corona, the Rank Product 

method [3] was applied to rank the identified proteins as follows: in Fig. 6A and 

Supplementary Fig. S7 to rank the most abundant corona proteins identified on all of 

the 3 different formulations (3 liposomes with 3 replicate isolations each, thus 9 

corona samples in total); and in Supplementary Figs. S8A-C instead to rank the 

corona proteins of each liposome (in 3 replicate isolations), thus the corona proteins 

of DOPC, DOPC/G and DOPG liposomes, respectively, in Supplementary Figs. S8A -

B-C. In these plots, the Rank Products allow to get the rank of abundant proteins in 

the different replicates and sample groups in a non-parametric way. In summary, 

proteins are ranked from higher to lowest abundance in all analyzed samples and for 

each protein, the ranks in multiple samples are multiplied, in order to obtain the so -

called rank product for that protein. The obtained rank products for each protein were 

then sorted from low to high providing the ranking (ordering) of the proteins which 
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is displayed in the plots. The “ggplot2” package was then used to visualize the top 

20 proteins according to the calculated rank product. For each protein, the Area value 

obtained for each replicate sample following eq.1 is specified, while the balloon area 

shows the relative percentage of the median scale normalized protein abundance. The 

colors from black to red correspond to the p-values of one way ANOVA analysis. In 

Fig. 6A and Supplementary Figs. S8A-C, statistical analysis was performed on all 

replicates of the 3 liposomes while in Supplementary Fig. S7, in order to show 

differences in respect to full serum composition, statistical analysis was performed 

on all replicates of the 3 liposomes and of the full human serum.  

 

Liposome uptake by flow cytometry in energy depleted cells  

    In order to measure potential uptake in energy depleted cells, 5 × 10 4 cells per well 

were seeded in a 24-well plate. After 24 h incubation in cMEM, cells were washed 

with serum free medium 3 times and incubated with 5 mg/ml sodium azide (Merck) 

dissolved in cMEM or hsMEM for 30 min to deplete cell energy. 50 µg/ml liposome 

dispersions were then prepared by dilution of the liposome stock into cMEM or 

hsMEM with and without 5 mg/ml sodium azide. After exposure to the liposomes in 

the different conditions, cells were collected for flow cytometry measurements as 

described above. In cells exposed to DOPC liposomes in sodium azide for 3 h, flow 

cytometry showed double peaks in the cell fluorescence distribution, with a portion 

of cells with higher fluorescence than cells exposed to liposomes in normal 

conditions. These are likely dying cells with compromised cell membrane 

permeability due to the toxic effects of sodium azide (see also Supplementary Fig. 

S3). Similar effects were observed also in cells exposed to free SRB after 3 h in 

sodium azide. In these cases double scatter plots of forward scatter versus 

fluorescence were used to exclude this subpopulation to calculate the median 

fluorescence of all other cells.   

 

Fluorescence imaging 

    For fluorescence microscopy, 1.5 × 105 cells were seeded in 35 mm dishes with a 

170 µm thick glass bottom. 24 h after seeding, cells were washed with serum free 
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medium for 3 times and incubated with 50 µg/ml liposomes in cMEM or hsMEM 

respectively for 3 h at 37 °C. To visualize the lysosomes, cells were incubated for 30 

min with 100 nM LysoTracker Deep Red (Thermo Fisher Scientific) in cMEM 

followed by 3 washes with serum free MEM. Then, cells were washed with PBS 3 

times again and nuclei stained by incubation with 1 µg/ml Hoechst 33342 Solution 

in cMEM (Thermo Fisher Scientific) for 5 min. Finally, cells were washed once with 

PBS and incubated in cMEM for imaging. Cells exposed to liposomes in cMEM were 

imaged using a Leica TCS SP8 fluorescence confocal microscope (Leica 

Microsystems) equipped with a 405nm laser for Hoechst excitation, a 552 nm laser 

for liposomes and a 640 nm for LysoTracker Deep Red. Cells exposed to liposomes 

in hsMEM were imaged using DeltaVision Elite (GE Healthcare Life Science) with 

DAPI filter for Hoechst excitation, TRITC filter for liposomes and CY5 filter for 

LysoTracker. Movies were recorded for up to 2 min by acquiring an image every 10 

sec for cells exposed to DOPC and DOPG liposomes and every 5 sec for cells exposed 

to DOPC/G liposomes. ImageJ software (http://www.fiji.sc) was used for image 

processing and brightness and contrast were adjusted using the same setting for all 

samples in order to allow better visualization.  
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Supplementary Table S1.  Description of all liposome formulations investigated. 10 mg lipid 

mixtures at different molar ratio were prepared and used to prepare liposomes as described in the 

Materials and methods. The composition of the different liposomes used is summarised in the Table.  
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Supplementary Figure S1.  Size distribution and zeta potential measurements of cationic liposomes 

in different media. (A-B) Size distribution by intensity obtained by dynamic light scattering of 

cationic liposomes of different lipid composition. 50 µg/ml DOTAP, DOTAP -DOPE and DOPE-DC 

CHOL liposomes dispersed in PBS, cMEM (A) and hsMEM (B) were characterized by dynamic light 

scattering as described in the Materials and methods. Preparation by extrusion allowed to obtain 

liposomes with narrow size distributions which were stable in PBS. However, dispersion in cMEM 

and in hsMEM led to strong agglomeration. Because of this, negatively charged and zwitterionic 

liposomes which remained stable in cMEM (as shown in Fig. 1) were used for further analysis in 

serum and on cells. (C) Zeta potential of cationic liposomes dispersed in PBS, cMEM and hsMEM. 

All liposomes had positive zeta potential in PBS, while they all ac quired comparable slightly 

negative zeta potential when dispersed in media with serum, as a consequence of protein adsorption 

and corona formation.  
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Supplementary Figure S2. (A-B) Uptake of liposomes in cMEM (A) and medium with 25 mg/ml 

human serum (B). HeLa cells were exposed to 50 µg/ml DOPC, DOPC/G and DOPG liposomes in 

cMEM (A) and medium supplemented with 25 mg/ml human serum (B) for increasing times, 

followed by flow cytometry to measure the cell fluorescence intensity. On the left: nanoparticle 

uptake kinetics were different for the different formulations, with DOPC showing lower uptake in 

the first hours. Addition of high concentration of human serum (B) reduced uptake levels. On the 

right: uptake of each of the liposomes by HeLa cells in standar d conditions or in the presence of 5 

mg/ml sodium azide to deplete cell energy ( - and + NaN3) (see Materials and methods for details). 

Energy depletion strongly reduced the uptake of all liposomes in both media.  
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Supplementary Figure S3.  Liposome stability and control uptake studies with free SRB and energy 

depleted cells. (A) Removal of excess free SRB after liposome preparation. After liposome extrusion, 

the excess free SRB was removed using a spin column (see Materials and methods for details). The 

picture on the left shows efficient removal of the residual free SRB in the spin column. Then, 

liposomes stored in PBS were loaded on a Sepharose CL-4B column in order to separate eventual 

residual free SRB or SRB leaking. Fractions eluting from the column were collected for fluorescence 

measurement to detect SRB: the obtained elution profiles confirmed that for all formulations, all 

SRB eluted in fractions 6-11 corresponding to liposomes, and no free SRB released from liposomes 

was detected. The formulations were stable in PBS for at least 1 month. (B) Elution profiles of 

liposomes after interaction with human serum and corona formation. Briefly, 0.5 mg/ml liposomes 

were incubated with 40 mg/ml human serum in a Thermo-Shaker at 37 °C, 250 rpm, to mimic cell 

experiment conditions. After 1 h incubation, samples were loaded on a Sepharose CL -4B column 

and fractions eluting from the column were collected for absorbance measurements at 280 and 560 

nm to detect –respectively - proteins and SRB. The results showed that after interaction with serum 

and corona formation, for DOPC and DOPC/G liposomes most SRB remained in the liposomes, 

while for DOPG liposomes dye leakage was observed. (C) Uptake of 5 µM free SRB in hsMEM by 

HeLa cells in standard conditions and in energy-depleted cells. Briefly, 5 µM free SRB 

(corresponding to the concentration of dye encapsulated in 50 µg/ml liposomes) was exposed to 

cells in standard conditions and in the presence of 5 mg/ml sodium azide to deplete cell energy. The 

results in the left panel showed that, as opposed to what observed for liposome uptake, sodium azide 
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had only minor effects on the uptake of the free dye, possibly because of compromised cell 

membrane permeability in energy depleted cells. Indeed, in cells exposed to SRB in  sodium azide 

for 3 h, flow cytometry showed double peaks in the cell fluorescence distribution, with a portion of 

cells with higher fluorescence than cells exposed to SRB in normal conditions. These are likely 

dying cells with compromised cell membrane pe rmeability due to the toxic effect of sodium azide. 

In these cases double scatter plots of forward scatter versus fluorescence were used to exclude this 

subpopulation to calculate the median fluorescence of all other cells. In the middle panel, the same 

data are compared to the uptake levels of 50 µg/ml liposomes encapsulating the same amount of 

SRB (dashed lines, after 3 h exposure in standard conditions). This comparison clearly shows that 

the uptake of free SRB was lower in all cases, and especially in c omparison to the uptake levels of 

DOPC/G and DOPG liposomes. In the right panel, the uptake levels of free dye and liposomes after 

3h exposure in energy-depleted cells were normalized by the uptake in standard conditions in order 

to compare sodium azide inhibition efficiency. The results showed that sodium azide had only minor 

effects on the uptake of free SRB (around 25% reduction), but much stronger effects on liposome 

uptake (50 % reduction for DOPC and 70-80% for DOPC/G and DOPG). Overall, these results  

confirmed that the florescence measured in cells exposed to the liposomes was primarily due to the 

energy-dependent uptake of SRB-labelled liposomes. (D) Uptake of 50 µg/ml 0.5 mol% TopFluor 

PE labeled liposomes in hsMEM by HeLa cells in standard conditio ns or in the presence of 5 mg/ml 

sodium azide to deplete cell energy ( - and + NaN3). In these examples, liposomes were labelled 

using a fluorescently TopFluor PE lipid instead of SRB. The results showed that uptake was present 

also in energy depleted cells , possibly as a consequence of transfer of the lipophilic label from the 

liposomes to cell membranes. Because of this, liposomes labelled with the hydrophilic SRB were 

chosen to avoid similar issues that could affect result interpretation.     
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Supplementary Figure S4.  Fluorescence microscopy images of HeLa cells exposed to  liposomes 

and free SRB in cMEM. Briefly, HeLa cells were exposed for 3 h to 50 µg/ml DOPC (A), DOPC/G 

(B) and DOPG (C) liposomes in cMEM or 5 µM SRB (D). Blue: Hoechst stained nuclei.  Red: SRB 

stained liposomes or free SRB. Green: LysoTracker stained lysosomes (see Materials and methods 

for details). Scale bar: 10 µm. The same samples shown in panels A and D were imaged with 

different settings to allow detection of lower signals in the  cells by increasing the detector gain. 

This allowed us to confirm uptake and accumulation in the lysosomes of the DOPC liposomes (panel 

E) while for SRB (panel F) the intracellular signal remained very low and could be barely detected.  
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Supplementary Figure S5.  Effect of centrifugation on liposome stability. Size distribution by 

intensity obtained by dynamic light scattering of 50 µg/ml DOPC liposomes in PBS (A), and 500 

µg/ml DOPC liposomes in MEM supplemented with 40 mg/ml FBS after dispersion (B) an d after 

corona isolation by centrifugation (C-D). Preparation by extrusion allowed to obtain liposomes with 

narrow size distributions which were stable in PBS and after dispersion in cMEM (A, and B 

respectively, with a small peak around 10 nm detected in F BS from the free proteins in excess in 

the medium). The liposomes in FBS where then spin down at 16000 g for 1 hour to isolate the 

liposome-corona complexes from the excess free proteins. However, DLS showed that after both 1 

and 2 centrifugations (C and D, respectively) it was not possible to obtain good dispersions and 

strong agglomeration was detected. Because of this, isolation of the corona coated liposomes was 

performed by SEC instead of centrifugation.  
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Supplementary Figure S6.  Isolation of corona-coated liposomes from human serum (HS). (A) Left 

panel: Elution profile of full human serum (HS). Briefly, 1 ml 71mg/ml HS was loaded into a 

Sepharose CL-4B column and the protein elution profile was obtained (see Materials and methods 

for details). The results showed that some large objects eluted early (fractions 7 -9), in the same 

fractions in which free liposomes also eluted (see Figure 4 and panel B for comparison). Right 

panels: size distribution by intensity obtained by DLS of fractions 7 -8-9. DLS showed that in these 

fractions objects of around 100 nm were detected. (B) Left panel: Elution profile of DOPC 

liposomes after 1 h incubation with human serum. Briefly, 500 µg/ml liposomes were mixed with 

40 mg/ml human serum and the obtained corona-coated liposomes were separated by SEC. The 

elution profile was comparable to that observed for the full human serum (panel A). Right panels: 

size distribution by intensity obtained by DLS of fractions 7 -8-9. DLS showed that in these fractions, 

as observed for full human serum, objects of around 100 nm were detected. The comparison of 

elution profiles and DLS results for full serum and liposomes dispersed in serum (panels A and B, 

respectively) clearly showed that large particles of sizes comparable to the liposom es were present 

in the serum and eluted in the same fractions as the liposomes. These particles would affect corona 

isolation in full human serum. (C-D) SDS-PAGE images of (C) fractions 7-11 from the elution of 

full human serum and (D) fractions 8-13 from the elution of DOPC liposomes dispersed in full 

human serum. For each fraction, 30 µl were loaded in each well. The results confirmed that many 

proteins were recovered from full serum (C) in the same fractions in which liposomes eluted (D). 

The presence of these proteins impairs the identification of the proteins in the corona.  
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Supplementary Figure S7.  Analysis of the top 20 most abundant proteins in the different liposomes 

and their abundance in full human serum. For each liposome, 3 replicate corona isolations and 

identifications have been performed and additionally 3 samples of full human serum were analyzed. 

For each sample, the relative abundance of each of the top 20 proteins in the different liposomes is 

indicated (calculated using eqn (1) and ranked as described in the Materials and methods), and their 

abundance in full human serum is also included for comparison. For each protein, the Area value 

obtained in each replicate sample is specified, while the balloon area shows the relative percentage 

of the median scale normalized protein abundance. The colors from black to red correspond to the 

p-values of the one way ANOVA analysis on all coronas formed on all liposomes and on the serum 

(see Materials and methods for details). The results clearly sho wed that excellent reproducibility 

was obtained across replicates experiments and that corona formation led to strong enrichment of 

specific proteins on the liposomes in respect to their natural abundance in full human serum. 

Additionally, the abundance of the corona proteins varied depending on liposome formulation.  
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Supplementary Figure S8. Analysis of the top 20 most abundant proteins in the corona forming on 

–respectively – DOPC (A), DOPC/G (B), and DOPG (C) liposomes. For each liposome, 3 replica te 

corona isolations and identifications have been performed and additionally 3 samples of full human 

serum were analyzed. The 20 most abundant proteins in the corona of DOPC (A), DOPC/G (B), and 

DOPG (C) liposomes are shown and their relative abundance is  indicated, (calculated using eqn (1) 

and ranked as described in the Materials and methods), together with their abundance in the other 

liposome formulations and the full human serum, for comparison. For each protein, the Area value 

obtained in each replicate sample is specified, while the balloon area shows the relative percentage 

of the median scale normalized protein abundance. The colors from black to red correspond to the 

p-values of the one way ANOVA analysis on all coronas formed on all liposomes (se e Materials 

and methods for details).  These graphs allow to see the top 20 most abundant proteins in each of 

the liposomes. The results clearly showed that different corona were formed on the different 

formulations and the top 20 corona proteins on each o f them varied.  
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Supplementary Figure S9. Classification based on isoelectric point (pI) of the corona proteins 

identified in the corona formed on DOPC, DOPC/G and DOG liposomes in human serum. The results 

are the mean and standard deviation over 3 replicates of the data obtained from 3 independent corona 

isolations for each formulation. More than 50% of the identified proteins had a pI < 7.4 thus they 

had negative charge in physiological environment.  
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ABSTRACT 

    Once exposed to biological fluids, nanomedicines are modified by corona 

formation. Many studies have shown the impact of corona formation on 

nanomedicine interactions with cells. However, relatively less attention has been 

paid on additional effects due to the presence of free proteins in solution. Within this 

context, the present study aims to gain a better understanding of nanomaterial-cell 

interactions in different biological fluids and – more specifically – to disentangle 

effects due to corona composition and those related to the presence of excess free 

proteins. To this aim, liposomes have been chosen as a model nanomedicine and their 

uptake in medium supplemented with bovine and human serum compared. Uptake 

efficiency in the two media differed strongly, as also corona composition. However, 

when the different corona-coated liposomes were exposed to cells in serum free 

medium, their uptake was comparable. Similar results were obtained when the 

corona-coated liposomes were re-introduced in medium with either human or bovine 

serum. Thus, in this case, the different uptake efficiency depended primarily on the 

presence and source of the free proteins. Similar effects related to the protein source 

should be taken into account when comparing nanomedicine efficacy in vitro, in vivo, 

as well in clinical trials in humans. 

 

1. Introduction 

    The application of nanotechnology for medical purposes has attracted great 

interest in the past few decades, since nano-sized materials have been proposed as a 

delivery platform for drugs, genes and therapies to treat and diagnose various 

diseases [1–4]. Benefiting from their nanoscale size and surface properties, 

nanomaterials can be designed to increase the payload of drugs and accumulate 

efficiently in diseased cells and tissue via the so called enhanced permeability and 

retention effect (EPR) for “passive targeting” [5,6] or via grafted ligands on the 

material surface for “active targeting” [7–10].     

    However, the clinical translation of nanomedicine remains highly challenging. 

Even if thousands of papers on nanomedicine are published pe r year, relatively few 

new nano-formulations have been approved for clinical use [11]. One of the main 
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obstacles remains the (often) still limited understanding of the interactions of 

nanomaterials with cells, tissues and the biological environments in which they are 

applied [12,13]. Generally, in vitro experiments to evaluate nanomedicine efficiency 

and toxicity are performed with human cell lines cultured in medium supplemented 

with fetal bovine serum (FBS) (FBS is a universal animal serum supplement for cells 

and tissue culture media [14]). However, once introduced into a biological 

environment, nanomaterials are rapidly covered with plenty of proteins and other 

biomolecules, forming a layer known as “protein corona”  [15,16]. The protein corona 

confers nanomaterials new biological properties by altering their size distribution, 

surface charge, aggregation behavior, interfacial character, as well as by decorating 

the nanomaterial surface with specific proteins and epitopes, capable to interact with 

and be recognized by specific cell receptors  [17–24]. This, in turn, can affect the 

following nanoparticle interactions with cells or tissues, as well as their final fate in 

vivo [21,25,26]. As a consequence of this, different outcomes are expected when 

nanomaterials are exposed to different biological fluids (for instance serum versus 

lung fluids depending on the administration or exposure route) [27,28]. Furthermore, 

it has been shown that even when considering the same biological fluid , differences 

in the protein source affect corona formation, as well as the subsequent nanomaterial 

interactions with cells. For instance, Solorio-Rodríguez et al. reported differences in 

protein-corona composition on functionalized SiO2 nanocarriers after incubation 

with human plasma or mouse plasma [29]. Similar studies by Müller et al. revealed 

discrepancies in aggregation behavior and corona composition of nanoparticles when 

recovered from human, mouse, rabbit, or sheep plasma [30]. Schöttler et al. also 

showed different uptake by cells for polystyrene nanoparticles incubated in FBS, 

human serum, and human plasma [31]. These studies show that nanomedicines added 

to cells in FBS medium in in vitro studies, or exposed to serum of a different species 

once tested in vivo, including human plasma when they finally reach clinical trials, 

are likely to be covered by different protein coronas [32]. This suggests that the 

biological responses and therapeutic outcomes observed in vitro may not be directly 

translated to clinical use [32]. 

    While similar effects of the protein source on corona composition have been 

reported and – at least in part - characterized, much less is known on potential effects 
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related to the presence of excess free proteins in solution. When nanoparticles are 

exposed to the cells in a medium supplemented with serum from different species, 

not only the protein corona, but also the excess free serum proteins do play an 

important role in nanoparticle-cell interactions. For instance, it is known that the 

addition of human serum in the medium (as opposed to FBS) usually decreases 

nanoparticle uptake, and lower uptake is observed when serum concentration is 

increased [19,23,33]. Similarly, Schöttler et al. reported that the uptake of 

polystyrene nanoparticles in medium with FBS was high, while when added to cells 

in human serum uptake was almost not detectable [31]. It is likely that free serum 

proteins in solution of the same species as the cells tested can compete better for cell 

receptors in comparison to proteins of a different species [33–35]. However, an 

explicit distinction of the effects of the protein source on corona composition and 

due to the presence of free proteins in solution has not been performed as yet.  

    To this aim, in this work, liposomes composed of 1,2-dioleoyl-sn-glycero-3-

phospho-(1'-rac-glycerol) (DOPG) and DC-cholesterol (DOPG-DC liposomes) were 

used as a nanomedicine model. The cellular uptake of DOPG-DC liposome exposed 

to cells in FBS and human serum (HS) was compared, as also their protein corona 

composition. Thus, corona-coated liposomes were isolated from both media and 

added to cells in serum-free conditions or after addition to media supplemented to 

either FBS or HS. This has allowed us to differentiate effects of the protein source 

on corona composition from those due to the excess free proteins in solution.   

 

2. Materials and methods 

2.1 Preparation and characterization of liposomes 

    DOPG-DC liposomes were prepared by thin lipid film hydration followed by 

freeze-thaw cycles and extrusion. Briefly, 1,2-dioleoyl-sn-glycero-3-phospho-(1'-

rac-glycerol) (DOPG) and 3ß-[N-(N',N'-dimethylaminoethane)-

carbamoyl]cholesterol (DC-CHOL) (Avanti Polar Lipids) in molar ratio of 2.5 : 1 

were dissolved in chloroform, and the organic solvent was evaporated with a nitrogen 

stream for 30 min and under vacuum overnight. The dried lipid films were hydrated 

with a 25 mM sulforhodamine B (SRB, Thermo Fisher Scientific) in PBS to a final 
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lipid concentration of 10 mg/ml. To produce unilamellar liposomes, the lipid 

suspension was frozen into liquid nitrogen and melted in a water bath at 37 °C for 8 

freeze-thaw cycles, followed by extrusion for 21 times through a 100 nm 

polycarbonate membrane using a Avanti Mini-Extruder (Avanti Polar Lipids). To 

remove the free sulforhodamine B, the liposome dispersion was then passed through 

a Zeba  Spin Desalting Column, 7K MWCO (Thermo Fisher Scientific) pre -

equilibrated in PBS. Liposomes were stored in darkness at 4 °C and used for 

maximum one month after preparation. 

    The final lipid concentration of the liposomes was quantified based on the Stewart 

assay [36]. For this, a ferrothiocyanate reagent was prepared with 27.03 mg ferric 

chloride hexahydrate (Sigma Aldrich) and 30.4 mg ammonium thiocyanate (Sigma 

Aldrich) dissolved in 1 ml Milli-Q water. 10 µl sample was then mixed with 1 ml 

chloroform and 1 ml ferrothiocyanate reagent followed by vortexing for 60 s and 

centrifugation at 300 g for 10 min. 0.9 ml of the chloroform phase was transferred to 

a quartz cuvette and the absorbance at 470 nm measured with a Unicam UV500 

Spectrophotometer (Unicam Instruments). Samples of DOPG at known concentration 

were used to obtain a calibration curve which was used to determine the final lipid 

concentration of the liposomes.     

    Size distribution and zeta potential of the DOPG-DC liposomes were measured 

using a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd.). Liposomes were 

dispersed in different media including PBS, the complete MEM cell culture medium 

supplemented with 10% v/v fetal bovine serum (FBS) (GibcoTM Thermo Fisher 

Scientific), roughly corresponding to 4 mg/ml serum (cMEM) and MEM medium 

supplemented with 4 mg/ml human serum (human serum from pooled donors, from 

TCS Biosciences Ltd) (hsMEM). Samples at a final concentration of 50 µg/ml lipids 

were prepared by mixing the required volume of the liposome stock solution with the 

different media and were measured immediately after dispersion. Microcuvettes for 

40 µl samples were used for size measurement and disposable folded capillary cells 

for zeta potential measurement. For each sample three measurements were performed 

with automatic setting for measurement duration.  
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2.2 Cell culture 

    Human epithelioid cervix carcinoma HeLa cells (ATCC CCL2) were used for in 

vitro uptake studies. Cells were cultured in cMEM in a humidified atmosphere 

containing 5% CO2 at 37 °C. Cells were passaged two to three times per week and 

grown for maximum 20 passages after defrosting. Cells were tested for mycoplasma 

monthly to exclude contamination. 

2.3 Internalization studies 

    Flow cytometry and confocal imaging were used to study the cellular uptake 

behavior of liposomes in different media. For flow cytometry, cells were seeded with 

5 × 104 cells per well in a 24-well plate and incubated in cMEM for 24 h. Before 

liposomes exposure, cells were washed 3 times with serum free medium (sfMEM) 

and incubated in sfMEM for 30 min. Liposomes were dispersed in cMEM or hsMEM 

at a final concentration of 50 µg/ml lipids and added to cells immediately after 

dispersion. Alternatively, after isolation of corona-coated liposomes performed as 

described below, cells were exposed to 50 µg/ml corona-coated liposomes in either 

sfMEM, cMEM or hsMEM. Cells were then collected after different incubation times 

for flow cytometry measurement. Briefly, cells were washed with cMEM once and 

PBS twice to remove excess free liposomes and potential liposomes adhering outside 

the cells and harvested by incubation for 5 min with trypsin-EDTA (0.05% v/v). The 

collected cells were then centrifuged at 300 g for 5 min, resuspended in PBS and 

measured immediately using a BD FACSArray (BD Biosciences) with a 532 nm laser. 

For each experiment, a total of at least 2 × 104 cells were acquired per sample and 

for each condition 2 replicate samples were included. Experiments were repeated at 

least two times. Data were analyzed using Flowjo software (FlowJo, LLC). Double 

scatter forward and side scattering plots were used to exclude cell debris and cell 

doublets. The results are reported as the averaged median cell fluorescence intensity 

and standard deviation over duplicate samples. 

    In order to determine if internalization was energy-dependent, cells were treated 

with sodium azide (Merck) to deplete the cell energy. Briefly, 5 × 104 cells per well 

were seeded in a 24-well plate and incubated in cMEM for 24 h. Then,  cells were 

washed with sfMEM for 3 times and incubated with 5 mg/ml sodium azide in cMEM 

or hsMEM for 30 min to deplete cell energy. Cells were exposed to 50 µg/ml 
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liposome dispersions prepared by mixing the liposome stock with cMEM or hsMEM 

in standard conditions or in the presence of 5 mg/ml sodium azide. Cells were 

collected at 1, 2 and 3 h after exposure for flow cytometry analysis as described 

above.  

    Confocal microscopy was used to visualize the cellular uptake of the liposomes in 

different media. Cells were seeded at a density of 1.5 × 106 cells per well in a 35 mm 

dish with glass bottom (170 µm thickness). 24 h after seeding, cells were washed 3 

times with sfMEM and incubated in sfMEM for 30 min. A 50 µg/ml liposome 

dispersion was prepared by mixing the liposome stock with cMEM or hsMEM and 

incubated with cells for 2 h at 37 ºC followed by  3 washes with sfMEM to remove 

excess liposome outside cells. To visualize the lysosomes, cells were stained with 

100 nM LysoTracker Deep Red (Thermo Fisher Scientific) in cMEM for 30 min 

followed by 3 washes with sfMEM. Finally, cell nuclei were stained by incubation 

for 5 min with 1 µg/ml Hoechst 33342 Solution (Thermo Fisher Scientific) in cMEM 

and washed with PBS once. A Leica TCS SP8 confocal fluorescence microscope 

(Leica Microsystems) was used for cell imaging with a 405 nm laser for Hoechst 

excitation, a 552 nm laser for liposomes and a 640 nm laser for LysoTracker Deep 

Red. For liposome uptake in cMEM, images of a representative optical slice were 

taken every 20 s for up to 3 min and for liposome uptake in hsMEM every 13 s for a 

total of 2 min. ImageJ software (http://www.fiji.sc) was used for image processing.  

2.4 Preparation of corona-coated liposomes 

    To isolate corona-coated liposomes from FBS medium, 0.5 mg/ml DOPG-DC 

liposomes was mixed with 40 mg/ml FBS (this corresponds to a final lipid to protein 

ratio of 1:80 (w/w) as for the experiments with cells). The sample was incubated in 

a Thermo-Shaker (Grant Instruments Ltd.) at 37 °C, 250 rpm for 1 h. Size exclusion 

chromatography (SEC) was then applied to separate liposomes from the excess serum 

proteins. Briefly, a Sepharose CL-4B (Sigma-Aldrich) column (15 × 1.5 cm) was 

prepared and equilibrated with PBS. 1 ml of the liposomes in FBS was loaded on  the 

column and the eluent collected immediately. Every 0.5 ml eluent was collected as 

fraction up to a total volume of 15 ml and the absorption of each fraction was 

measured at 280 nm and 565 nm using a NanoDrop One Microvolume UV-Vis 

Spectrophotometer (Thermo Fisher Scientific) in order to determine – respectively - 
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the protein elution profile and the fractions containing the SRB labelled corona -

coated liposomes. The fractions containing liposomes were pooled together and a 

Vivaspin 6 centrifugal concentrator (10 K MWCO, Sartorius) was used to concentrate 

the sample until less than 200 µl volume was obtained.  

    To obtain corona-coated liposomes in human serum, first the human serum was 

depleted of larger objects and protein aggregates of sizes around 100  nm as 

previously described (The presence of these objects eluting in the same fractions as 

the corona-coated liposomes could confuse corona identification) [37]. Briefly, 1 ml 

full human serum was loaded on a Sepharose CL-4B column pre-balanced with PBS, 

and fractions of 0.5 ml were collected until the volume of eluent reached 15 ml and 

the absorption of each fraction at 280 nm was measured in order to determine the 

protein elution profile. The fractions from 11 to 30 were pooled together and used as 

cleaned human serum (cleaned HS, cHS). Then, 75 µg/ml DOPG-DC liposomes was 

dispersed in 6 mg/ml cleaned HS (thus maintaining the lipid to protein ratio of 1 : 80 

(w/w) as for all other measurements) and incubated on a Thermo-Shaker at 37 °C, 

250 rpm for 1 h, followed by corona isolation and concentration as described above.   

2.5 Characterization of corona-coated liposomes 

    After corona isolation, the size distribution of the corona-coated liposomes was 

measured immediately using a Malvern Zetasizer Nano ZS as described above. To 

compare serum protein binding capacity to liposomes in  the different sera, the 

protein/lipid ratio (µg of protein / µmol of lipid) of corona -coated liposomes 

recovered from FBS and HS was calculated. The amount of proteins in the corona 

was determined by Bio-Rad DC protein assay (Bio-Rad Laboratories, Inc.). Briefly, 

dilutions of bovine serum albumin (BSA) from 0.1 mg/ml to 3.2 mg/ml were prepared, 

and 5 µl corona samples and BSA standards were then mixed with Bio -Rad working 

reagent separately. The absorbance of each sample at 650 nm was measured after 15 

min incubation using a ThermoMAX microplate reader (Molecular Devices, LLC). 

The protein concentration was calculated according to the standard curve obtained 

for the BSA standards. The lipid amount in the corona-coated liposomes was 

quantified with the Stewart assay as described above. 

    One-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) was performed to separate the corona proteins absorbed on the 
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liposome surface. Briefly, corona-coated liposomes corresponding to 40 µg lipid 

were mixed with 4× loading buffer to a final volume of 40 µl and boiled for 5 min at 

95 °C. 20 µg FBS and human serum proteins were also loaded as controls using the 

same procedure. Samples were then loaded on a 10% polyacrylamide gel. The gel 

was run under 120 V for 1 h at room temperature, stained with 0.1% Coomassie blue 

R-250 in water-methanol-glacial acetic acid (5:4:1) solution with gentle agitation for 

30 min, and destained with hot distilled water until the background disappeared. 

Images were captured by using a ChemiDoc™ XRS (Bio-Rad) or a scanning machine.  

2.6 Mass spectrometry 

    Corona protein digestion was performed as described by Capriotti et al. [38]. 

Briefly, corona-coated liposomes containing 10 µg proteins were suspended in 40 µl 

of 8 M urea in 50 mM NH4HCO3 (Sigmal-Aldrich). The protein solution was reduced 

with 2 µl 200 mM 1,4-dithiothreitol (DTT) (Sigmal-Aldrich) for 30 min, alkylated 

with 8 µl 200 mM iodoacetamide (IAA) (Sigmal-Aldrich) for 30min, and incubated 

with 8 µl 200 mM DTT again at 56 °C for 30 min. The sample solu tion was then 

diluted with 50 mM NH4HCO3 to reach a final urea concentration of 1 M and digested 

with 2 µg trypsin (Promega Corporation) at 37 °C overnight. Additionally, 10 µg 

bovine and human serum proteins were digested in the same way as controls.  

Digested samples were dried in an Eppendorf centrifugal vacuum concentrator 

(Sigmal-Aldrich) and 0.1% trifluoroacetic acid (TFA) (v/v) was added to stop the 

enzymatic reaction. A C18 ZipTip (Merck Millipore Ltd.) was then used to desalt 

and remove free lipids from the digested samples. Briefly, tips ware washed with 

acetonitrile (ACN) 3 times, balanced with 0.1% TFA, loaded with samples and 

washed with 0.1% TFA. Finally, the digested peptides binding on the tips were eluted 

out with 100 µl of 0.1% TFA/50% ACN (50:50, v/v), and the solvent was evaporated 

using a vacuum centrifuge. The dried peptides were dissolved in 10 µl of 1% HCOOH 

(v/v) for LC/MS analysis. 

    LC-MS/MS was performed using an UltiMate 3000 RSLC UHPLC system (Dionex, 

CA), which was coupled to an Orbitrap Q Exactive Plus mass spectrometer (Thermo 

Fisher Scientific) with a data-dependent acquisition mode. Peptides (corresponding 

to 3 µg proteins) were enriched onto an 300 µm i.d. × 5 mm Acclaim PepMap100 

C18 trap column (Dionex, #160454) with  5 µm resin size and 100 Å pore size with 
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0.1% formic acid (FA) at a flow rate of 20 µl/min, and then separated on an Acclaim 

PepMap RSLC C18 analytical column (Dionex, #164540; 75 µm i.d. × 500 mm, 2 

µm, 100 Å) using a linear 90 min gradient from 3% to 50% eluent B (ACN containing 

0.1% FA) in eluent A (H2O containing 0.1% FA) at 40 ºC with a flow rate of 300 

nl/min. Between the sample injection interval, the column ran a gradient from 50% 

to 80% of eluent B in 1 min, then it was kept at 80% eluent B for 9 min,  and back to 

3% eluent B in 1 min and then equilibrated for 29 min.  

    Proteomics data were processed using PEAKS Studio 8.5 (Bioinformatics 

Solutions Inc.) against SwissProt human database (downloaded on July 27th 2016) 

or SwissProt bovine database (downloaded on September 24th 2019). Trypsin was 

selected as proteinase (≤ 2 missed cleavages). Fixed modification was set for 

carbamidomethylation and variable modification for methionine oxidation and 

acetylation of protein N-terminal with up to 3 variable modifications per peptide. In 

addition, 0.02 Da fragment mass tolerance, 10.0 ppm precursor mass tolerance and 

≤ 0.1% false discovery rates (FDR) for peptide-spectrum matches (PSMs) were used. 

Semi-quantitative evaluation of the protein amount was performed by determining 

the ion peak intensity (Area), which was the sum of all peptides areas that belong to 

the same protein group uniquely identified with data-dependent acquisition mode. 

For each identified protein, the Area was normalized by the protein molecu lar weight 

and expressed as the relative protein quantity by applying the following equation.  

Areax = [(Area/Mw)x / ∑ (Area/Mw)𝑛
𝑖=1 i] × 100                                  (1)  

    Identified proteins in each sample were then classified according to their 

molecular weight, isoelectric point from Proteome Isoelectric Point Database 

(http://isoelectricpointdb.org/index.html), and functional annotations from Uniprot 

Database (https://www.uniprot.org/). The relative protein quantity of all proteins 

belonging to the same classified group was calculated and presented in a stacked 

column chart. The top 20 most abundant proteins in each sample were ranked 

according to the calculation in equation (1).  

http://isoelectricpointdb.org/index.html
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Figure 1. Characterization of DOPG-DC liposomes. (A) Chemical structures of DOPG lipid and 

DC-cholesterol. (B-E) 50 µg/ml liposomes was dispersed in PBS, cell culture medium (MEM) 

supplemented with 4 mg/ml FBS (cMEM) or human serum (hsMEM) and characterized by DLS and 

zeta potential measurements. (B) Size distributions by intensity (diameter, nm) of DOPG -DC 

liposomes in different media as obtained by CONTIN fitting of dynamic light scattering (DLS) data. 

The results showed that liposomes were monodispersed and remained stable when dispersed in 

different media. (C) Zeta potential of DOPG-DC liposomes in different media. The results are the 

average and standard deviation of 3 measurements on the same dispersion. (D -E) Stability of DOPG-

DC liposomes in cMEM (D) or hsMEM (E) in cell culture condition (37 ºC, 5% CO 2). The size 

distribution of the liposome dispersions in different  media were characterized by DLS at 0h, 1h and 

24 h after dispersion. The results showed that the liposomes remained stable in these conditions for 

up to 24 h. For the liposomes in hsMEM, in some measurements a small peak around 10 nm was 

also visible, likely due to the presence of excess free proteins in solution.  

 

3. Results and discussion 

3.1 Liposome preparation and characterization 

    DOPG-DC liposomes composed of the negatively charged DOPG lipid and the 

positively charged DC-Cholesterol (see chemical structures in Fig. 1A) were 
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prepared by thin lipid film hydration followed by freeze-thawing cycles and extrusion 

[39]. A hydrophilic dye, sulforhodamine B (SRB), was used to label the liposomes 

in order to quantify cellular uptake and visualize their intracellular location. The size 

distribution and zeta potential of the liposomes were measured using dynamic light 

scattering (DLS) after extrusion and dispersion in different media (Fig. 1B-C), 

including PBS and the cell culture medium (MEM) supplemented with either 10% 

fetal bovine serum (FBS) (cMEM), corresponding to roughly 4 mg/ml proteins, or 

the same concentration of human serum (HS) (hsMEM). Liposomes dispersed in PBS 

had a negative zeta potential around -32 mV and an average diameter of around 130 

nm, consistent with the size expected after extrusion through a 100 nm filter. The 

low polydispersity index (0.05) confirmed that highly monodispersed liposomes 

could be obtained by this method. When introduced into cMEM or hsMEM, the 

liposome size slightly increased to around 165 nm and the zeta potential shifted 

towards neutrality, as expected following serum proteins adsorption on the liposome 

surface and corona formation. The DOPG-DC liposomes remained stable in cell 

culture condition (5% CO2 at 37 ºC) for up to 24 h (Fig. 1D-E). 

 

3.2 Internalization studies 

    In order to compare liposome-cell interactions in media supplemented with serum 

proteins from a different source, flow cytometry was used to measure cell uptake of  

the DOPG-DC liposome dispersed in cMEM or hsMEM. Human epithelial cervical 

cancer HeLa cells were used for this purpose, as a common model for similar studies. 

The uptake kinetics showed that the liposomes exposed to cells in cMEM had much 

higher uptake compared to those in hsMEM (Fig. 2A). In the presence of the 

metabolic inhibitor sodium azide to deplete the cell energy, liposome uptake dropped 

substantially both in cMEM and hsMEM (Fig. 2B-C). This indicated that in both 

media liposomes were taken up as intact nanoparticles following energy dependent 

mechanisms (instead of passive mechanisms of direct fusion with the cell membrane).   

    Next, confocal fluorescence imaging was used to confirm liposome internalization 

and determine their final intracellular location. As shown in Fig. 2D-E, after 2 h 

incubation with cells, for the liposomes dispersed in cMEM a clear intracellular 

signal was detected, and most liposomes were colocalized with intracellular vesicles 
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stained by LysoTracker, likely the lysosomes (Fig. 2D). However, in agreement with 

the lower uptake observed by flow cytometry (Fig. 2A), liposomes suspended in 

hsMEM were barely detected inside cells when using the same imaging setting (Fig. 

2E). Only when the gain of the detector was increased, liposome uptake was 

confirmed also in hsMEM, as well as the colocalization with LysoTracker (Fig. 2F).    

 

Figure 2. Internalization studies of the DOPG-DC liposomes in cMEM and hsMEM. (A) Uptake 

kinetics by flow cytometry of DOPG-DC liposomes (50 µg/ml) added to HeLa cells in cMEM and 

hsMEM. The results showed that the uptake of liposomes was much higher in cMEM than in hsMEM. 

(B-C) Uptake kinetics of liposomes in (B) cMEM or (C) hsMEM in the presence of sodium azide 

(NaN3). 50 µg/ml liposomes in cMEM or hsMEM were added to cells in standard conditions or in 

the presence of 5 mg/ml sodium azide to deplete cell energy (see Methods for details). The strong 

decrease of uptake in the presence of sodium azide indicated that in both media liposomes were 

internalized by cells following energy-dependent pathways. The results in panels A-C are the 
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average and standard deviation over duplicate samples of the median cell fluorescence intensity 

obtained by flow cytometry. (D-F) Confocal fluorescence images of HeLa cells exposed for 2 h to 

50 µg/ml liposomes in (D) cMEM or (E-F) hsMEM. Blue: Hoechst stained nuclei. Red: liposomes. 

Green: LysoTracker Deep Red. Scale bar: 10 µm. The results confirmed liposomes were internalized 

by cells and trafficked in LysoTracker stained compartments, likely the lysosomes. In agreement 

with flow cytometry, lower uptake was observed in hsMEM (E), however also in this case uptake 

was confirmed when images were taken with increased gain settings (F).  

 

    The strong difference observed in cellular uptake for liposome dispersed in FBS 

and HS is in agreement with previous results for other nanoparticles in similar 

conditions [31,33]. We then asked whether the effect was triggered by potential  

differences in corona composition or by additional effects due to the presence of free 

serum proteins of different source in the media.  

 

3.3 Isolation and characterization of corona-coated liposomes  

    In order to explain the different uptake efficiency in cMEM and hsMEM (Fig. 2), 

as a first step the corona formed on the liposomes in the presence of serum of 

different source was characterized. Despite several papers have reported already 

differences in corona composition when magnetic nanoparticles [32], silica [29], or 

polystyrene nanoparticles [31] isolated after dispersion in serum or plasma of 

different source, relatively few similar studies have been performed with liposomes 

before [40]. Liposomes have a lower density compared to the nanoparticles 

mentioned above, thus centrifugation may not be appropriate for corona isolation, 

since sedimentation is more difficult and using higher centrifugal forces could result 

in strong agglomeration which may affect corona composition [41,42]. Therefore, we 

isolated corona-coated liposomes from cMEM and hsMEM by size exclusion 

chromatography (SEC). 

    Corona-coated liposomes were recovered from FBS (FBS corona) by SEC after 

incubation of FBS and DOPG-DC liposome at a protein to lipid ratio of 80:1 (w/w) 

for 1 h (Supplementary Fig. S1A-B). For samples in human serum (HS corona), we 

first used SEC to deplete the human serum of larger particles (Supplementary Fig. 

S1C). We previously showed that HS contains particles of sizes comparable to the 

liposomes, which could confuse corona characterization [37]. Similar observations 

were also reported in literature [43,44]. Even though this procedure will slightly 
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affect the final corona composition in HS, this method was preferred to ensure that 

no residual free proteins misinterpreted as corona proteins could be included. Then, 

liposomes were dispersed in the cleaned HS (cHS) using the same conditions (protein 

to lipid ratio 80:1 w/w for 1 h) and the corona-coated liposomes isolated by SEC 

(Supplementary Fig. S1D-E).   

 

Figure 3. Characterization of DOPG-DC liposome corona in FBS or cleaned HS (cHS). (A) Size 

distribution by intensity obtained by DLS of 50 µg/ml liposomes dispersed in PBS and corona -

coated liposomes recovered from FBS (FBS corona) or cHS (HS corona). (B) Comparison of the 

protein binding capacity (PBC) of liposomes dispersed in FBS or cHS. The PBC value was 

calculated as the amount of corona proteins (µg) from FBS or cHS per micromole lipid. The data 

are the mean and standard deviation of the results obtained with two independe nt liposome batches 

and corona isolation. (C) SDS-PAGE image of the corona proteins recovered on DOPG-DC 

liposomes in FBS (lane 2) or cHS (lane 3). The same amount of liposomes were loaded 

(corresponding to 0.05 µmol lipid). Additionally, 20 µg of FBS (lan e 1) or cHS (lane 4) were loaded 

as controls. Lane 1: 20 µg FBS; lanes 2 and 3: corona-coated liposomes isolated from FBS (FBS 

corona) or from cHS (HS corona), respectively; lane 4, 20 µg cHS. The results showed that SEC 

allowed to isolate homogenous dispersions of corona-coated liposomes (A). The PBC (B) and the 

corona composition (C) were different in the two media.  

 

    DLS measurements before and after corona isolation showed that stable and 

homogeneous corona-coated liposomes were isolated (Fig. 3A). A slight size increase 

from 136 nm in PBS to 162 nm and 155 nm, respectively, for the FBS and HS corona 

confirmed successful corona isolation (Fig. 3A). Next, in order to determine potential 

differences in the two media, the protein binding capacity (PBC) expressed as the 

amount of corona proteins (µg of protein) per micromole of lipid was determined and 

gel electrophoresis (SDS-PAGE) was used to separate the isolated corona proteins. 

As shown in Fig. 3B, the DOPG-DC liposome isolated from cHS absorbed 

significantly higher amount of proteins compared with the one recovered from FBS. 

This was in agreement with the SDS-PAGE results, which showed bands of higher 

intensity for the HS corona than the FBS corona (Fig. 3C, lines 3 and 2, respectively). 
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Interestingly, the bands detected in the FBS and HS coronas differed strongly, even 

though the FBS and cHS alone (Fig. 3C, lines 1 and 4, respectively) had similar 

patterns. These results indicated that not only the liposomes absorbed different 

amounts of proteins in the two media, but, in agreement with previous works with 

other nanoparticle types, they also formed different protein coronas when introduced 

in serum of different source [29,31,45]. 

 

Figure 4. Comparison of FBS and cHS composition and the corona isolated from liposomes 

dispersed in the two sera. LC-MS/MS was used to identify the proteins in (A-C) FBS and cleaned 

human serum (cHS) and (D-F) the FBS and HS corona. The proteins identified have been classified 

according to their (A and D) molecular weight, (B and E) isoelectric point and (C and F) functions, 
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based on their annotations in the Uniprot database (see Methods for details). (G) Venn diagram 

showing the common and unique corona proteins identified in the FBS and HS corona. The results 

showed that the two sera had different compos ition and this led to the formation of very different 

coronas on the liposomes.  

 

Table 1. List of the top 20 most abundant proteins identified in the FBS and HS corona and their 

relative abundance calculated according to equation (1), as described in the M ethods.

 

    As a next step, label-free LC-MS/MS was used to further characterize the 

differences in corona composition in the two media, as also the FBS and cHS. The 

top 20 most abundant proteins identified in the two serum samples are listed in 

Supplementary Table S1, while Fig. 4 shows a comparison of protein distribution by 

molecular weight (Fig. 4A), isoelectric point (Fig. 4B) and function (Fig. 4C). As 

already observed by SDS-PAGE (Fig. 3C), albumin, with a molecular weight around 

66.5 kDa, was the most abundant protein in the serum samples, where it accounted 

for more than 50% of total protein composition. Interestingly, the human serum 

contained more immunoglobulins, apolipoproteins and acute phase proteins (Fig. 4C) 

and also more proteins with positive charge in PBS (isoelectric point > 7.4) (Fig. 4B). 

This may contribute in part to the stronger protein binding capacity of the DOPG -DC 
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liposomes in cHS.  

    The proteomics analysis of the recovered corona-coated liposomes showed that 

205 unique proteins were identified in the FBS corona, and 217 in the HS corona, 

while 76 proteins were common in both samples (Fig. 4G). From the top 20 most 

abundant protein listed in Table 1, we could also see that in both corona samples 

serum albumin only accounted for around 7% of all identified proteins, while 

apolipoproteins were enriched, but with strong differences in the two sera. While the 

FBS corona included 69% apolipoproteins and 11% coagulation proteins, the HS 

corona was composed of 38 % apolipoproteins, 28% immunoglobulins and 10% acute 

phase proteins (Fig. 4F). The strong difference in the amount of immunoglobulins 

detected in the FBS corona may result from the much lower amount of 

immunoglobulins contained in FBS, a difference which was previously reported [35]. 

In addition, the FBS and HS coronas also showed differences in relation to the 

physico-chemical properties of the adsorbed proteins. The FBS corona contained 

higher amounts of proteins with molecular weight between 20-40 kDa (48.6%) while 

42% of the HS corona proteins had a molecular weight below 20 kDa (Fig. 4D). 

Additionally, although proteins with isoelectric point between 5-6 were present in 

both corona samples, the most negative proteins (isoelectric point < 5) were strongly 

enriched in the FBS corona, where they constituted 25% of the total proteins 

recovered, as opposed to only 5% in the HS corona. Accordingly, p ositively charged 

proteins (isoelectric point > 7.4) preferred to accumulate more in the HS corona (6% 

and 26% in FBS and HS corona, respectively) (Fig. 4F).  

    In conclusion, the liposomes formed a very different corona in relation to the 

amount, type, charge and molecular weight of the proteins absorbed. These 

differences may result from the different composition of bovine and human serum 

(as illustrated, for example, by the very low content of immunoglobulins detected in 

FBS). 

 

3.4 Effect of protein source on uptake behavior  

    In order to understand if the observed differences in corona composition played a 

role in the different cellular uptake behavior, we excluded the excess free proteins in 

the medium and exposed HeLa cells to the FBS and HS corona in a serum free 
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condition. Interestingly, this allowed us to determine that even when coated with a 

very different corona, the corona-coated DOPG-DC liposomes showed very similar 

uptake efficiency (Fig. 5A). We then re-introduced the FBS and HS corona-coated 

liposomes in either cMEM or hsMEM. Again, we found that once re -introduced to 

the same medium, the corona-coated liposomes isolated from FBS and cHS still 

showed comparable uptake. Thus, different uptake was only observed when 

liposomes were exposed to cells in the presence of different medium, regardless of 

the type of corona which was adsorbed on their surface (Fig. 5A).  

 

Figure 5. (A) Uptake kinetics of FBS and HS corona-coated liposomes by HeLa cells in different 

media. FBS corona and HS corona were prepared after incubation of DOPG-DC liposomes with FBS 

or HS for 1 h and isolation from excess serum proteins by SEC, as described in the Methods. Then, 

HeLa cells were exposed to corona-coated liposomes to a final lipid concentration of 50  µg/ml in 

serum free medium (sfMEM), and medium supplemented with 4 mg/ml FBS or HS (cMEM and 

hsMEM) and cell fluorescence measured by flow cytometry. The data are the average and standard 

deviation over duplicate samples of the median cell fluorescence intensity. The  results showed that 

FBS and HS corona-coated liposomes have comparable uptake efficiency when exposed to cells in 

the same medium (serum free or with excess free proteins in solution). (B) SDS -PAGE image of 

FBS corona (lane 1), FBS corona reintroduced and  recovered from cMEM (lane 2) or hsMEM (lane 

3), HS corona (lane 4) and HS corona reintroduced and recovered from cMEM (lane 5) or hsMEM 

(lane 6). The same amounts of liposomes were loaded in all lanes (0.025 µmol lipid). Different 

corona proteins were recovered after the corona-coated liposomes were re-introduced in medium 

with serum of different species, indicating exchange of coronas once liposomes were exposed to 

different media. However, differences between the HS and FBS coronas remained still visible , even 
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after introduction into the same serum (lanes 2 and 5 for FBS, and 3 and 6 for HS).   

 

    In order to determine if the re-introduction of the corona-coated liposomes in 

cMEM or hsMEM led to formation of a corona similar to the one in the serum of t he 

same species, the corona-coated liposomes were isolated again by SEC, and corona 

proteins identified by SDS-PAGE (Fig. 5B). When the FBS corona was introduced 

in human serum and recovered by SEC (line 3), some of the bands of the FBS corona 

(line 1) reduced their intensity and new bands which were present in the HS corona 

(line 4) appeared. Similar results were observed for the HS corona when reintroduced 

in a FBS solution (line 6). This indicated that corona formation is a dynamic process 

and, as expected, the corona composition evolved when the corona-coated liposomes 

were re-introduced in serum of different source and composition. Nevertheless, clear 

differences in the FBS and HS coronas remained still visible, even once introduced 

in the same serum (lanes 2 and 5 for FBS, and 3 and 6 for HS).  

    Several studies have showed that the differences of nanoparticle uptake in FBS 

and human serum were due to differences in corona composition in the two sera 

[31,35,45]. Indeed, protein corona plays an important role in nanoparticle -cell 

interactions [18,20,23]. We recently reported similar results for nanoparticles 

exposed to different concentrations of human serum, which also led to formation of 

a different corona (even if of the same species) [34]. Instead, in this particular case 

and conditions, our results showed that despite the strong differences observed 

between the FBS and HS coronas (Figs. 4D-G), the corona proteins did not seem to 

have an effect on the interaction between corona-coated liposomes and cells. On the 

contrary, the strong differences in uptake efficiency here were mainly due to the 

different source of the excess free serum proteins in the medium. The free proteins 

in human serum are likely to have higher affinity for cell receptors on the human 

HeLa cells than the proteins in bovine serum. Thus, they may compete with 

nanoparticles for cell receptors, leading to the lower uptake in HS. For example, IgGs 

present in HS may compete for the Fc gamma RIII receptor expressed on Hela cells, 

previously shown to be involved in nanoparticle uptake [46], while immunoglobulins 

were barely identified in FBS, thus the competition for similar receptors would be 

much lower in FBS. Similarly, apolipoprotein B in serum can be recognized by the 
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Low-Density Lipoprotein Receptor (LDL receptor) and apolipoproteins A-I, A-II, 

and A-IV can bind to the High-Density Lipoprotein Receptor (HDL receptor) [47], 

thus differences in apolipoprotein content in FBS and HS can lead  to differences in 

corona composition, but also to different competition by the free apolipoproteins 

present in the two sera.  

 

4. Conclusions 

    Biological fluids such as serum play an important role in nanoparticle -cell 

interactions and uptake by cells. On the one hand, proteins and biomolecules can 

immediately adsorb on the nanoparticle surface forming a corona layer which 

becomes the real entity that interacts with cells. On the other hand, the excess free 

proteins in solution also affect uptake by cells since they may interact with cell 

receptors and compete for endocytosis with the nanoparticles, especially when the 

serum proteins and cells/tissues used in experiments come from the same species. In 

particular, here we show liposomes with very different  uptake when added to cells in 

bovine or human serum. Interestingly, in this case, regardless of the very different 

coronas formed in bovine or human serum, liposomes had similar uptake when 

corona-coated liposomes were isolated and were added to cells without excess free 

proteins in solution. Many other examples in literature have shown instead that 

differences in corona composition can lead to different uptake by cells [31,34,35,45]. 

On the contrary, in this case, the strong differences in uptake observed for liposomes 

added to (human) cells in medium supplemented with either bovine or human serum 

were mainly due to the presence of the excess free proteins in solutions and their 

species. 

    Overall, these results suggest that the evaluation of nanomaterial and their 

therapeutic efficiency should take into account carefully the effects related to the 

source of proteins used in the medium for testing. In order to take into account effects 

such as those which we have shown here, in vitro studies should be designed using 

matching serum source (or other relevant biological fluid) and cell species. Similarly, 

using cells and serum source corresponding to the chosen animal model may help to 

narrow the gap between in vitro and in vivo studies, and using human cells with 
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human serum or plasma may reduce some of the differences usually observed 

between preclinical studies and clinical trials. Finally, it is interesting to consider 

that nowadays several preclinical studies to assess the therapeutic efficiency of nano -

drugs are performed in animal models where diseased human cells or tissues are 

implanted (for instance xenograft models) [48–50]. This means that the targeted 

cells/tissues and the serum proteins of the animal model are from different sp ecies. 

Based on the results presented, one may speculate that in such models nanomedicine 

targeting and uptake efficiency on the implanted human cells may be higher given 

that the competition of the excess free proteins in solution is likely to be lower 

(because of a different animal species). It would be interesting to test whether similar 

effects may take place and may contribute in part to commonly observed differences 

in nanomedicine efficacy in the translation from animal models to humans.    
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Supplementary Materials 

 

 

Supplementary Figure S1.  Isolation of DOPG-DC corona-coated liposomes by size exclusion 

chromatography (SEC). Briefly, samples were loaded on a SEC column and fractions of 0.5 ml 

eluent were collected up to a total volume of 15 ml and their absorbance at 280 nm and 565 nm was 

measured in order to determine the protein and labelled liposome elution profiles, respectively. (A) 

Elution profile of full FBS. (B) Elution profile of corona -coated liposomes in FBS (FBS corona 

isolation). Briefly, 0.5 mg/ml DOPG-DC liposome were incubated with 40 mg/ml FBS (lipid to 

protein ratio of 1:80 (w/w)) for 1 h at 37 ºC 250 rpm. The mixture was then loaded on a SEC column 

to isolate corona-coated liposomes. Fractions 8, 9 and 10 containing the corona-coated liposomes 

were collected and concentrated for further characterization. (C) Elution profile of full human serum. 

1 ml full human serum was loaded into the column. Fractions 6, 7, 8 and 9, containing large particles 

and protein aggregates of sizes comparable to the liposome were discarded and the fractions from 

10 to 30 were collected as clean HS (cHS) for the subsequent preparation of HS corona. (D) Elution 

profile of clean HS to confirm that no large objects were presente d in the cleaned HS. (E) Elution 

profile of corona-coated liposome in cHS (HS corona isolation), performed as described in panel B 

on samples at the same ratio between liposomes and proteins. The data of panel D are reproduced 

from Yang et al. [1]. 
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Supplementary Table S1.  List of the most abundant proteins (top 20) identified in FBS and cleaned 

HS (cHS). The relative protein abundance was calculated according to equation (1) as described in 

the Methods. 
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ABSTRACT 

    Zwitterionic molecules are used as an alternative to PEGylation to reduce protein 

adsorption on nanocarriers. Nonetheless, little is  known on the effect of zwitterionic 

modifications on the mechanisms cells use for nanocarrier uptake. In this study, the 

uptake mechanism of liposomes containing zwitterionic or negatively-charged lipids 

was characterized using pharmacological inhibitors and RNA interference on HeLa 

cells to block endocytosis. As expected, introducing zwitterionic lipids reduced 

protein adsorption in serum, as well as uptake efficiency. Blocking clathrin -mediated 

endocytosis strongly decreased the uptake of the negatively-charged liposomes, but 

not the zwitterionic ones. Additionally, inhibition of macropinocytosis reduced 

uptake of both liposomes, but blocking actin polymerization had effects only on the 

negatively-charged ones. Overall, the results clearly indicated that the two liposomes 

were internalized by HeLa cells using different pathways. Thus, introducing 

zwitterionic lipids affects not only protein adsorption and uptake efficiency, but also 

the mechanisms of liposome uptake by cells.  

 

1. Introduction 

    Nanomedicine holds great potential for improving the ways drugs are delivered to 

their targets. Nanocarriers can be used to direct drugs to the diseased tissue, and 

promote their internalization into the targeted cells [1–3]. Although the successes of 

this technology have confirmed nanomedicine potential, drug targeting still 

constitutes a major challenge in nanomedicine and more work is required to further 

improve current outcomes [3–6]. 

    One of the challenges in targeting nanomedicines is the adsorption of proteins and 

other biomolecules on their surface, forming a corona once they are applied in 

biological environments [7,8]. Protein adsorption and corona formation are usually 

associated with recognition by the immune system and clearance of nanocarriers from 

the systemic circulation [9–12]. Corona formation can also affect the targeting ability 

of nanomedicines by masking targeting moieties on the nanocarrier [13,14]. At the 

same time, corona proteins can interact with specific cell receptors and facilitate or 

hamper nanocarrier uptake by cells [15–17]. The composition of the corona depends 
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on the biological environment and the physicochemical properties of the nanocarrier, 

thus changing nanocarrier design can affect both the corona composition and –as a 

consequence of this – nanocarrier interactions with cells [12,18–20].  

    Overall, in order to reduce protein binding, different strategies have been 

developed. The most common is the addition of polymers such as polyethylene glycol 

on the surface of nanocarriers in order to obtain so-called “stealth” surfaces [21–23]. 

Interestingly, recent reports have suggested that the stealth character of these 

nanocarriers is not due to the reduction of protein binding, but by the presence of 

specific corona proteins adsorbing on pegylated surfaces [17]. In addition, different 

strategies are emerging to mask the surface of nanocarriers with “markers of self” to 

avoid clearance. These include modification with self -peptides such as CD47, and 

other biomimetic approaches where cell membranes from red blood cells or 

leukocytes are used to camouflage nanocarriers [11,24–26]. 

    Another common strategy to reduce protein binding is the use of zwitterionic 

modifications. Zwitterionic molecules contain both positive and negative charges, 

but have a net neutral charge. The introduction of zwitterionic groups on nanocarrier s, 

similar to pegylation, leads to reduction of protein binding and increased plasma 

residence time [27–29]. In line with these results, we have recently shown that by 

adding increasing amounts of zwitterionic lipids, liposomes with reduced corona 

binding and lower uptake efficiency by cells could be obtained [30]. However, not 

much is known about the impact of zwitterionic modifications on the mechanisms 

cells use to internalize nanocarriers, in comparison to charged ones.  

    Thus, in this work phosphatidylglycerol and phosphatidylcholine, both combined 

with cholesterol, were used to prepare – respectively – negatively charged and 

zwitterionic liposomes. Liposomes are very common nanocarriers, usually made with 

neutral and negatively charged lipids, while positively charged liposomes are widely 

applied as non-viral gene delivery systems to bind negatively charged nucleic acids 

[31–35]. Even though several liposomal formulations have reached the mark et, not 

much is known about the effect of charge on the mechanism of liposome uptake by 

cells. Most studies have investigated the uptake mechanism of positively charged 

liposomes for nucleic acid delivery [36,37]. Only a few have directly compared the 

mechanisms involved in the internalization of zwitterionic and negat ively charged 
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liposomes by cells [38–40]. To this aim, here we have used a panel of common 

pharmacological inhibitors and RNA interference to block key components of 

different endocytic pathways on HeLa cells [37,41–45], and compared their effect on 

the uptake of the negatively charged and zwitterionic liposomes. This allowed us to 

determine the effect of zwitterionic modifications on the mechanisms cells use to 

internalize liposomes. 

 

2. Materials and methods 

2.1 Liposome preparation   

    Lipids were purchased from Avanti Polar Lipids. The zwitterionic lipid 1,2 -

dioleoyl-sn-glycero-3-phosphocholine (DOPC) or the anionic lipid 1,2-dioleoyl-sn-

glycero-3-phospho-(1'-rac-glycerol) (DOPG) were dissolved in chloroform and 

mixed with cholesterol in a 2:1 molar ratio. The solvent was evaporated using 

nitrogen followed by overnight incubation under vacuum. The lipid films were 

resuspended in 25 mM sulforhodamine B (SRB) dissolved in PBS at room 

temperature to a final lipid concentration of 10 mg/ml. The suspension was freeze -

thawed eight times followed by twenty-one extrusions through a 0.1 µm 

polycarbonate membrane with the Avanti Mini-Extruder (Avanti Polar Lipids). The 

excess free SRB was removed using ZebaTM Spin Desalting Columns, 7K MWCO 

(Thermo Fisher Scientific). The liposomes were stored at 4 oC and used for maximum 

one month. 

2.2 Characterization of liposomes 

    The hydrodynamic diameter and zeta-potential of the liposomes were measured in 

water, PBS, and Minimum Essential Medium (MEM) (Gibco) supplemented with 4 

mg/ml human serum (human serum pooled from multiple donors from TCS 

Biosciences) (hsMEM) using Malvern ZetaSizer Nano ZS (Malvern Instruments). 

Dynamic and electrophoretic light scattering measurements were performed using 40 

µl cuvettes (Malvern, ZEN0040) and disposable folded capillary cells (Malvern, 

DTS1070), respectively. Per sample, three measurements of each 10 runs were 

carried out at 25 oC. 
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2.3 Cell culture 

    Human cervical cancer HeLa cells (ATCC, CCL-2) were cultured in complete 

culture medium (cMEM) consisting of MEM supplemented with 10% fetal bovine 

serum (FBS) (Gibco). The cells were grown in a T75 flask at 37 oC and 5% CO2 and 

split when confluent. They were regularly checked to  exclude mycoplasma 

contamination and used for experiments till maximum 20 passages after defrosting.  

2.4 Isolation of corona-coated liposomes and protein corona characterization  

    Corona-coated liposomes were isolated by size exclusion chromatography (SEC) 

with a Sepharose CL-4B (Sigma Aldrich) column (15 × 1.5 cm). We have previously 

shown that in human serum aggregates of sizes comparable to liposomes can be 

present, which elute together with the liposomes, thus contaminating the corona 

samples.[30] To remove similar contamination, for the characterization of corona 

proteins, human serum was first depleted from such objects using SEC, as previously 

described.[30] Thus, 75 µg/ml liposomes were incubated with 6 mg/ml particle -

depleted human serum for 1 h at 37 oC while shaking to allow corona formation. 

Corona-coated liposomes were then isolated by SEC. Fractions of 0.5 ml eluent were 

collected and the absorbance of proteins at 280 nm and SRB at 560 nm were measured 

with a NanoDrop One spectrophotometer. Then, the fractions containing liposomes 

were pooled together and concentrated with a Vivaspin 6 centrifugal concentrator 

(10K MWCO, Sartorius) at 1600 g.  

    Protein concentration was quantified using the Bio-Rad DC protein assay (Bio-

Rad Laboratories). A calibration curve was constructed using bovine serum albumin 

(Sigma Aldrich). Lipid concentrations were determined using a method based on the 

Stewart assay. Briefly, samples were mixed with chloroform and a ferrothiocyanate 

reagent (composed of 27.0 mg ferric chloride hexahydrate  (Sigma Aldrich) and 30.4 

mg ammonium thiocyanate (Sigma Aldrich) in 1 ml Milli -Q water) in a 1:50:50 

volume ratio and vortexed for 1 min. After centrifugation at 300 g for 10 min, the 

chloroform layer was collected and absorbance at 470 nm was measured in a quartz 

cuvette with a Unicam UV500 Spectrophotometer (Unicam Instruments). For each 

sample, a standard curve made with samples at known concentrations of the same 

mixture of lipids as in the liposomes was used.  
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    Then, the isolated corona proteins were separated by sodium dodecyl sulfate –

polyacrylamide gel electrophoresis (SDS-PAGE). Corona-coated liposomes 

corresponding to equal amounts of lipids (0.025 µmol lipids, as measured by the lipid 

assay described above) were combined with loading buffer (80 mg/ml SDS, 62 mg/ml 

DTT, and 40% glycerol in 0.25 M Tris-HCl buffer, pH 6.8, containing bromophenol 

blue). After 5 min at 95 oC, samples were loaded on a 10% polyacrylamide gel and 

run for 90 min at 100 V. Proteins were stained with Coomassie blue. Gels were 

scanned with a ChemiDoc XRS (Bio-Rad). 

2.5 Uptake studies and exposure to chemical inhibitors  

    Different chemical inhibitors were used to block specific components of 

endocytosis, using previously optimized conditions to ensure drug efficacy and 

exclude toxicity.[46] HeLa cells were seeded 50,000 cells per well of a 24-well plate. 

Then, 24 h after seeding, cells were pretreated with cMEM containing one of the 

inhibitors as follows: sodium azide (5 mg/ml) (Merck) for 30 min, nocodazole (5 µM) 

(BioVision Inc.) for 20 min, or chlorpromazine (10 µg/ml) (Sigma Aldrich), 5 -(N-

ethyl-N-isopropyl)amiloride (EIPA; 75 µM) (Sigma Aldrich), cytochalasin D (5 

µg/ml) (Invitrogen), or methyl-β-cyclodextrin (MBCD, 2.5 mg/ml) (Sigma Aldrich) 

for 10 min . Then, cells were washed with serum free medium and incubated with 50 

µg/ml liposomes in MEM supplemented with 4 mg/ml human serum in standard 

conditions or in the presence of each of the inhibitors. In the case of MBCD, in order 

to avoid exposure to liposomes in the presence of free proteins which can limit drug 

efficacy [46], HeLa cells were exposed to 50 µg/ml corona-coated liposomes in serum 

free MEM. For this purpose, 0.5 mg/ml liposomes were dispersed in 40 mg/ml human 

serum for 1 h at 37 ºC. The mixed solution was then loaded on a SEC column and the 

eluted fractions containing liposomes were collected as described above and added 

to cells to a final lipid concentration of 50 µg/ml. As a control for chlorpromazine, 

EIPA, and MBCD efficacy, the uptake of –respectively - 1 µg/ml human low density 

lipoprotein labeled with BODIPY (LDL-BODIPY) (Invitrogen) in serum-free MEM, 

250 µg/ml 10 kDa  Tetramethylrhodamine dextran (Invitrogen) in cMEM, and 0.1 

µM BODIPY FL labeled LacCer (Invitrogen) in serum-free MEM was measured in 

standard conditions or in the presence of the drug. 
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2.6 RNA interference 

    In order to silence the expression of dynamin-1 and dynamin-2, 13,000 HeLa cells 

were plated per well of a 24-well plate. Twenty-four hours after seeding, cells were 

washed with serum-free MEM for 15 min. Oligofectamine-siRNA complexes were 

formed by mixing 1 µl of Oligofectamine transfection reagent (Life Technologies) 

with 10 pmol of siRNA against either dynamin-1 (Silencer Select S144, Ambion) or 

dynamin-2 (Silencer Select S4213, Ambion), or scrambled siRNA (Silencer Select 

negative control no. 1, Ambion) in 49 µl of OptiMEM. After 20 min incubation in 

room temperature, the complexes were diluted in serum-free MEM to a total volume 

of 250 µl, and were added to the cells. FAfter 4  h, MEM supplemented with FBS was 

added to a final concentration of 10% FBS. Three days after transfection, cells were 

exposed to either liposomes (50 µg/ml in MEM supplemented with 4 mg/ml human 

serum) or – as a control – Alexa Fluor 647  labelled human transferrin (5 µg/ml in 

serum-free MEM) (Invitrogen) and their uptake was measured using flow cytometry.  

2.7 Flow cytometry analysis 

    After exposure to the liposome or the different controls, cells were washed once 

with cMEM and twice with PBS to reduce the presence of liposomes or fluorescent 

probes on the outer cell membrane. Cells were detached by exposure to trypsin/EDTA 

(0.05% in PBS) for 5 min at 37 oC and collected after centrifugation at 300 g for 5 

min. Cells were then resuspended in 100 µl PBS for flow cytometry analysis using 

CytoFLEX S (Beckman Coulter, USA). Gates were set in the forward and side 

scattering plots to exclude cell debris and doublets and at least 10,000 single cells 

were acquired, unless indicated otherwise. Data were analyzed using FlowJo software 

(FlowJo, LCC), and the average and standard deviation of the median cell 

fluorescence intensity over 3 replicates were calculated (unless stated differently).  

2.8 Fluorescence imaging 

    To confirm cytochalasin D and nocodazole efficacy, cells were seeded in wells 

containing glass coverslips as described above. After incubation with the chemical 

inhibitors, cells were washed once with cMEM and twice with PBS. Cells were fixed 

with 4% formaldehyde for 20 min at room temperature and permeabilized with 1 

mg/ml saponin for 5 min. After three washes with PBS, actin filament were stained 
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with phalloidin-TRITC (1:1000) (Sigma Aldrich) for 1 h at room temperature in the 

dark. Microtubuli were stained with anti-α-tubulin antibody (Calbiochem) for 1 h, 

followed by a 1 h incubation with an Alexa-Fluor 488 labelled secondary anti-mouse 

antibody. Nuclei were labeled with 0.2 µg/ml DAPI for 5 min. Cells were washed 

with PBS after each staining. Coverslips were mounted on glass slides using 

MOWIOL (Calbiochem). Images were taken with a Leica DM4000B fluorescence 

microscope (Leica Microsystems, Germany).  

    To visualize liposome uptake, 1.5 × 105 cells were seeded in 35 mm dishes with a 

170 µm thick glass bottom. Twenty-four hours after seeding, cells were washed with 

serum-free medium and incubated with 50 µg/ml liposomes in hsMEM for 3 h, 

followed by lysosome staining with 100 nM LysoTracker Deep Red (Thermo Fisher 

Scientific) for 30 min and nuclei staining with 1 µg/ml Hoechst lu33342 Solution in 

cMEM (Thermo Fisher Scientific) for 5 min. Cells were imaged using a DeltaVision 

Elite microscope (GE Healthcare Life Science) with a DAPI filter for Hoechst 

excitation, TRITC filter for liposomes, and CY5 filter for LysoTracker. Movies were 

recorded by acquiring one image every 10 sec for up to 3 min for cells exposed to 

DOPC liposomes (Supplementary Video S1) or 2 min for cells exposed to DOPG 

liposomes (Supplementary Video S2). Deconvolution was applied using softWoRx 6 

acquisition and integrated deconvolution software (GE Healthcare Life Science). 

Images were further processed using ImageJ software (http://www.fiji.sc), and 

brightness and contrast were adjusted using the same setting for all samples in the 

series. In order to make the internalized DOPC liposomes visible, an image of the 

DOPC liposome channel with increased brightness is included for comparison.     

 

3. Results and discussion 

3.1 Liposome characterization 

    Liposomes of zwitterionic DOPC or negatively charged DOPG and cholesterol in 

a 2:1 molar ratio were prepared and labelled by incorporating sulforhodamine B in 

the hydrophilic core. In order to compare their mechanisms of uptake, human cervical 

cancer epithelial HeLa cells were selected as a common cell model for similar studies 

[38,41,45,47]. Given the strong impact of corona formation on nanoparticle -cell 

http://www.fiji.sc/
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interactions and recognition by cell receptors [15,16,45,48], the liposomes were 

dispersed in a medium supplemented with 4 mg/ml human serum (hsMEM), as 

opposed to standard fetal bovine serum, in order to allow a human serum corona 

formation for testing on human cells. Prior to cell studies, the zeta -potential and 

hydrodynamic size of the liposomes in relevant media were determined by 

electrophoretic and dynamic light scattering (DLS) (Fig. 1A-B). DLS showed that 

liposomes of comparable size distribution were obtained, with a diameter of 

approximately 100 nm in PBS and a low polydispersity index and they remained 

stable once dispersed in medium with human serum (Supplementary Fig. S1). The 

zeta-potential of DOPG liposomes in DPBS was strongly negative ( -39 ± 2 mV), and 

was attenuated in hsMEM (-10 ± 2 mV) upon corona formation. Similarly, the 

zwitterionic DOPC liposomes in DPBS had lower zeta potential ( -3 ± 1 mV), which 

in hsMEM converged to values similar to DOPG liposomes in the same media. We 

previously showed that, consistent with their different charge, the DOPG liposomes 

adsorbed more proteins than the DOPC liposomes, and the resulting corona 

composition differed strongly, as also confirmed here by SDS-PAGE of the corona 

proteins in Fig. 1C [30].  

 

3.2 Uptake kinetics and uptake mechanisms 

    As a next step, liposome uptake kinetics were determined by flow cytometry. As 

we previously observed [30], the uptake kinetics of the two formulations differed 

strongly, and DOPG liposomes showed much higher uptake in the first hours, in 

comparison to the zwitterionic DOPC (Fig. 1D). This is in agreement with previous 

studies with similar formulations [29,49,50]. 

    To determine whether the liposomes entered through an active process or passive 

fusion with the cell membrane, sodium-azide was used to deplete cell energy (Fig. 

1E). The very strong reduction of uptake in energy-depleted cells (on average 75 and 

90% for DOPC and DOPG liposomes, respectively) indicated that they both entered 

cells through an energy-dependent mechanism. Live cell imaging confirmed that both 

liposomes entered the cells and accumulated in the lysosomes (Fig. 1F, 

Supplementary Fig. S2, and corresponding Supplementary videos S1 and S2).  
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Figure 1. Liposome physicochemical characterisation, uptake kinetics and f inal intracellular 

location. (A) Size distribution by dynamic light scattering and ( B) zeta potential measurements of 

50 µg/ml DOPC and DOPG liposomes in water, PBS, and MEM medium supplemented with 4 mg/ml 

human serum (hsMEM). The liposomes were highly monodisperse and remained stable in cell 

medium with serum (in some cases a small peak around 10 nm due to the excess free proteins in 

solution was also visible). Zeta -potential measurements confirmed the different charge of the 

liposomes and for both samples converged towards slightly negative values in the presence of serum 

upon corona formation. (C) Image of an SDS-PAGE gel of the corona proteins recovered from DOPC 

and DOPG liposomes. Briefly, human serum was first depleted of larger particles and protein  

aggregates (see Methods for details), thus the corona formed on 75 µg/ml liposomes in 6 mg/ml 

particle-depleted human serum was isolated and the recovered proteins isolated by SDS -PAGE. The 

coronas formed were different and less proteins adsorbed on DOPC liposomes. (D-E) Uptake 

kinetics by HeLa cells of 50 µg/ml DOPC and DOPG liposomes in hsMEM. In panel E, uptake was 

measured in standard conditions or in the presence of 5 mg/ml NaN 3 to deplete cell energy. The 

results are the mean and standard deviation over three technical replicates of the median cell 

fluorescence intensity obtained by flow cytometry. Uptake kinetics differed strongly, but for both 

liposomes uptake was strongly reduced in energy depleted cells. ( F) Fluorescence images of live 

HeLa cells exposed to 50 µg/ml liposomes (red) in hsMEM for 3 h. Blue: Hoechst stained nuclei. 

Green: LysoTracker to stain acidic compartments (scale -bar, 10 µm). Live cell imaging confirmed 

that both liposomes entered cells and uptake was higher for DOPG. The intern alized liposomes were 
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trafficked to the lysosomes. In the middle panel, due to the lower uptake efficiency, the brightness 

of the DOPC channel was increased with Image J to confirm liposome uptake and location. The 

individual channels of the same images are shown in Supplementary Fig. S2 and the corresponding 

videos are given in Supplementary video S1 and S2.  

 

    As a next step, to characterize the mechanisms of uptake, several key components 

of endocytic pathways were blocked using a panel of common chemical inhibitors or 

RNA interference [42–44,51]. We previously optimized in detail the conditions to 

use these compounds on HeLa cells, in order to exclude toxicity and demonstrate 

drug efficacy with appropriate controls [46]. In line with these studies, 

internalization of fluorescently-labeled molecules or fluorescent staining were 

included in each individual experiment as a control (Fig. 2, all left panels). An 

example of liposome uptake kinetics in standard conditions and in the presence of 

each of the different compounds tested is given in Fig. 2, together with their 

respective controls. An overview of inhibition efficacy in replicate experiments is 

included in Fig. 3, together with additional studies after cholesterol depletion. 

    One of the major pathways of uptake is clathrin-mediated endocytosis (CME). 

Here, CME was inhibited using chlorpromazine [52], and the strong reduction of low-

density lipoprotein (LDL) uptake confirmed chlorpromazine efficacy. Interestingly, 

chlorpromazine reduced the uptake of DOPG liposomes strongly (on average 55% 

over time), but had no effect on DOPC uptake.  

    To investigate the role of two major cytoskeleton components in the uptake of the 

DOPG and DOPC liposomes, the polymerization of F-actin and microtubules was 

blocked using cytochalasin D and nocodazole, respectively [53,54]. Fluorescent 

microscopy confirmed the disruption of actin filaments and microtubuli with these 

compounds. Cytochalasin D reduced DOPG uptake up to around 80% after 3 h, but 

had only minor effect on DOPC (roughly 30% uptake reduction). Similarly, 

disruption of microtubules with nocodazole reduced DOPG uptake up to a maximum 

of 50%, while DOPC uptake was less affected (maximum 30% reduction).  
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Figure 2. Characterization of the uptake mechanisms of negatively charged and zwitterion ic 

liposomes in HeLa cells. HeLa cells were exposed to DOPC and DOPG liposomes (50 µg/ml) in 

MEM medium supplemented with 4 mg/ml human serum (hsMEM) in standard conditions (untreated) 

or in the presence of (A) chlorpromazine (10 µg/ml, CP), (B) cytochalasin D (5 µg/ml, cytoD), (C) 

nocodazole (5 µM), (D) EIPA (75 µM) or (E) after RNA interference used to shut down the 

expression of dynamin-1 (DNM-1 siRNA) (with cells transfected with neg siRNA for scrambled 

RNA used as a control, see Methods for details). In the left panels, the uptake of (A) 1 µg/ml  

BODIPY labelled LDL in sfMEM, (D) 250 µg/ml tetramethylrhodamine labelled 10 kDa dextran in 

standard cMEM, or (E) 5 µg/ml Alexa-Fluor 647 labelled transferrin in sfMEM were used as controls 

to confirm the effects of the different treatments; while staining of ( B) actin and (C) α-tubulin was 
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used to confirm inhibition by cytochalasin D and nocodazole, respectively. The results are the mean 

and standard deviation over 3 technical replicates (2 replicates for samples marked with *) of the 

median cell fluorescence intensity obtained by flow cytometry in a representative experiment.  

 

    We then tested the involvement of macropinocytosis, an actin -dependent process 

cells use to internalize extracellular fluids and solutes. This pathway can be inhibited 

by amilorides like ethylisopropylamiloride (EIPA) which blocks Na+/H+ exchange 

[55]. As a control, the uptake of fluorescently labelled dextran was reduced by 

approximately 60% upon exposure to EIPA. EIPA treatment had clear effects also on 

the uptake of both liposomes. However, in the case of DOPC liposomes the effect 

was stronger at increasing exposure time (from 30% after 1 h, up to 60% uptake 

reduction after 7 h), while for the DOPG liposomes uptake was reduced by 75% 

already after 1 h. This suggested that this pathway may be involved in the uptake of 

both liposomes, but to a different extent. Nonetheless, caution should be taken in 

interpreting these results, because amilorides block macropinocytosis by lowering 

the submembranous pH, thereby preventing Rac1 and Cdc42 activation [55], which 

are essential for this mechanism. However, these proteins are involved also in other 

clathrin-independent endocytic mechanisms [56].  

    Another key component for multiple endocytic pathways, including CME, is the 

GTPase dynamin, involved in the scission of the invaginations from the plasma 

membrane [56]. Dynasore is a commonly used inhibitor of dynamin. However, we 

have previously shown that its activity is lost in medium supplemented with serum 

[46]. Thus, RNA interference was used and HeLa cells were transfected with siRNA 

against DNM1 or DNM2. Silencing DNM2 had only minor effects on transferrin 

uptake, which depends on dynamin (Supplementary Fig. S3). On the contrary, 

silencing DNM1 reduced transferrin uptake by around 60%, confirming efficient 

silencing. DOPC uptake was not affected by silencing of either DNM1 or DNM2. 

Instead, for the DOPG liposomes slightly higher uptake was observed after silencing 

DNM1, and no clear effects in cells silenced for DNM2 (only 30% reduction after 1 

h). Overall, the absence of effects in cells silenced for DNM1, for which a clear 

reduction of transferrin uptake was confirmed, suggested that this protein is not 

involved in liposome uptake. Further studies are requi red to fully elucidate the 

potential involvement of DNM2. 
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    Another key component for several endocytic pathways is the cholesterol in the 

cell membrane [51]. Cholesterol-dependency is often studied using methyl-β-

cyclodextrin (MBCD), which sequesters cholesterol from the cell membrane [51]. 

However, as for dynasore, we previously showed that this compound loses its 

efficacy in the presence of serum [46]. Thus, in order to gain some indications on the 

potential contribution of cholesterol to the entry of DOPC and DOPG liposomes into  

cells, corona-coated liposomes were isolated by size-exclusion chromatography, as 

we previously described [30]. Then, the corona-coated liposomes were added to cells 

in serum-free medium in standard conditions or in the presence of MBCD. The uptake 

of LacCer, a sphingolipid known to enter cells via cholesterol -dependent mechanisms 

[42], was reduced by 65% in cells exposed to MBCD, confirming efficient cholesterol 

depletion. Similarly, cholesterol depletion had s trong effects on the uptake of both 

liposomes (roughly 40% uptake reduction for DOPC and 60% for DOPG), suggesting 

that cholesterol plays a role in the entry of both liposomes into HeLa cells.  

 

Figure 3. Overview of liposome uptake inhibition in HeLa cell s after treatment with the panel of 

chemical inhibitors or RNA interference. HeLa cells were exposed to DOPC and DOPG liposomes 

(50 µg/ml) in MEM medium supplemented with 4 mg/ml human serum (hsMEM) in standard 

conditions or in the presence of (A) chlorpromazine (10 µg/ml), (B) cytochalasin D (5 µg/ml), (C) 

nocodazole (5 µM), (D) EIPA (75 µM) or (E) after RNA interference used to shut down the 

expression of dynamin-1. Additionally, (F) uptake of corona-coated liposomes in sfMEM (50µg/ml 

lipid, isolated as described in the Methods) and, as a control, 0.1 µM BODIPY -FL labelled LacCer 

in sfMEM in the presence of methyl-β-cyclodextrin (MBCD, 2.5 mg/ml) was also measured. The 

symbols are the results obtained in individual experiments (3 to 4 independent replicate  experiments) 
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and show the median cell fluorescence intensity averaged over 3 technical replicates (2 replicates 

for samples marked with *), normalized by the results in untreated control cells. The lines are their 

average. A black dashed line and a red dashed line are included in each panel as a reference, at 100% 

and 60% uptake, respectively (with 60% uptake shown as an indicative threshold for inhibition 

efficacy). In one case, marked with †, for one of the replicate experiments only around 4000 single 

cells were acquired. 

 

4. Conclusions 

    Zwitterionic surfaces are known to reduce protein binding and can lead to lower 

uptake by cells, as indeed we also confirmed here [27–30,38,50]. However, the effect 

of zwitterionic modifications on the mechanisms cells use to internalize liposomes 

has not been fully characterized. Here, as summarized in Fig. 3, we have found that 

blocking a series of key components of the major mechanisms of endocytosis, had 

very different effects on the uptake of negatively-charged and zwitterionic liposomes. 

In the case of the DOPG liposomes, internalization was reduced by most inhibitors 

used, which could suggest the involvement of multiple pathways. Nevertheless, 

caution should be taken in interpretation of these results, since many of the 

components investigated (like for instance actin, microtubules, cholesterol) have a 

role in multiple endocytic mechanisms and it is know that some of these chemical 

compounds may influence multiple pathways at the same time [42,46,51]. 

    For DOPC liposomes, instead, uptake was clearly clathrin-independent, and only 

cholesterol depletion and treatment with EIPA reduced (in part) the uptake. The latter 

suggested an involvement of macropinocytosis, however –in contrast with these 

results - blocking actin polymerization with cytochalasin D did not affect uptake. 

Given that actin is an essential component in macropinocytosis, one may interpret 

the observed uptake reduction with EIPA as a sign of the invo lvement of other Rac1 

and Cdc42 dependent pathways [56]. In contrast with our results, Un et al. showed 

reduced uptake of DOPC-cholesterol liposomes by HeLa cells after inhibition of 

CME, and no effects when blocking macropinocytosis or after cholesterol depletion 

[38]. The different results may be explained by the different DOPC to cholesterol 

ratio (1:1 molar ratio, as opposed to 2:1 used in this study) and also by the use of 

bovine serum instead of human serum for liposome dispersion. It is intriguing to see 

that small differences in liposome formulation or exposure condition may l ead to 

rather different outcomes at cell level.  
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    Overall, similarly, it is interesting to notice that a relatively small difference in 

the head group of one of the lipids used for the formulation of liposomes, which 

otherwise are highly similar (same size, same cholesterol amount, same dioleoyl 

chains), can have such profound effects not only on the amount and identity of 

proteins adsorbed once in contact with serum, as well as on uptake efficiency [27–

30,38,50], but also on the subsequent mechanisms of uptake by cells. This is 

particularly surprising when considering that once applied in a biological 

environment, the zeta potential of the two formulations converged to very similar 

values following corona formation. This suggests that for the final corona -liposome 

complexes, the size and charge acquired in the biological environment are less 

relevant in determining the outcomes with cells. Likely, it is the nature and amounts 

of the proteins adsorbed to determine the strong differences observed in the way cells 

process apparently similar complexes. In line with this hypothesis, Schottler et al. 

have previously reported that the adsorption of clusterin in the corona formed on 

pegylated nanocarriers leads to reduced uptake by cells [17]. Similar effects may 

play a role also in the lower uptake observed for zwitterionic liposomes and it would 

be interesting to determine which proteins may be responsible for it. Similarly, 

identifying the receptors involved in the higher uptake of the negatively charged 

DOPG liposomes, as well as potential corona proteins recognized by such receptors, 

could provide useful information to achieve higher nanocarrier uptake by cells. We 

have previously shown that recognition by cell receptors of different coronas may 

lead to different uptake mechanisms by cells and this in turns can also affect uptake 

efficiency and kinetics [45]. Thus, for efficient drug delivery, the details of the 

receptors and mechanisms involved in nanocarriers uptake need to be determined, 

since they can strongly affect delivery efficiency.  

    At a broader level, these results stress once more that the chemical identity of a 

nanocarrier alone does not allow to predict its outcomes on cells. Instead, it is the 

biological identity acquired once nanocarriers are applied in biological environment 

that modulates interactions with cell receptors, and determines consecutively the 

mechanism of uptake by cells and uptake efficiency. This is another example 

suggesting the need for a deeper understanding of the effect of corona formation on 

the way cells recognize and process nano-sized materials.  
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Supplementary Materials 

 

 

Supplementary Figure S1.  Stability of liposomes in different media over time. ( A) DOPC or (B) 

DOPG liposomes were dispersed at a concentration of 50 µg/ml in wate r, PBS, or MEM medium 

supplemented with 4 mg/mL human serum (hsMEM) and incubated in 5% CO 2 humidified 

atmosphere at 37 ºC for increasing times in order to monitor liposome stability in the conditions 

applied for exposure to cells. The results are the size  distributions obtained after CONTIN analysis 

of dynamic light scattering data. Both DOPC and DOPG liposomes were stable in water, PBS and 

hsMEM and stability was maintained up to 24 h in the conditions used for experiments with cells.  
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Supplementary Figure S2.  Fluorescence microscopy images of live HeLa cells exposed to 

liposomes. HeLa cells were exposed to 50 µg/ml ( A) DOPG or (B-C) DOPC liposomes in hsMEM 

for 3 h. Blue: Hoechst stained nuclei. Red: SRB stained liposomes. Green: LysoTracker stained 

lysosomes. Scale bar: 10 µm. The images of Figure 1F are shown again here, including images of 

individual channels, as well as of all channels merged together. The images in panels A -B were 

taken using the same setting in order to compare uptake levels. In  agreement with flow cytometry 

results, live-cell fluorescence imaging showed that both liposomes entered cells, but uptake was 

lower for DOPC liposomes. Thus, to clearly confirm uptake also for the DOPC formulation, the 

same image is shown in panel C after increasing the brightness with ImageJ. All the images were 

deconvoluted with softWoRx 6 acquisition and integrated deconvolution software (GE Healthcare 

Life Science) as described in the Methods.  
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Supplementary Figure S3.  Liposome uptake after silencing of dynamin-2 (DNM-2) in HeLa cells. 

HeLa cells were transfected with DNM-2 siRNA or scrambled siRNA (neg siRNA) and exposed to 

50 µg/ml DOPC or DOPG liposomes in medium containing 4 mg/ml human serum protein, or to 5 

µg/ml Alexa Fluor 647 labelled transferrin in sfMEM. (A) Mean and standard deviation over 3 

replicates of the median cell fluorescence intensity measured by flow cytometry (2 replicates in the 

case of transferrin controls as indicated by the *) in a representative experiment. (B ) Results 

obtained in four independent experiments, after normalization for the uptake in cells silenced with 

scrambled siRNA, together with their average, indicated by a line. A black dashed line and a red 

dashed line are included as a reference, at 100% and 60% upta ke, respectively (with 60% uptake 

shown as an indicative threshold for inhibition efficacy). Silencing the expression of dynamin -2 

had only minor effects on the uptake of transferrin, as well as on the uptake of DOPC and DOPG 

liposomes (with a minor reduction in DOPG uptake only after 1 h exposure).  
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Supplementary Video S1 and S2. Live HeLa cells exposed to 50 µg/ml DOPC 

(Supplementary Video S1) and DOPG (Supplementary Video S2) liposomes (red) in 

hsMEM for 3 h. Blue: Hoechst stained nuclei. Green: LysoTracker to stain acidic 

compartments (scale-bar, 10 µm). Movies were recorded by acquiring one image 

every 10 sec for up to 3 min for cells exposed to DOPC liposomes (Supplementary 

Video S1) or 2 min for cells exposed to DOPG liposomes (Supplementary Video S2 ). 

Live cell imaging confirmed that both liposomes entered cells and were trafficked to 

the lysosomes. To confirm DOPC uptake and intracellular location, in video S1 the 

brightness in the DOPC channel was increased. Images taken from these videos are 

included in Figure 1F and Supplementary Fig. S2.  
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ABSTRACT 

    Ideal drug carriers should be stable in biological environments, but eventually 

release their drug load once inside cells. These two aspects can be in contrast with 

each other, thus they need to be carefully tuned in order to achieve the desired 

properties for specific applications. Quantifying drug release profiles in biological 

environments or inside cells can be highly challenging and standard methods to 

determine drug release kinetics in many cases cannot be applied to complex 

biological environments or cells. Within this context, the present work combined 

kinetic studies by flow cytometry with aging experiments in biological fluids and 

size exclusion chromatography to determine drug release profiles in biological 

environments and inside cells. To this purpose, anionic and zwitterionic liposomes 

were used as model nanomedicines. By changing lipid composition, liposome 

stability in serum and intracellular release kinetics could be tuned and  formulations 

with very different properties could be obtained. The methods presented can be used 

to characterize liposome release profiles in biological media and inside cells and tune 

liposome composition to achieve formulations with optimal balance between stability 

and release kinetics for specific applications.  

 

1. Introduction 

Liposomes, are one of the most clinically established therapeutic delivery 

platforms in nanomedicine [1–3]. Since the introduction in 1995 of the first 

“nanotherapuetic”, Doxil, in the market,  nowadays several liposomal drugs are used 

routinely in the clinic [2,4–7]. Taking advantage of the capacity of phospholipids to 

self-assemble, liposomes with varied charge and surface properties can be  prepared 

by simply changing the lipid composition, and tuning liposome composition also 

allows to change bilayer properties in order to affect biodistribution and 

pharmacokinetics of the loaded cargo[8,9].   

It is generally believed that drug release from liposomes following endocytosis 

occurs either through the fusion between liposomes and the endosomal membrane 

[10–13] or by diffusion of the encapsulated molecule across lipid bilayers [14–16]. 

In all cases, the unloading of the encapsulated cargo from liposomes following 
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endocytosis by the target cell is an important and usually rate -limiting step [17–19]. 

For instance, Seynhaeve et al. have showed that free doxorubicin is more effective 

in killing cells than a liposomal formulation, such as Doxil, since the free drug enters 

cells rapidly by diffusion, accumulates in nucleus and kills cells readily, while in 

order to reach the nucleus, the drug entrapped in liposomes first needs to be relea sed 

[20]. Stable liposomal formulations are usually developed in order to ensure a long 

circulation time in vivo, but liposome stability may limit drug release  once the 

liposome arrives in the diseased sites and reaches the targeted cells [20]. On the other 

hand, early release of the loaded cargo from liposomes may lead to increased toxicity  

and side effects and limit therapeutic efficiency [21]. Therefore, to maximize the 

benefits of liposomal formulations, an optimal balance between minimal drug 

leakage in blood and efficient drug release in the targeted cells has to be established 

[18,22]. More importantly, in order to achieve this optimal balance, robust in vitro 

drug release testing methods are required to be able to determine release kinetics in 

complex biological fluids such as blood, as well as inside cells [23]. 

Despite the importance of determining such parameters, no standardized methods 

are available yet for this purpose [23,24]. Dialysis and centrifugation are commonly 

used for quantifying in vitro drug release [6,24–26]: the released drug is separated 

from the drug-loaded liposomes by either a dialysis membrane or by 

ultracentrifugation and then quantified using methods such as UV/fluorescence 

spectroscopy or HPLC. However, these separation methods cannot be used to 

determine release kinetics inside cells and at the same time are likely to affect the 

rate of drug release. Washington et al. for instance argued that in dialysis, the drug 

release rate is affected by the high concentration gradient between the large release 

medium in the donor compartment and the bulk phase in the receptor compartment 

[27,28]. Additionally, Moreno-Bautista et al. showed that quantification of drug 

release by dialysis is not accurate when the actual release rate of drugs from 

liposomes is higher than the rate of diffusion from the dialysis membrane [29]. 

Similarly, for centrifugation-based methods, the high centrifugal force applied may  

increase drug release or even damage the liposomes [30]. Other testing methods have 

been developed to try to overcome some of these limits, such as the application of 

two-stage reverse dialysis by Xu et al. [31]. However, including the effects of serum 
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protein binding and corona formation on liposome stability [24] and determining 

release kinetics inside cells following uptake and intracellular trafficking poses 

ulterior challenges in conducting and interpreting in vitro release studies of 

liposomal formulations.  

Within this context, in the present study, flow cytometry analysis, imaging by 

fluorescence microscopy, aging experiments in biological media and size exclusion 

chromatography have been combined in order to determine the release behavior of 

liposomes upon exposure to complex biological fluids and inside cells. An anionic 

liposome (DOPG liposome) and a zwitterionic liposome (DOPC liposome) showing 

very different physicochemical properties and cellular uptake behavior were used as 

liposome models, and sulforhodamine B (SRB), a membrane impermeable 

fluorophore, was used to mimic hydrophilic drugs entrapped in the  inner aqueous 

volume of liposomes and to quantify liposome release behavior. After exposure to 

liposomes for different times, intracellular release kinetics were obtained by chasing 

the fluorescence of the internalized SRB, after removal of the extracellu lar liposome 

dispersion. In order to study the stability of liposomes in complex biological fluids 

such as serum, aging of liposome dispersions in serum and size exclusion 

chromatography were combined in order to quantify eventual drug leakage following 

corona formation. Overall, the methods applied allowed us to determine release 

kinetics in serum and inside cells and to compare the different liposome formulations. 

The same approaches can be used to characterize these crucial properties for different 

liposomes, as well as for other drug carriers.       

 

2. Materials and methods 

2.1 Liposome preparation and characterization 

    Lipids including 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-

dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DOPG) and cholesterol were 

purchased from Avanti Polar Lipids, Inc. DOPC liposomes composed of DOPC and 

cholesterol at molar ratio of 2:1 and DOPG liposomes composed of DOPG and 

cholesterol at 2:1 molar ratio were both prepared by thin film hydration followed by 

freeze-thaw cycles and extrusion. Briefly, 10 mg lipid mixture was dissolved in 
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chloroform and the organic solvent was evaporated with dry nitrogen for 30 min 

followed by further removal under vacuum overnight. Lipid films were rehydrated 

with 1 ml 25 mM sulforhadamine B (SRB) in PBS followed by 8 freeze-thaw cycles 

using liquid nitrogen and 37 ºC water bath and extrusion for 21 times through a 0.1 

µm polycarbonate membrane using the Avanti Mini-Extruder (Avanti Polar Lipids) 

in order to obtain small unilamellar liposomes. Zeba Spin Desalting Columns (7K 

MWCO, from ThermoFisher Scientific) were used to remove excess free SRB and 

the obtained liposomes were stored at 4 ºC and used up to 1 month after preparation.  

    The lipid concentration after free dye removal was quantified via Stewart 

assay[32]. For this, a ferrothiocyanate reagent was first prepared by dissolving 27.3 

mg ammonium thiocyanate (Sigma Aldrich) and 30.4 mg ammonium thiocyanate  

(Sigma Aldrich) in 1 ml Milli-Q water. 20 µl liposome stock were mixed with 1 ml 

chloroform and 1 ml ferrothiocyanate reagent, vortexed for 1 min and centrifuged for 

10 min at 300 g. The chloroform phase was then transferred to a quartz cuvette and 

the absorbance at 4700 nm was measured using a Unicam UV500 Spectrophotometer 

(Unicam Instruments). Lipid mixtures in the range from 0 mg/ml to 0.1 mg/ml were 

measured using the same method and the results used to build a calibration curve for 

calculating the concentration of unknown samples.   

Size distributions and zeta potential of liposomes were measured using a Malvern 

Zetasizer Nano ZS (Malvern Instruments Ltd.). Briefly, 50 µg/ml liposomes were 

dispersed in PBS or the complete MEM cell culture medium supplemented with 10% 

v/v FBS (cMEM), and the suspension was loaded in a 40 µl microcuvette (Malvern 

Panalytical) for size measurement immediately after preparation. The measurement 

was run with an automatic measurement duration at 20 ºC. For zeta potential, 

suspensions were loaded on a disposable folded capillary cell (Malvern Panalytical) 

and samples were measured at 20 ºC with automatic settings and  analyzed using a 

monomodal model for high conductivity media. For each sample, 3 measurements 

were performed and the results are the average and standard deviations over the 3 

replicate measurements.  

2.2 Cell culture 

HeLa cells (ATCC CCL-2) were grown in a complete cell culture medium (cMEM) 

consisting of MEM (Gibco Thermo Fisher Scientific) supplemented with 10% v/v 
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Fetal Bovine Serum (FBS, Gibco ThermoFisher Scientific) in a humidified 

atmosphere with 5% CO2 at 37 ºC. Cells were defrosted and kept in culture up to 

maximum 20 passages. Cells were tested monthly against mycoplasma to exclude  

contamination.  

2.3 Flow cytometry  

    Cellular uptake of liposomes was studied first by flow cytometry analysis. HeLa 

cells were seeded in a 24-well plate with a density of 5×104 cells per well and 

cultured in cMEM for 24 h. Cells were then exposed to 50 µg/ml of DOPC liposo me 

or DOPG liposome dispersed in cMEM. After exposure, cells were collected at 

different time points by washing with cMEM once and PBS twice to remove excess 

liposomes and detached from the plate by incubation with 0.05% trypsin -EDTA for 

5 min at room temperature. Cells were centrifuged at 300 g for 5 min, resuspended 

in 100 µl PBS and measured immediately using BD FACSArray (BD Biosciences) 

with a 532 nm laser. Dead cells and cell doublets were excluded by setting the gates 

in the forward scattering and side scattering plots, and for each sample at least 20000 

cells were aquired. For each condition, two independent replicate samples were  

measured. Data were analyzed using FlowJo (FlowJo, LLC) and exported as the 

average of the median cell fluorescence intensity and standard deviation over 

duplicates. Each experiment was repeated at least 2 times to confirm reproducibility.  

    For uptake studies in serum free medium (sfMEM), prior to exposure to liposomes, 

cells were washed with sfMEM for 3 times and incubated in sfMEM for 30 min. Then, 

cells were exposed to 50 µg/ml liposomes dispersed in sfMEM. The uptake of 5 µM 

free sulforhodamine B (SRB) (which corresponds to the final concentration of SRB 

encapsulated in 50 µg/ml liposome) dissolved in cMEM or sfMEM was also measured 

in the same way as a control.    

In order to study the intracellular release and eventual export of the liposomes and 

SRB, pulse-chase experiments were performed both in cMEM and sfMEM. Cells, 

seeded as described above, were incubated with 50 µg/ml DOPC or DOPG liposome 

dispersed in cMEM or in sfMEM for different “pulse” times, followed by removal of 

the extracellular liposome dispersion, and 3 washes with cMEM or sfMEM to remove 

the excess liposomes. Cells were then cultured in cMEM or in sfMEM in a humidified 

atmosphere with 5% CO2 at 37 ºC and collected at different “chase” times for flow 
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cytometry measurement as described above. As additional controls, similar pulse -

chase experiment were performed on cells exposed to 5 µM free SRB or (gi ven the 

very low uptake of free SRB) 10 times higher concentration (50 µM) in order to allow 

higher signal inside cells to be detected.  

In order to study the stability of liposomes in biological fluids and upon corona 

formation, 50 µg/ml liposome dispersions in cMEM and sfMEM were prepared and 

kept in Eppendorf tubes with caps closed for increasing times in a humidified 

atmosphere with 5% CO2 at 37 ºC as during exposure to cells. Then, HeLa cells 

seeded as described above were exposed for 2 h to dispersions aged for increasing 

times and cell fluorescence measured by flow cytometry.  

In order to study uptake and release in energy depleted cells. cells were exposed 

to 5 mg/ml NaN3 (Merk) for 30 min, followed by exposure to 50 µg/ml liposomes or 

5 µM SRB in cMEM with 5 mg/ml NaN3. For pulse-chase experiments in energy 

depleted cells, after exposure to liposomes or 5 µM or 50 µM free SRB for 2 h in 

standard conditions, cells were washed 3 times with cMEM to remove the excess 

liposome or free dye, and then cultured for increasing “chase” times with either 

cMEM or cMEM supplemented with 5 mg/ml NaN3, followed by flow cytometry 

measurements. In order to measure uptake of aged liposome dispersions in energy 

depleted cells, the aged liposome dispersions prepared as described above were 

collected at different times, mixed with 5 mg/ml NaN 3 and exposed for 2 h to cells 

pre-treated with 5 mg/ml NaN3 for 30 min.  

We note that many different batches of liposomes were used to generate the data 

reported, thus direct comparison of fluorescence intensities in different panels is not 

possible because encapsulated SRB amounts differed. However, the general behavior 

and effects reported were the same in all experiments.  

2.4 Fluorescence imaging 

Fluorescence microscopy was used to track liposome release inside cells. Briefly, 

1.5 × 105 cells were seeded in a 35 mm dish with a 170 µm thick glass bottom. After 

24 h, cells were exposed to 50 µg/ml DOPG liposome in cMEM for 10 min or 120 

min. Then, cells were washed 3 times with cMEM to remove excess liposomes, 

stained with 1 µg/ml Hoechst 33342 (Thermo Fisher Scientific) in cMEM for 5 min 
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for nucleus visualization, washed with cMEM once again and then kept in cMEM 

with no phenol red (Thermo Fisher Scientific) for imaging experiments. The  

microscopy dish was then immediately transferred on a DeltaVision Elite microscope 

(GE Healthcare Life Science), with a humidified chamber and 5% CO 2  at 37 ºC. 

After 40 min chase, images were acquired using DAPI filter for Hoechst excitation 

and TRITC filter for liposomes. In order to avoid bleaching, images were taken every 

20 min for up to 200 min (11 images in total).  

ImageJ software (http://www.fiji.sc) was used for image processing and brightness 

and contrast were adjusted using the same setting for all images and samples in order 

to allow better visualization. To quantify the cell fluorescence intensity, individual 

cells which were fully included in the field of view were selected manually using the 

brightfield image as a reference to define their borders, then for each time, the mean 

intensity of the selected area in each channel was obtained and the average mean 

intensity and standard deviation over two single cells in the same frame calculated.    

2.5 Size exclusion chromatography 

    In order to study the stability of liposome after exposure to medium with serum 

and corona formation, size exclusion chromatography was used to separate and 

quantify eventual free SRB leaking from the liposomes. Briefly, 1 ml samples of 50 

µg/ml DOPG or DOPC liposomes in phenol-red free cMEM were incubated for 

increasing times in Eppendorf tubes with caps closed in a humidified atmosphere 

with 5% CO2 at 37 ºC as during exposure to cells. Then, after different aging times, 

the dispersions were recovered and loaded on a Sepharose CL-4B (Sigma-Aldrich) 

column (15 × 1.5 cm) pre-balanced with PBS. Fractions of 0.5 ml eluent were 

collected up to a total volume of 15 ml (30 fractions), and 50 µl of each fraction was 

mixed with 50 µl 1% triton (v/v) to destroy eventual liposomes  and fully release the 

encapsulated SRB. For each collected fraction, the fluorescence of the mixture at 600 

nm was measured after excitation at 550 nm using a SpectraMax Gemini XPS 

microplate spectrofluorometer (Molecular Devices). In this way elution pro files were 

determined, and the peaks corresponding to the elution of SRB encapsulated in the 

liposomes and eventual free SRB were obtained. The areas of the 2 peaks was then 

calculated and used to quantify the fraction of encapsulated and free SRB. For 

comparison, samples of 1 ml 50 µg/ml DOPG or DOPC liposome dispersed in PBS 
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were also loaded on the column and fractions were collected and measured in th e 

same way as described above.  

 

Figure 1. Characterization of the physicochemical properties and cellul ar uptake behavior of 

liposomes. (A) SRB fluorescence of liposomes dispersed in PBS and 1% triton. 50 µg/ml liposomes 

were dispersed in PBS and 1% triton and SRB fluorescence was measured immediately. The mean 

and standard deviation of the results obtained  on 3 replicate samples is reported. Higher 

fluorescence was detected after dispersion in triton indicating that the fluorescence of SRB was 

partially quenched inside liposomes. (B-C) Size distribution by intensity of DOPG (B) and DOPC 

(C) liposomes in different media. 50 µg/ml liposomes were dispersed in PBS and cell culture 

medium supplemented with 10% FBS (cMEM) and their size distribution measured by DLS as 

described in Methods. The narrow distributions and low polydispersity confirmed the homogenous 

properties of liposomes after preparation by extrusion and when introduced in cMEM liposomes 

remained stable. (D) Z-average hydrodynamic diameter (d, nm) and polydispersity index (PDI) 

extracted by cumulant analysis of DLS data and zeta potential of liposome s dispersions (50 µg/ml) 

in PBS and cMEM. (E) Uptake kinetics of liposomes in cMEM. HeLa cells were exposed to 50 

µg/ml DOPG or DOPC liposomes in cMEM and cells were collected for flow cytometry 

measurement after different exposure times as described in Me thods. The results are the mean and 

standard deviation over 2 replicates of the median cell fluorescence intensity. (F-G) Uptake of 

DOPG (F) and DOPC (G) liposomes in energy depleted cells. Briefly, Hela cells were pre -incubated 

with 5 mg/ml sodium azide (NaN3) for 30 min to deplete cell energy, and then exposed to 50 µg/ml 

liposomes in cMEM in the presence of NaN 3, followed by cells fluorescence measurement by flow 

cytometry as described in Methods. Uptake in standard conditions was also measured for 

comparison (-NaN3). Exposure to NaN3 strongly reduced uptake, indicating that both liposomes 

were internalized by cells via energy-dependent pathways.  
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3. Results and discussion 

3.1 Liposome preparation and characterization 

Drug release kinetics were investigated for anionic liposomes and zwitterionic 

liposomes composed – respectively - of either 1,2-dioleoyl-sn-glycero-3-phospho-

(1'-rac-glycerol) (DOPG) and cholesterol or 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) and cholesterol at 2:1 molar ratio [33]. Liposomes were 

labelled with sulforhodamine B (SRB) to mimic hydrophilic drugs  and quantify their 

release behavior using fluorescence-based methods. Importantly, disassembly of the 

liposomes in 1 % triton showed increase in SRB fluorescence intensity, indicating 

that the fluorescence of SRB trapped in the liposome lumen was partiall y quenched 

thanks to the high encapsulation efficiency (Fig. 1A). Dynamic light scattering (DLS) 

and ζ-potential measurements in PBS or cell culture medium supplemented with 10% 

fetal bovine serum (cMEM) confirmed that liposomes in PBS were well dispersed 

and had very low polydispersity index (PDI) and they remained stable also in 

biological media (Figs. 1B-D). The zeta potentials in PBS reflected the different lipid 

composition, but once introduced in cMEM converged to similar values (around -5 

mV) upon interaction with serum and corona formation (Fig. 1D).  

When added to cells, the uptake of DOPC liposomes increased slowly with 

increasing exposure time, while DOPG liposomes showed much higher uptake in the 

first few hours, followed by a gradual decrease in  average cell fluorescence, 

converging to values comparable to DOPC after around 30 hour exposure (Fig. 1E) 

[33]. In the presence of the metabolic inhibitor sodium azide (NaN 3) to deplete cell 

energy, the uptake of both liposomes was strongly reduced (around 90 and 70% 

uptake reduction respectively for DOPG and DOPC liposomes) (Figs. 1F-G), 

confirming that both liposomes were internalized as intact nanoparticles following 

an energy-dependent endocytic process. As a control, for comparison, additional 

studies were performed to determine the uptake of the same amount of free SRB. The 

results showed that free SRB uptake was rather low, reaching levels comparable to 

DOPC liposomes (Supplementary Fig. S1A) and, importantly, exposure to NaN 3 had 

only minor effects, leading to around 30% uptake reduction (Supplementary Fig. 

S1B). These results suggested that the fluorescence detected in cells incubated with 
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liposomes was mainly due to active uptake of labelled liposomes rather than free 

SRB leaking from them. 

 

3.2 Intracellular release of liposomes  

It is important to consider that when cells  are exposed continuously to 

nanoparticles as in Fig. 1E, the measured cell fluorescence is the result of the 

combination of uptake and competing “exit” processes. These include dilution of the 

internalized nanoparticles by cell division [34,35], eventual nanoparticle export or 

degradation, and also release and exit of the fluorescent drug load. While export of 

nanoparticles by cells in most cases has not been observed [34,36,37], for degradable 

nanomaterials the loaded cargo (drugs or fluorescent label) can be released into the 

surrounding environment [38] (in our case SRB release from liposomes). Thus, 

different methods need to be applied to distinguish all these different contributions 

to the uptake kinetics. 

    In order to determine drug release profiles of liposomes inside cells, we have used 

so-called “pulse and chase experiments”, in which cells are exposed to liposomes for 

different times (pulse), followed by removal of the extracellular liposome source to 

monitor the intracellular load over time (chase), excluding uptake. For DOPG 

liposomes, an initial increase of cell fluorescence intensity was detected during the 

chase, followed by a progressive decrease in the average fluorescence (Fig. 2A and 

the same after normalization for the cell fluorescence at 0 min chase in Fig. 2B). 

Interestingly, by changing the pulse time between 10 and 120 min, we found that this 

initial cell fluorescence increase was higher, the shorter the pulse time (Fig. 2B). In 

all cases the highest intensity was reached roughly 120 min after uptake started, and 

the effect was not detected in the case of 120 min pulse. These results were further 

confirmed by live fluorescence imaging (Fig. 2C-E and corresponding 

Supplementary Movies S1 and S2). As shown in Fig. 2D, for cells exposed to DOPG 

liposomes for 10 min, the number and brightness of vesicles containing SRB 

increased during the chase. In contrast, after 120 min pulse, no increase in SRB signal 

was observed (Figs. 2C and E). The nuclear fluorescence of Hoechst was also 

quantified and remained stable during the whole chase period (also in Fig. 2C), 
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suggesting the effect was not simply due to a change in the focal plane during 

acquisition. 

 

Figure 2. Intracellular release behavior of SRB from DOPG liposomes. (A -B) Release kinetics in 

HeLa cells after exposure to DOPG liposome for different times. Briefly, HeLa cells were exposed 

to 50 µg/ml DOPG liposomes in cMEM for 10, 30, 60 and 120 min (pulse), prior to 3 washes with 

cMEM to remove the excess liposomes and further incubation in fresh cMEM without liposomes 

(chase). Cells were then collected at different chase times for flow cytometry analysis as describ ed 

in Methods. The results are the average and standard deviation over 2 replicates of the median cell 

fluorescence intensity obtained by flow cytometry. In (B) the same data are shown after 

normalization for the fluorescence at 0 h chase. (C) SRB and Hoec hst fluorescence quantification 

from  fluorescence imaging of live HeLa cells after 10 min or 120 min exposure to 50 µg/ml DOPG 

liposomes (pulse) and chase in fresh cMEM without liposomes. The mean fluorescence intensity of 

two separate cells in the imaging field (see Figs. 2D-E for area selection) was calculated, normalized 

for the starting fluorescence at the beginning of the imaging. The results are the averageand standard 
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deviation of the results obtained over 2 cells. The solid lines show the results f or SRB and the dash 

lines for the Hoechst to stain the nuclei. (D-E) Fluorescence images of HeLa cells after exposure to 

50 µg/ml DOPG liposomes (pulse) for 10 min (D) and 120 min (E) and chase in fresh cMEM without 

liposomes for up to 240 min. Fluorescence images were taken every 20 min, starting 40 min after 

liposome were removed (40 min chase). Blue: Hoechst stained nuclei. Red: SRB encapsulated in 

liposomes or free SRB. Scale bar: 10 µm.  

 

The DOPC liposomes showed very different behavior. In this case, for all pulse 

times, uptake was followed by a gradual decrease of cell fluorescence during the 

whole chase period, with comparable kinetics (Fig. 3A and the same after 

normalization for the cell fluorescence at 0 min chase in Fig. 3D).  

Overall, these results suggested that the increase in fluorescence observed for 

DOPG liposomes during the chase was due to release and de-quenching of the 

encapsulated SRB (as shown in Fig. 1A for liposomes in 1% triton). The different 

position of the peak after the different pulse times allows to estimate that this 

occurred roughly 120 min after the first liposomes were internalized. The loss of this 

effect after 120 min pulse, for which no increase in fluorescence is observed during 

the chase, suggested that other factors may contribute to the release kinetics, which 

become more visible around that time scale (as we discuss later).  

In order to gain more information on these results, similar experiments were 

performed for cells exposed to the same amount of free SRB and, because of its low 

uptake efficiency, 10 times higher SRB concentration (Fig. 3B and E). The results 

showed a fast cell fluorescence decay at both concentrations, slightly faster for the 

shorter pulse time. This confirmed that free SRB can be exported from cells. The 

different exit rate may suggest that with longer exposure SRB is trafficked deeper 

inside cells, thus it has to cross more barriers to be released. A direct comparison of 

the different chase kinetics for liposomes and SRB (Fig. 3C and F) allows to see that 

after 10 min pulse (Fig. 3C), while SRB exited cells very rapidly, the fluorescence 

decay was slower for both liposomes, possibly because of the time required for SRB 

first to release from liposomes and then - once free - to exit from cells. The fact that 

only with DOPG this peculiar burst and increase in fluorescence was observed during 

the chase suggested that this liposome may release SRB much faster than DOPC, 

which in the contrary is more stable over time. However, it is likely that the low  

uptake of DOPC may also limit the detection of eventual fluorescence increase during 
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release. After 120 min pulse (Fig. 3F), instead, the DOPG burst is not visible anymore 

and all curves become comparable, possibly indicating that after longer exposure, 

when both free SRB and liposomes have been trafficked deeper inside cells, both free 

SRB and the SRB released from the liposomes have to cross more barrier to exit cells.  

 

Figure 3 Intracellular release behavior of DOPC liposomes and free SRB. Release kin etics in HeLa 

cells after exposure to (A and D) 50 µg/ml DOPC liposomes in cMEM for 10, 30, 60 and 120 min 

(pulse), or (B and E) 5 µM SRB (1*SRB) or 50 µM (10*SRB), prior to 3 washes with cMEM to 

remove the excess liposomes and further incubation in fresh  cMEM (chase). Cells were then 

collected at different chase times for flow cytometry analysis as described in Methods. The results 

are the average and standard deviation over 2 replicates of the median cell fluorescence intensity 

obtained by flow cytometry. In (D) and (E) the same data are shown after normalization for the 

fluorescence at 0 h case. In (C and F)  the normalized release kinetics after 10 min pulse (C) or 120 

min pulse (F) are overlapped for comparison, including the results for DOPG liposomes  (from Fig. 

2B). 

 

We then tested whether release of SRB or liposomes was energy dependent. For 

this, cells were exposed to free SRB or DOPG, followed by similar chase experiments, 

but in the presence of NaN3. As shown in Fig. 4 and Supplementary Fig. S2, the 

fluorescence decay after a pulse of free SRB was not reduced by NaN 3, suggesting 

that free SRB exits cells via passive mechanisms. As previously observed (Figs. 2 -

3), the decay for DOPG was slower, likely because SRB has first to release from 

liposomes and then can exit cells. Interestingly, the fact that also for DOPG the decay 

is not affected by energy depletion with NaN 3 suggested absence of active liposome 
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export. Thus, after active uptake of SRB encapsulated in the liposomes, SRB is 

released from the liposomes inside cells and only once free can exit cells with 

kinetics comparable to what observed for free SRB.  

 

Figure 4. Release of free SRB and DOPG liposomes in energy-depleted cells. HeLa cells were 

exposed to (A-B and D-E) 50 µM SRB (10*SRB) or (C and F) 50 µg/ml DOPG liposomes in cMEM 

for (A and D) 10 min, or (B, C, E and F) 120 min (pulse), prior to 3 washes with cMEM to remove 

the excess SRB and liposomes and further incubation (chase) in cMEM in standard conditions ( - 

NaN3) or in the presence of 5 mg/ml NaN3 (+ NaN3) to deplete cell energy. Cells were then collected 

at different chase times for flow cytometry analysis as described in Methods. The results are the 

average and standard deviation over 2 replicates of the median cell fluorescence intensity obtained 

by flow cytometry. In (D-F) the same data are shown after normalization for the fluorescence at 0 

h chase. The data obtained from cells exposed to SRB in cMEM in standard condition ( - NaN3) was 

reproduced from Fig. 3.   

 

3.3 Stability of liposomes in biological environments  

Another important factor that affects drug release from liposomes and 

consecutively also similar uptake studies in cells is the stability of liposomes in 

biological environment, following adsorption of proteins on thei r surface and corona 

formation [39,40]. In order to determine stability in a biological environment, 

liposomes were incubated in cMEM under cell culture conditions for increasing times, 

then the “aged” dispersions were exposed to cells for 2 h and uptake measured by 
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flow cytometry (Fig. 5A). The results showed that for DOPG liposomes, cell 

fluorescence decreased for cells exposed to dispersions of increasing aging time, up 

to 35% and 64% fluorescence reduction after 6 h and 25 h aging in cMEM, 

respectively. The effect was smaller for DOPC liposomes, where uptake reduced up 

to 11% and 44% after 6 h and 25 h aging, respectively. This suggested that exposure 

to biological conditions affected the liposome dispersions, with stronger effects for 

DOPG. Interestingly, no decrease was observed when the same experiment was 

performed with liposome dispersions maintained in serum free  medium (sfMEM) in 

cell culture conditions (Fig. 5B).  

 

Figure 5. Cellular uptake of liposomes after aging in cMEM or serum free medium (sfMEM). (A -

B) Cellular uptake of DOPG and DOPC liposomes in  cMEM in the presence or absence of NaN 3 

(A) and liposomes in sfMEM (B). Briefly, 50 µg/ml DOPG or DOPC liposomes in cMEM (A) or 

sfMEM (B) were maintained in cell culture conditions in a humidified atmosphere with 5% CO 2 at 

37 ºC for increasing times (aging). Then at different aging times, the dispersion was colle cted and 

added to cells for 2 h, prior to quantification of cell fluorescence by flow cytometry. For liposomes 

in cMEM, uptake experiments were performed in the presence or absence of 5 mg/ml NaN 3 (see 

Methods for details). The results are the average and standard deviation over 2 replicates of the 

median cell fluorescence obtained by flow cytometry.  

 

We previously showed that these liposomes were stable for up to 24 h in cMEM 

under cell culture condition [33]. Therefore, the observed decrease in cell 

fluorescence with aged dispersions is not simply due to aggregation, but possibly  a 

sign of release of SRB from the liposomes upon interaction with serum and corona 

formation, stronger in the case of DOPG. This is in agreement with similar studies 

in literature. For example. Allen et al. reported that the presence of serum 

significantly increased leakage of small unilamellar liposomes with various 

composition [41], and Hernfindez-Caselles et al. showed that liposomes with neutral 

charge containing phosphatidycholine were the most stable, while those containing 

negatively charged phospholipids were very unstable [42].  
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To further confirm this, size exclusion chromatography (SEC) was used to separate 

released SRB from the liposomes [24] (Supplementary Fig. S3), taking advantage of 

their very different size. SEC showed that liposomes stored in PBS were stable with 

no residual free SRB or signs of SRB leakage. However, once incubatedin cMEM in 

Eppendorf tubes within a cell culture condition (5% CO 2, 37 ºC and humidified 

atmosphere), a fraction of free SRB could be detected, which increased with 

increasing aging time. For DOPG liposomes, the free SRB separated from SEC 

corresponded to up to 85% of all SRB after 24 h ageing in  medium with serum. 

Whereas, in line with the smaller decrease in cell fluorescence upon exposure to aged 

liposomes (Fig. 5A), the effect was much smaller for DOPC liposomes, confirming 

their higher stability. It is important to specify that the degree of leakage observed 

with SEC after liposome aging is likely to be much higher than during exposure to 

cells, due to the interactions between lipids and polymer beads in the column, known 

to accelerate liposome leakage [43]. Reynolds et al. suggested a step of gel pre-

saturation with lipids to avoid liposome loss during SEC [44], however this could 

introduce contaminations [43], further complicating the results. Aging experiment 

followed by cellular uptake as shown in Fig. 5 can be used as a more straightforward 

alternative for testing similar effects due to exposure of liposomes to serum.   

Overall, even though the fluorescence decrease observed in cells exposed to aged 

DOPG dispersions was rather strong (Fig. 5A), uptake of free SRB  was much lower 

(Supplementary Fig. S1) (around 2k A.U. after 24 h exposure to free SRB, as opposed 

to around 10k A.U. after only 2h exposure to DOPG aged for 24 h). Additionally, as 

shown in Fig. 5A, also for the aged liposomes, exposure to NaN 3 strongly decrease 

uptake (87% and 55% reduction for DOPG and DOPC liposomes respectively, after 

24 h aging, as opposed to around max 30% for free SRB).  The much lower uptake 

efficiency of free SRB and the strong effect of sodium azide on the uptake of aged 

liposomes, together, confirmed that despite the leakage upon interaction with serum, 

the fluorescence detected in cells exposed to aged liposomes came primarily from 

the active uptake of the residual SRB loaded inside the liposomes, rather than uptake 

of the leaked SRB. 

Finally, given that the data of Fig. 5 suggested that interaction with serum and 

corona formation strongly affected liposome stability, in particular for DOPG, as an 
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ulterior proof of the impact of serum interactions on liposome stability, uptake 

studies were performed in artificial serum free conditions (Fig. 6A and D). In this 

case, uptake levels were overall higher, as often reported for bare particles in absence 

of serum[45,46]. Interestingly, for both liposomes the uptake kinetics were very 

different than in serum (Fig. 1D) and showed a linear increase followed by a plateau. 

Thus, in absence of serum liposomes remained stable (as shown by the aging 

experiments of Fig. 5B) and because of this and the overall higher uptake effic iency 

in these conditions, the peculiar decrease observed for DOPG in medium of serum 

(Fig. 1D) was not observed. On the contrary, pulse and chase experiment showed that 

as observed in medium with serum (Fig. 2), after 10 min pulse, an increase in cell 

fluorescence could be detected also for liposomes added to cells in serum free 

medium, and this increase was not observed after 120 min pulse (Figs. 6C and F). 

This indicated that the initial interaction with serum did not affect the intracellular 

release behavior. 

 

Figure 6. Comparison of liposome uptake and release in cMEM and sfMEM. (A and D) Uptake 

kinetics of DOPG liposome (A) and DOPC liposome (D) in cMEM and sfMEM. HeLa cells were 

exposed to 50 µg/ml DOPG or DOPC liposomes dispersed in cMEM or sfMEM an d collected after 

different exposure times for flow cytometry measurement as described in Methods. The results are 

the average and standard deviation over 2 replicates of the median cell fluorescence intensity 

obtained by flow cytometry. (B, C, E and F) Re lease kinetics of HeLa cells after exposure to DOPG 

liposomes dispersed in different media. HeLa cells were exposed to 50 µg/ml DOPG liposomes in 

cMEM or sfMEM for (B and E) 10 min, or (C and F) 120 min (pulse), prior to 3 washes and further 

incubation (chase) in cMEM or sfMEM. Cells were then collected at different chase times for flow 
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cytometry analysis as described in Methods. The results are the average and standard deviation over 

2 replicates of the median cell fluorescence intensity obtained by flow c ytometry. In (E) and (F) the 

same data are shown after normalization for the fluorescence at 0 h chase.  

 

4. Conclusions  

Optimal liposomal formulations should retain their drug load in blood and as they 

distribute in the body and then release it, once at their target. Very stable 

formulations could ensure no drug is lost during delivery, but may show limited 

release at the target. Thus, liposome stability and release properties can be 

contrasting and need to be tuned in order to optimize formulations with t he required 

delivery and release properties.  

Classic in vitro release studies with methods such as dialysis or centrifugation may 

be hard to apply to complex biological environments, and methods to determine 

liposome stability in complex biological media and intracellular release kinetics are 

highly sought. Here we showed that aging of liposome dispersions and size exclusion 

chromatography, combined with uptake kinetics and pulse and chase experiments by 

flow cytometry can be used for this purpose.  

The methods presented allow to address at least in part some of the limits of 

simpler release studies, in order to characterize liposome stability in complex 

biological fluids, as well as determine release kinetics inside cells. Similar 

approaches can be used also for nanomedicine formulations other than liposomes.  

Thus, stability and release properties of DOPG and DOPC liposomes encapsulating 

comparable amounts of SRB were compared. The DOPG liposomes were able to 

deliver inside cells very high amounts of SRB in short time, however the high uptake 

efficiency and fast release properties inside cells were also accompanied by a 

substantial loss of the SRB load outside cells upon interaction with serum. On the 

contrary, DOPC uptake efficiency was much lower and the release more gradual and 

sustained over time, and this formulation also showed higher stability in biological 

conditions when exposed to serum. Depending on the application and drug load, 

liposome formulations and other nanomedicines can be tuned to achieve  the required 

balance between stability in serum and drug release at the target.  
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Supplementary Materials 

 

 

Supplementary Figure S1.  Uptake of sulforhodamine B (SRB) in by Hela cells. (A) Uptake kinetics 

of free SRB in cMEM or serum free medium (sfMEM). HeLa cells were exposed to 5 µM SRB 

dispersed in cMEM or sfMEM, and after different exposure times cells were collected for flow 

cytometry measurement as described in Methods. The result s are the average and standard deviation 

over 2 replicates of the median cell fluorescence intensity obtained by flow cytometry. (B) Uptake 

of free SRB in energy depleted cells. HeLa cells were pretreated with 5 mg/ml sodium azide (NaN 3) 

for 30 min and exposed to 5 µM SRB dispersed in cMEM in the presence of NaN 3 (+NaN3). Uptake 

in standard conditions was also measured for comparison ( -NaN3). Cells were then collected at 

different time points for flow cytometry measurement as described in Methods. The resul ts showed 

around maximum 30% uptake inhibition of free SRB in the presence of NaN 3. In the cells exposed 

to SRB in the presence of NaN3 at 3 h and 5 h, double peaks in the cell fluorescence distribution 

were observed from flow cytometry, with one portion o f cells containing higher signal than cells 

exposed to SRB in standard condition. Also, only 10000 cells were collected for flow cytometry 

analysis after cells exposed in NaN 3 condition for 5 h. These might be because of the toxic effect 

of NaN3 leading to cells dying with compromised cell membrane permeability.  
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Supplementary Figure S2.  Release of free SRB in energy-depleted cells. HeLa cells were exposed 

to 5 µM SRB (1*SRB) for (A and C) 10 min, or (B and D) 120 min (pulse), prior to 3 washes with 

cMEM to remove the excess SRB and and further incubation (chase) in cMEM in standard conditions 

(- NaN3) or in the presence of 5 mg/ml NaN 3 (+ NaN3) to deplete cell energy. Cells were then 

collected at different chase times for flow cytometry analysis as descri bed in Methods. The results 

are the average and standard deviation over 2 replicates of the median cell fluorescence intensity 

obtained by flow cytometry. In (C) and (D) the same data are shown after normalization for the 

fluorescence at 0 h case. The data  obtained from cells exposed to SRB in cMEM in standard 

condition (- NaN3) was reproduced from Fig. 3.  The results showed that the fluorescence decay in 

cells after a pulse of free SRB cannot be inhibited by NaN 3, indicating SRB is released from cells 

by passive mechanisms.    
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Supplementary Figure S3.  Size exclusion chromatography (SEC) of liposomes after aging in 

cMEM. (A-B) Elution profile of DOPG (A) and DOPC (B) liposomes in PBS and after aging 

incubation in cMEM. Briefly, 1ml 50 µg/ml liposomes were  dispersed in PBS or introduced in 

cMEM (without phenol red) in Eppendorf tubes with caps closed, followed by incubation in a cell 

culture condition (37 ºC, 5% CO2 and humidified atmosphere) for 0, 4 and 25 h (aging). Dispersions 

were then loaded into a Sepharose CL-4B column. Elutes were collected (0.5 ml per fraction) and 

50 µl of each fraction was mixed with 50 µl 1% triton (v/v) followed by fluorescence measurement 

(see Methods for details). (C) Quantification of free SRB and SRB encapsulated in liposom es from 

elution profiles. From the elution profiles of panels A and B, the area of the peaks corresponding 

to SRB encapsulated in liposome (roughly fractions 6 -11) and free SRB (roughly fractions 18-30) 

were calculated using Area Under Curve function from GraphPad Prism software and used to 

estimate the fraction of encapsulated and free SRB in each sample. The results showed that exposure 

to FBS and corona formation led to release of SRB, with stronger effects for DOPG liposomes. 

However, it is likely that the effects are amplified by the interactions with the gel in the column 

(see manuscript for details).  
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Supplementary Movie S1. Time-lapse movie of HeLa cells after exposure to 50 

µg/ml DOPG liposomes for 10 min (pulse) and chase in fresh cMEM without 

liposomes for up to 240 min. Live imaging started being taken after 40 min of chase 

with every 20 min per frame. Blue: Hoechst stained nuclei. Red: SRB encapsulated 

liposomes or free SRB. Scale bar: 10 µm. 

 

Supplementary Movie S2. Time-lapse movie of HeLa cells after exposure to 50 

µg/ml DOPG liposomes for 120 min (pulse) and chase in fresh cMEM without 

liposomes for up to 240 min. Live imaging started being taken after 40 min of chase 

with every 20 min per frame. Blue: Hoechst stained nuclei. Red: SRB encaps ulated 

liposomes or free SRB. Scale bar: 10 µm. 
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ABSTRACT 

Acute myeloid leukemia (AML) is one of the most common hematological cancers 

which remains difficult to treat because of chemoresistance and disease relapse. 

Increasing evidence has shown that by hiding in the bone marrow, a sub -population 

of cancer cells acquires chemoresistance and maintains stem cell -like properties for 

self-renewal. For this, tight interactions with the different cells composing the bone 

marrow niche and in particular the mesenchymal stromal cells are essential. Thus, 

novel strategies for therapy aim at targeting such interactions, although these are 

difficult to characterize. Within this context, here we have exploited cell membrane 

nanotechnology to prepare cell membrane nanoparticles from leukemia K562, THP -

1 and MS-5 bone marrow stromal cells as a tool to probe the interactions between 

cancer and stroma. Nanoparticle preparation was optimized to increase the purity of 

extracted membranes and the obtained nanoparticles characterized to confirm 

inclusion of cell membrane components. Uptake studies were performed in order to 

compare the affinities between the different nanoparticles and target cells. Cell 

membrane-doped liposomes showed higher uptake efficiency in all tested cells than 

synthetic liposomes, and in particular the stromal MS-5 cell membrane-doped 

liposomes showed a preferential internalization in all the cell lines, including 

homotargeting effects on MS-5 cells themselves. This opens up the possibility of 

using stromal cell membrane nanoparticles not only as a tool to characterize the 

interactions of stromal cells with leukemia cells, but also to develop novel targeting 

strategies. 

 

1. Introduction 

Acute myeloid leukemia (AML) is a common and highly heterogeneous cancer of 

the myeloid line of blood cells characterized by proliferation and/or accumulation of 

abnormal clones, that interfere with normal blood cells. To date, traditional  

chemotherapy is used as the most efficient treatment of AML [1–5], but it can only 

cure 40-45% young adults and 10-20% older adults [6,7]. One of the key reasons for 

treatment failure is the acquisition of chemoresistance [8]. Additionally, relapses that 

often occur after the initial remission further decrease the poor survival rate [9]. Also, 
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the genetic and epigenetic heterogeneity of AML among or within individual patients 

further limits the possibilities of developing a general strategy to target AML 

[5,10,11]. Since Schofield first introduced the concept of ‘niche’ in 1978 [12], there 

has been increasing evidence indicating that the bone marrow microenvironment (the 

niche) plays an important role in the development and evolution of this disease 

[5,7,13]. It has been reported that in the niche, leukemia progenitor cells and bone 

marrow mesenchymal stromal cells are tightly associated through secreted factors, 

released exosomes, and via direct cell-cell interactions [13,14]. The complex 

interactions of leukemia cells with stromal cells can affect the development, 

progression, chemoresistance and relapse of AML [15–17]. Furthermore, compared 

with the high heterogeneity of AML cell populations, the  heterogeneity of bone 

marrow mesenchymal stromal cells has been found to be minimal across subtypes 

and in general the AML-stromal interactions are altered as a consequence of 

upregulation of adhesion factors such as integrins and adherins [9,18,19]. Therefore, 

in order to efficiently treat AML, new strategies aiming at targeting the AML-stroma 

interactions have been proposed and several new drugs are already in different 

clinical trial stages [5]. However, the molecular details of the interactions between 

leukemia cancer cells and mesenchymal stromal cells remain poorly characterized. 

Identifying key players in such interactions can help the development of efficient 

targeting strategies. Nanotechnology may provide useful tools towards these goals.  

Nano-sized materials have been widely developed as effective carriers for drug 

delivery [20,21]. Among them, cell membrane-camouflaged nanoparticles have 

emerged as a promising biomimetic platform, which exploits biologically derived 

components from cell membranes for the functionalization of synthetic nanoparticles 

[22–25]. Cell membranes which have been used to modify nanoparticles include 

plasma membranes from erythrocytes, platelets, leukocytes, mesenchymal stem cells 

and tumor cells [23–27]. These biomimetic nanoparticles, fabricated using different 

methods, allow to achieve specific interactions with complex biological 

environments. For example, it has been shown that leukocyte membrane -doped 

liposomes can mimic some of the features of leukocytes, thus allow to target inflamed 

vasculature [25]. Erythrocyte membrane-coated nanoparticles can camouflage 

nanoparticles, conferring them prolonged circulation time [28]. Additionally, it has 
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been proposed that cancer cell membrane coated nanoparticles allow cancer cell self -

recognition and homotypic targeting [27].    

In this study, cell membrane nanotechnology has been used as a novel tool to probe 

the interactions between leukemia cells and stromal cells. By preparing cell 

membrane nanoparticles from different cells, biomimetic nanoparticles with 

improved uptake efficiency in specific leukemia or stromal cells can be selected. 

These can be used on the one hand to identify specific proteins involved in the 

interactions of leukemia cells and its niche, and on the other hand to develop novel 

strategies to target them. Thus, as a first step, cell membranes extracted from human 

K562 and THP-1 leukemia cells and murine MS-5 mesenchymal stromal cells were 

used to prepare cell membrane nanoparticles and test preferential interactions with 

the different cell types. Procedures for cell membrane extraction were optimized to 

reduce the presence of impurities and contaminants. Then, the extracted cell 

membranes were incorporated on the surface of plain silica nanoparticles or in 

synthetic liposomes. To confirm the purity of cell membranes and their incorporation 

in synthetic nanoparticles, the derived cell membranes and the resulting cell 

membrane nanoparticles were characterized using cryo-TEM, UV-vis absorption, 

thin layer chromatography, and western blotting, as well as size distribution by 

dynamic light scattering and zeta potential measurements. Thus, uptake kinetics of 

the different cell membrane-coated nanoparticles on leukemia K562, THP-1 and TF-

1 cells and stromal MS-5 cells were determined and uptake efficiency compared in 

order to select nanoparticles with improved affinity for specific cell types.  

 

2. Materials and methods 

2.1 Cell culture 

The myelogenous leukemia cell line K562 cells (ACC-10, DSMZ), the acute 

monocytic leukemia cell line THP-1 cells (ATCC TIB-202) and the human 

erythroleukemic cell line TF-1 cells (ACC-334, DSMZ) were cultured in Roswell 

Park Memorial Institute (RPMI) 1640 Medium (Gibco Thermo Fisher  Scientific) 

supplemented with 10% v/v Fetal Bovine Serum (FBS) (Gibco Thermo Fisher 

Scientific). For TF-1 cells 5 ng/ml granulocyte-macrophage colony stimulating factor 
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(GM-CSF) (Genetics Institute, Cambridge, MA, USA) was also added. The murine 

stromal cell line MS-5 cells (ACC-441, DSMZ) were grown in alpha MEM (Lonza) 

supplemented with 10% v/v FBS. Cells were cultured in a humidified atmosphere 

containing 5% CO2 at 37 ºC and used for maximum 20 passages. Mycoplasma testing 

was performed every month to exclude mycoplasma contamination. 

2.2 Cell membrane extraction 

In order to extract the cell membrane, at least 20 million cells were collected for 

each cell line. K562 and THP-1 cells growing in suspensions were harvested from 

completed RPMI 1640 medium by centrifugation at 500 g for 5 min followed by 

resuspension in PBS and centrifugation at 500 g for 5 min for other 3 times. Adhering 

MS-5 cells were rinsed with PBS once, detached by incubation with 2 mM 

Ethylenediaminetetraacetic acid (EDTA) (Merck) in PBS for 30 minutes, followed 

by resuspension in PBS and centrifugation at 500 g for 5 min for other 3 times. The 

recovered cells were then suspended in a cold hypotonic lysing buffer (pH = 7.5) 

containing 20 mM Tris-HCl (Promega Corporation), 2 mM MgCl2 (Merck) and 

1×EDTA-free protease inhibitor (Roche) followed by cell disruption using a Dounce 

homogenizer for 30 times. Then, the homogenized solution was centrifuged at 3200 

g for 5 min, the supernatant was collected for further use and the pellet was 

resuspended in lysis buffer followed by other 2 homogenization for 30 times and 

centrifugations in the same way (thus a total of 3 homogenizations). All the collected 

supernatants were pooled together and centrifuged at 20’000 g for 20 min. The 

obtained supernatant was further centrifuged at 100’000 g for 1 h and the pellet 

containing the isolated cell membrane fraction was collected and stored in -20 ºC for 

further characterization.   

In order to optimize the cell membrane isolation protocol and increase the purit y 

of the cell membrane sample, a sucrose cushion was applied as an extra step for 

sample cleaning. For this, 0.2 M sucrose (Mp Biomedical, LLC) was added to the 

cold hypotonic lysing buffer (pH = 7.5) and all following steps were performed as 

described above. Thus, the supernatants recovered from the homogenization steps 

followed by centrifugation at 3200 g for 5 min and 20’000 g for 20 min were layered 

on the top of 2 M sucrose contained hypotonic lysing buffer and centrifuged for 2 h 

at 100’000 g. The top layer was diluted 6 times with 10 mM Tris-HCl (pH = 7.5) and 
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centrifuged for 1 h at 100’000 g. Finally, the obtained pellet containing the cell 

membrane fraction was collected and stored in -20 ºC for further use. All the 

procedures mentioned above were performed at 4 ºC.  

2.3 Preparation of cell membrane nanoparticles  

An extrusion method developed by Zhang et al. [29][24] was used to prepare cell 

membrane coated silica nanoparticles. Briefly, cell membranes containing a total of 

1 mg proteins were incubated with 1 mg 100 nm plain silica nanoparticles (Sicastar, 

from Micromod Partikeltechnologie GmbH) followed by 5 min sonication in a bath 

sonicator and co-extrusion through a 400 nm polycarbonate membrane for 21 times 

and 200 nm polycarbonate membrane for at least 11 times using an Avanti Mini -

Extruder (Avanti Polar Lipids). The extruded solutions were centrifuged at 10’000 g 

for 12 min. The supernatant containing free membrane lipids was discarded and the 

nanoparticle pellet was collected and resuspended in PBS. Silica nanoparticles coated 

with synthetic lipid bilayers were also prepared with the same procedure, as a control, 

by co-extruding 1 mg 100 nm plain silica nanoparticles and 1 mg lipids of 100 nm 

diameter liposomes containing 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) 

and cholesterol (Avanti Polar Lipids) in a 2:1 molar ratio. All the procedures were 

performed at 4 ºC.   

In order to prepare cell membrane doped liposomes, DOPC, cholesterol and 1,1´-

Dioctadecyl-3,3,3´,3´-tetramethylindocarbocyanine perchlorate (DiI) (Sigma-

Aldrich) were first dissolved in chloroform and mixed in a molar ratio of 2:1:0.015. 

The mixed lipids were dried under a nitrogen stream and incubated under vacuum 

overnight. The cell membrane solution diluted in water was then used to rehydrated 

the dried lipids with a mass ratio of membrane proteins to synthetic phospholipids of 

1:50 or 1:10, followed by 5 min sonication in a bath sonicator, snap freezing in liquid 

nitrogen and lyophilization using a Freeze Dryer ALPHA 1-4 (Martin Christ 

Gefriertrocknungsanlagen GmbH). The freeze-dried samples were dissolved in water, 

sonicated for 5 min in a bath sonicator and extruded through 400 nm and 200 nm 

polycarbonate membranes for 21 times each using an Avanti Mini -Extruder. Lipid 

films were also rehydrated with only water to prepare fully synthetic liposomes using 

the same procedures as a control. All the procedures were performed at 4 ºC.  
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As an additional control on the cell membrane extract, the cell membrane obtained 

from roughly 50 million K562 cells were first suspended in 50 µl 10 mM Tris -HCl, 

then were diluted 10 times in PBS, and extruded through 200 nm polycarbonate 

membrane for at least 11 times using the Avanti Mini-Extruder (Avanti Polar Lipids). 

2.4 Cryo-TEM 

Cryo-TEM was used to check the purity of the recovered cell membranes, extracted 

from K562 cells with and without the use of sucrose cushions. For this, cell 

membrane pellets obtained from both procedures were suspended in 200 µl 10 mM 

Tris-HCl (pH = 7.5).  

A few microliter of the suspension was deposited on a holey carbon coated copper 

grid (Quantifoil 3.5/1, Quantifoil Micro Tools). The grids were vitrified in liquid 

ethane after blotting the excess liquid (Vitrobot, FEI) and transferred to a FEI Tecnai 

T20 cryo-electron microscope equipped with a Gatan model 626 cryo-stage operating 

at 200 keV, with images recorded under low-dose conditions using a slow-scan CCD 

camera. Cryo-TEM was also used to check the coverage of K562 cell membrane 

coated silica nanoparticles and DOPC coated silica nanoparticles using the same 

procedure. 

In order to detect eventual impurities in the extracted membranes, UV-vis 

absorption was used. For this, 2 µl of the K562 cells membrane suspension were 

loaded on a NanoDrop One Microvolume UV-Vis Spectrophotometer (Thermo Fisher 

Scientific) and the absorbance from 220 nm to 350 nm wavelength was recorded to 

detect eventual impurities from nucleic acids with absorption at around 260 nm. Thin 

layer chromatography (TLC) was used to confirm the presence of lipids in the 

recovered samples [30][31]. Briefly, 6 µl of each sample, including a control 10 

mg/ml DOPC liposomes, were deposited on non-activated TLC plates (silica gel 60 

F254, aluminum sheets, Merck) and developed in a mixed solution of 

chloroform/methanol/water in a ratio of 45:45:10 (v/v). The plate were then dried in 

the air and stained by spraying with 2 M H2SO4 and heating at 100 ºC for 15 min.  

2.5 Membrane protein concentration 

In order to determine cell membrane protein concentration, cell membranes 

extracted with sucrose cushions from K562, THP-1 and MS-5 cells were resuspended 
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in 200 µl 10 mM Tris-HCl (pH = 7.4). Their protein concentration was determined 

using a Bio-Rad DC protein assay (Bio-Rad Laboratories, Inc.) following 

manufacturer instructions. Briefly, a series of solutions containing 0.1 mg/ml to 3.2 

mg/ml bovine serum albumin (BSA) were prepared in PBS to build a calibration 

curve. Samples of 5 µl were then mixed with the working reagents, incubated for 15 

min at room temperature and their absorbance at 650 nm measured using a 

ThermoMAX microplate reader (Molecular Devices, LLC). The BSA standard curve 

was used to calculate the protein concentration of the different samples.  

2.6 Western blot and SDS-PAGE of extracted cell membranes 

In order to determine the potential enrichment of membrane proteins, western blot 

analysis was performed on cell membrane extracted from K562 cells, the wh ole cell 

lysate and the supernatant obtained after the 1 h 100’000 g centrifugation step. To 

prepare whole cell lysate, K562 cells were pelleted by centrifugation at 500 g for 5 

min and lysed in 1 mL RIPA buffer (Merck) containing 100 µL 1×EDTA -free 

protease inhibitor solution. After 30 min incubation at 4 ºC, the suspension was 

centrifuged at 16’000 g for 2.5 min and the supernatant was collected. Samples 

corresponding to 28 µg proteins were run on a 10% SDS-PAGE gel at 120 V and the 

separated proteins were transferred to a polyvinylidene fluoride (PVDF) membrane 

at 300 mA for 90 min on ice. The membranes were blocked at room temperature for 

2 h with 5% non-fat dry milk (Bio-Rad Laboratories, Inc.) or 5% bovine serum 

albumin (Sigma-Aldrich ) dissolved in TBST (1 × Tris buffered saline (TBS) mixed 

with 0.1% v/v Tween-20) and incubated overnight at 4 ºC with a primary antibodies 

including mouse monoclonal anti-transferrin receptor (1:1000, Thermo Fisher 

Scientific), mouse monoclonal anti-GAPDH (1:10000, Cell Signaling Technology) 

and rabbit polyclonal anti-ERK 1/2 (1:1250, Cell Signaling Technology). The 

membranes were washed with TBST for 30 min, incubated with HRP-conjugated 

secondary antibodies (anti-mouse or anti-rabbit, 1:2000) at room temperature for 2 

h. The blotted proteins were stained with enhanced chemiluminescence (ECL) 

solution (GE Healthcare) and images were recorded using a ChemiGenius II bio -

imaging system.       

One-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) was used to separate the membrane proteins of the cell membranes 
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extracted from K562, THP-1 and MS-5 cells. Samples corresponding to 20 µg 

membrane proteins were mixed with 4 × loading buffer (200 mM Tris -HCl, 400 mM 

DTT, 8% SDS, 0.4% bromophenol blue and 40% glycerol) to a final volume of 30 µl. 

The mixture was then boiled at 95 ºC for 5 min and 30 µl loaded on a 10% 

polyacrylamide gel followed by a 1 h run at 120 V at room temperature. The gel was 

stained with a water/methanol/glacial acetic acid (5:4:1,  v/v) solution containing 0.1% 

Coomassie blue R-250 under gentle shaking for 30 min and de-stained in hot 

ultrapure water until the gel background disappeared. Images were recorded using a 

ChemiDoc XRS (Bio-Rad). 

2.7 Size distribution and zeta potential measurements 

The size distribution by dynamic light scattering and zeta potential of  the cell 

membrane  nanoparticles, together with controls were measured using a Malvern 

Zetasizer Nano ZS. Additionally, the size distribution of the cell membrane isolated 

from 50 million K562 cells was also measured after suspension in 50 µl 10 mM Tris -

HCl, 10 time dilution in PBS, and extrusion through a 200 nm polycarbonate 

membrane for at least 11 times using an Avanti Mini -Extruder (Avanti Polar Lipids).  

Samples corresponding to 0.1 mg/ml silica for cell membrane coated silica 

nanoparticles or corresponding to 0.1 mg/ml lipids for cell membrane doped 

liposomes and synthetic liposomes were measured. For all samples, 3 measurements 

were performed at 20 ºC with an automatic setting for the measurement duration.  

2.8 Size exclusion chromatography  

Size exclusion chromatography (SEC) was used to detect the DiI label and proteins 

in the cell membrane doped liposomes. Briefly, K562 cell membrane doped 

liposomes prepared as described above were loaded on a 12 × 1.5 cm column packed 

with Sepharose CL-4B (Sigma-Aldrich) in PBS. Fractions of 0.5 mL eluent were 

collected up to a total volume of 13 ml. For each fraction the absorbance at 280 nm 

and 550 nm was measured using a NanoDrop One Microvolume UV-Vis 

Spectrophotometer (Thermo Fisher Scientific) in order to detect, respectively, 

proteins and the DiI label. 

2.9 Lipid concentration 
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    A lipid assay was used to determine the concentration of DOPC  and other 

phospholipids in the cell membrane doped liposomes based on the Stewart assay [32]. 

Briefly, a series of lipid standards containing from 0 mg/ml to 1 mg/ml DOPC in 

chloroform was prepared. A ferrothiocyanate reagent was prepared by dissolving 

30.4 mg ammonium thiocyanate (Sigma Aldrich) and 27.0 mg ferric chloride 

hexahydrate (Sigma Aldrich) in 1 mL Milli-Q water. Samples of 20 µL liposomes or 

standards were then mixed with 1 mL chloroform and 1 mL ferrothiocyanate reagent, 

vortexed for 1 min and centrifuged at 300 g for 10 min. The organic phase at the 

bottom layer was transferred to a quartz cuvette and the absorbance at 470 nm was 

measured using a Unicam UV500 Spectrophotometer (Unicam Instruments). The 

DOPC standard curve was used to calculate the lipid concentration.  

2.10 Uptake studies by flow cytometry 

Nanoparticle uptake by cells was determined by flow cytometry. K562 cells, THP -

1 cells and TF-1 cells were seeded at a density of 1 × 105 cells/well in a 24 well plate 

in complete RPMI medium. For MS-5 cells, 2.5 × 104 cells/well were seeded in 

complete alpha MEM. Twenty four hours after seeding, 10 µg/ml silica of membrane 

coated silica nanoparticles or plain silica were exposed to K562 cells, THP -1 cells 

and MS-5 cells after dispersion in the corresponding medium. In the case of cell 

membrane doped liposomes, cells were exposed to samples corresponding to 50 

µg/ml DOPC lipid and – as a control - 50 µg/ml pure DOPC liposomes. After different 

exposure times, cells were washed once with complete medium and twice with PBS 

to remove excess nanoparticles outside cells. Cells in suspension were then collected 

and adhering MS-5 cells harvest by incubation for 5 min with 0.05% trypsin-EDTA 

at 37 ˚C. The collected cells where then pelleted by centrifugation for 5 min at 300g, 

resuspended in 100 µl PBS, and measured immediately using a Cytoflex S Flow 

Cytometer (Beckman Coulter) using a 561 nm laser for quantification of nanoparticle 

fluorescence. Gates were set in the two dimensional plots of forward scattering 

against size scattering in order to choose live cells and singlets. For each condition 

2 samples were prepared and for each sample at least 20k cells were recorded. FlowJo 

software (FlowJo, LLC) was used to extract the median cell fluorescence of the 

obtained distributions and the average and standard deviation over the two replicate 

samples calculated. 
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3. Results and discussion 

3.1 Optimization of cell membrane extraction 

Because of their fast proliferation, K562 cells were used to optimize the procedure 

for cell membrane extraction. Generally, most protocols start with cell lysis, 

followed by removal of nuclei and cell debris by low speed centrifugation, and 

isolation of a crude membrane fraction containing all types of membranes by 

ultracentrifugation [29,33–38] (Some studies using the pellet after the first low speed 

centrifugation to prepare nanoparticles are also reported [27,39,40]). Here, as a first 

step, similar procedures were followed, as previously published and illustrated in Fig. 

1A(i) [29]. 

However, cryo-TEM of the recovered samples showed a strong background with 

objects of around 30 nm diameter (Fig. 1B-C and Supplementary Fig. S1A) and UV-

vis absorption spectra had a clear peak at around 260 nm, usually attributed to nucleic 

acids (Fig. 1D). These results suggested that the impurities observed by cryoTEM 

were possibly ribosomes, which have a diameter between 25 and 30 nm [41]. Similar 

contaminations were also observed by Tasciotti et al. [42][25]. In their studies, mass 

spectrometry analysis revealed that around 50% of the proteins identified on 

leukocyte membrane coated nanoporous silicon particles or leukocyte membrane 

protein integrated liposomes belonged to the cell membrane, while the rest of the 

proteins were primarily from ribosomes and mitochondria [25,42]. The presence of 

these impurities could complicate the following preparation of cell membrane 

nanoparticles. 

Thus, further purification steps have been introduced. Usually, the purity of cell 

membrane preparations can be increased by separating either  the post-nuclear 

supernatant or the crude fractions by ultracentrifugation in a discontinuous sucrose 

gradient or on a sucrose cushion, taking advantage of the different ratios between 

lipids and proteins in different cellular membranes [33,43–45]. Thus, here, the post-

nuclear supernatant containing the crude cell membrane extract was layered on top 

of a sucrose cushion for further cell membrane isolation as described in Methods and 

shown in Fig. 1A(ii). The cell membrane pellet collected a fter sucrose purification 

and ultracentrifugation were characterized again with cryo -TEM and UV-Vis 
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absorption (Figs. 1C-D and Supplementary Fig. S1B). Cryo-TEM clearly confirmed 

isolation of membranes and in this case no background was observed (Fig. 1C a nd 

Supplementary Fig. S1B), and similarly, no absorption at 260 nm (Fig. 1D). Thin 

layer chromatography (TLC) was also used to further compare the two isolation 

procedures. As shown in Supplementary Fig. S1C, in both cases the presence of lipids 

was clearly confirmed, however in the sample isolated without using sucrose 

cushions, a dark deposition that did not transfer with the organic phase was also 

visible where the sample was loaded, suggesting a contamination of proteins and 

other components [46]. Based on these results, the procedure including the additional 

purification step (Fig.1A(ii)) was used to extract the cell membranes for nanoparticle 

preparation. 

 

Figure 1. Optimization of cell membrane extraction. (A) Overview of the cell m embrane extraction 

procedure without (i) and with (ii) an additional purification step using sucrose cushions. (B -C) 

Cryo-TEM images of the cell membrane samples isolated without and with the use of sucrose 

cushions, respectively (as illustrated in panels (i) and (ii)). (D) UV/Vis absorption spectra of the 

cell membrane samples isolated following the procedure illustrated in panel A(i) or (ii). The results 

showed that without the additional purification step using sucrose cushions a background of many 

objects of around 30 nm was observed (B), as well as absorbance at 260 nm (D), suggesting the 
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presence of contaminants including nucleic acids, likely ribosomes. These were not present after 

the additional purification step (ii).  

 

    Thus, the purified membranes were further characterized after extrusion through 

200 nm filters (note that cell membranes are very hard to extrude, because of the 

presence of membrane proteins). Dynamic light scattering (DLS) showed that objects 

with homogeneous size distribution around 160 nm (Fig. 2A) were obtained. Western 

blotting analysis of transferrin receptor (TfR) and the cytosolic proteins extracellular 

signal-regulated kinase (ERK) and glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) confirmed enrichment of cell membrane proteins, in comparison to the 

whole cell lysate or the supernatant obtained after ultracentrifugation (Fig. 2B). 

However, the cytosolic proteins ERK and GAPDH were detected in all samples, 

including the cell membrane sample. This kind of impurities was alr eady observed 

in similar studies, and is probably due to the self -assembly of cell membrane 

fragments and resulting encapsulation of cytosolic proteins during the isolation 

procedure [25]. SDS-PAGE of the extracted cell membranes showed that very 

different proteins were isolated from K562, THP-1 and MS-5 cell membranes (Fig. 

2C). 

 

Figure 2. Characterization of extracted cell membranes. (A) Size distribution by intensity of 

extracted K562 cell membranes after extrusion through 200 nm filters (see Methods for details). (B) 

Western blotting analysis of membrane and cytosolic markers. Western blots against the transferrin 

receptor (TfR), and the cytosolic ERK and GAPDH proteins on cell memb ranes extracted from K562 

cells (line 1), the supernatant obtained after ultracentrifugation with sucrose cushions (line 2) and 
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a whole K562 cell lysate (line 3). (C) SDS-PAGE image of cell membranes isolated from K562, 

THP-1 and MS-5 cells. Homoegenous dispersions were obtained after extrusion (A) and western 

blot analysis confirmed enrichment of membrane proteins in the cell membrane extract (B). Very 

different proteins were recovered in the cell membranes extracted from different cells (C).  

 

3.2 Preparation and characterization of cell membrane coated silica 

nanoparticles 

As a next step, the extracted cell membranes were deposited on plain silica 

nanoparticles. A previously reported extrusion approach was used [24,29], thus the 

isolated cell membranes were coextruded with 100 nm plain silica nanoparticles (si -

plain), first through 400 nm and then through 200 nm polycarbonate membranes with 

1:1 mass ratio between membrane proteins and silica. As previously noted, extrusion 

of pure cell membranes is very hard because of the presence of proteins. As a 

consequence of this, quantification of silica fluorescence after extrusion showed that 

a large amount of silica (around 50-80% was lost in the extruder during the procedure. 

Nevertheless, DLS showed a slight increase of size of around 10 to 20 nm after co -

extrusion (Fig. 3A) and a decrease in the zeta potential to values comparable to K562 

cell membrane vesicles (from – 38 mV for plain silica, to – 21 mV). The decrease in 

zeta potential was even lower when silica was co-extruded with THP-1 and MS-5 cell 

membranes (Fig.3B). Overall, the change in size and zeta potential suggested 

successful deposition of the cell membrane around the silica nanoparticles. However, 

cryo-TEM imaging showed that in many nanoparticles the membrane coverage was 

only partial and some silica without lipid bilayer were present (Figs. 3C -E). 

Increasing the amount of membranes in the extrusion (up to a mass rati o of 2:1 

between membrane proteins to silica nanoparticles) did not improve these outcomes 

(data not shown). In contrast, as shown in Fig. 3F, coextrusion of DOPC liposomes 

and silica nanoparticles was much easier to perform and led to a complete coverage 

of the nanoparticle surface with a lipid bilayer. The different coverage efficiency was 

probably a consequence of the different rigidity between pure phospholipids (DOPC 

liposomes) and the cell membranes, because of the many proteins in the bilayer [47]. 

Uptake studies on K562, THP-1 and MS-5 cells of the membrane coated silica 

(named si-k562, si-thp1 and si-ms5, respectively) and – as an additional control for 

comparison - the plain silica nanoparticles (si-plain) showed that in all cases the 



 

181 

 

1 

2 

3 

4 

5 

6 

7 

 

membrane coated silica had higher uptake efficiency than plain silica in all cells 

(Supplementary Fig. S2). This effect was reproduced in multiple experiments using 

different cell membrane extracts to prepare replicate cell membrane coated silica. 

However, for each nanoparticle preparation the 3 types of cell membrane coated 

nanoparticles had very different uptake efficiencies in each of the cells (also in 

Supplementary Fig. S2), suggesting that the overall approach and results were not 

reproducible. Many factors could lead to this irreproducibility, including - for 

instance - the incomplete silica coverage observed (Figs. 3C-E), or different 

orientation of the cellular membrane on the particles surface in different preparations 

[48]. 

 

Figure 3. Characterization of cell membrane coated silica nanoparticles. Briefly, 1 mg silica 

nanoparticles and cell membranes containing 1 mg proteins were co-extruded to prepare cell 

membrane coated silica as described in the Methods. (A) Size distributio n by intensity (diameter, 

nm) of 0.1 mg/ml silica nanoparticles before and after cell membranes coating. (B) Zeta potenti al 

of isolated K562 cell membranes after extrusion through 200 nm filters (K562 cm) and 0.1 mg/ml 

plain silica nanoparticles before (si -plain) and after cell membrane coating (si -k562, si-thp1and si-

ms5 silica nanoparticles coated with K562, THP-1 and MS5 cell membranes, respectively). The 

increase in size and decrease of zeta potential suggested deposition of cell membrane on the silica. 

(C-F) Cryo-TEM images of K562 cell membrane coated silica (C-E) and DOPC-coated silica (F). 

Scale bar: 50 nm. Cryo-TEM of K562 cell membrane coated silica showed that some bare silica 

nanoparticles were present (D) together with particle covered with a lipid bilayer (E). Complete 

coverage instead was observed on all DOPC-coated silica (F).  
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3.3 Preparation and characterization of cell membrane doped liposomes     

    Because of the low reproducibility of the uptake behavior on cells (Supplementary 

Fig. S2) and the large loss of material during sample preparation, a different approach 

to prepare cell membrane nanoparticles was pursued. Thus, cell membrane doped 

liposomes were prepared, by mixing synthetic phospholipids with cell membrane 

extracts without the use of nanoparticle cores.  

 

Figure 4. Characterization of cell membrane-doped liposomes. (A) Size distribution by intensity 

(diameter, nm) and (B) zeta potential of DOPC liposomes (lipo), and DOPC liposomes doped with 

K562 cell membrane at a synthetic phospholipid to membrane protein weight ratio of 50:1 and 10:1 

(lipo/cm 50:1 and 10:1, respectively). The zeta potential of K562 cell membranes (K562 cm) in PBS 

was also measured for comparison. Samples corresponding to 0.1 mg/ml synthetic lipids in PBS 

were measured. For zeta potential, each sample was measured twice and the results are the average 

and standard deviation over 2 replicate measurements. (C) Elution profile of lipo/cm 10:1 by size 

exclusion chromatography. Briefly, 1 ml 0.1 mg/ml lipo/cm 10:1 was loaded on a column, fractions 

of 0.5 ml eluent were collected and their absorbance at 280 nm and 550 nm were measure d. (D) 

Uptake kinetics by flow cytometry of lipo, lipo/cm 50:1 and lipo/cm 10:1 in K562 cells. Samples 

corresponding to 50 µg/ml synthetic lipids in complete RPMI medium were added to cells and 

uptake at different times was measured by flow cytometry. The results are the average and standard 

deviation over 2 replicates of the median cell fluorescence intensity.  

 

    Also, in this case, cell membranes extracted from K562 cells were first used to 

optimize the procedures. As a first step, different amounts of  cell membranes were 

added to DOPC liposomes (lipo) corresponding to mass ratios of 50:1 and 10:1 

between the synthetic lipids and cell membrane proteins (lipo/cm 50:1 and lipo/cm 
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10:1, respectively). DLS measurements showed liposome size slightly decrease d 

from 184 nm to around 144 nm when the extracted cell membranes were added, 

possibly owing to a tighter packing of the bilayer when cell membrane proteins are 

present (Fig. 4A) [25]. The drop of zeta potential from +4 mV for the pure liposomes 

to values comparable to the pure extracted K562 cell membranes (around – 21mV) 

suggested that very different bilayers were obtained by doping the liposomes with 

the cell membranes (Fig. 4B). Size exclusion chromatography was then used to 

separate the cell membrane doped liposomes from eventual residual lipids or proteins 

of smaller sizes. Surprisingly, elution profiles at 280 nm and 550 nm (for protein and 

DiI label detection, respectively) showed that labelled liposomes containing proteins 

eluted out of the column roughly at fractions from 6 to 11, but very low absorbance 

was detected at both wavelengths in the following fractions (Fig. 4C and 

Supplementary Fig. S3), suggesting high purity of the final preparation. Importantly, 

uptake studies on K562 cells exposed to the same amount of lipids (based on lipid 

assays) showed that the uptake efficiency of the liposomes increased when cell 

membrane components were included in the bilayer and the increase was higher for 

liposomes including larger amount of cell membranes(Fig. 4D). This suggested that 

the inclusion of membrane components promoted nanoparticle interactions with cells 

(possibly cell receptors), leading to higher nanoparticle uptake. Given t heir higher 

internalization efficiency, further studies were performed with cell membrane doped 

liposomes at synthetic lipid to membrane protein weight ratio of 10:1. This ratio was 

used to prepare cell membrane doped liposomes from K562, THP-1 and MS-5 cells 

(named as lipo-k562, lipo-thp1 and lipo-ms5, respectively). As already observed with 

lipo/cm preparations, also with the other cell membranes the size of the liposomes 

was reduced and the zeta potential was changed from slightly positive to negative 

values after incorporation of the cell membrane (Fig. 5A-B). 

When incubated with K562, THP-1 and MS-5 cells, all the cell membrane-doped 

liposomes showed higher internalization efficiency than DOPC liposomes (lipo) in 

all cell lines (Fig. 5C-E). As opposed to what observed for the cell membrane coated 

silica (Supplementary Fig. S2), the uptake trend was qualitatively reproducible also 

for replicate preparations of cell membrane doped liposomes, when the same cell 

membrane extracts were used (Supplementary Fig.S4). Interestingly, in all cell lines 
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the doped liposomes containing stromal cell membranes had the highest uptake, 

including in the stromal cells themselves (Fig. 5C-E). Many studies have shown that 

the mesenchymal stromal cells are one of the central  components of the bone marrow 

niche and that they strongly interact with leukemia cells [7,49–51]. This might 

explain the high uptake of MS-5 cell membrane-doped liposomes in all leukemia 

cells, while the highest uptake of lipo-ms5 in the stromal cells themselves suggests 

these cells may show homotypic targeting [27]. These data also suggest that the use 

of stromal cell membrane-doped liposomes might be in interesting avenue to pursue 

in the near future for targeted drug delivery. 

 

Figure 5. Characterization and cellular uptake of cell membranes doped liposomes in different 

leukemia and stromal cells. (A) Size distributions by intensity (diameter, nm) and (B) zeta potential 

of DOPC liposomes (lipo) and liposomes doped with cell membranes extracted from K562, THP-1 

and MS-5 cells at a synthetic phospholipid-to membrane proteins weight ratio of 10:1 (lipo -k562, 

lipo-thp1 and lipo-ms5, respectively). Samples corresponding to 0.1 mg/ml DOPC lipid (based on 

lipid assay) in PBS were measured. For zeta potential, each sample was measured twice and the 

results are the average and standard deviation over 2 replicate measurements. (C -E) Uptake of lipo, 

lipo-k562, lipo-thp1 and lipo-ms5 in K562, THP-1 and MS-5 cells. Briefly, K562, THP-1 or MS-5 

cells were exposed for 7 h to liposomes corresponding to 50 µg/ml lipids (based on lipid assay) 

prior to uptake measurements by flow cytometry. The results are the average and standard deviation 

of the median cell fluorescence intensity of 2 repli cate samples. In all cell lines, cell membrane 

doped liposomes had higher uptake than synthetic DOPC liposomes (lipo), and lipo -ms5 showed the 

highest internalization efficiency.  
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In order to confirm these observations, further uptake studies with lipo -ms5 

liposomes were performed in all different cell lines and additionally also in TF -1 

human leukemia cells, providing a different type of leukemia cells with different 

genetic backgrounds (Fig. 6). As already observed (Figs. 5C-E), adding stromal cell 

membranes in the bilayer strongly increased liposome uptake in all cells. Thus, we 

have normalized the uptake of lipo-ms5 liposomes by that of the synthetic liposomes 

(lipo) in the same cells (Fig. 6E). In this way we could directly compare the effect 

of the addition of stromal cell membranes on liposome uptake efficiency, taking into 

account that different cells may have different uptake levels. The results showed that 

for the leukemia cells, doping the liposomes with the stromal cell membranes 

increased uptake roughly between 3 to 10 times. It is interesting to note that there 

are differences in liposome uptake efficiency between the different cell line models, 

with the stronger effects observed on K562 cells as opposed to the the THP -1 cells. 

While the underlying mechanisms are not yet clear, it is quite possible that 

differences in expression of adhesion factors such as integrins, cadherins or G 

protein-coupled receptors might be related to this. With our novel experimental setup, 

these differences can now be studied functionally by CRISPRing out individual 

candidates. Interestingly, in the stromal cells instead uptake increased up to 20 times, 

further suggesting that stromal cells may show homotypic targeting.  

Figure 6. Uptake efficiency of lipo-ms5 in different leukemia and stromal cells. (A-D) Uptake 

kinetics of synthetic liposomes and liposomes doped with cell membranes from MS -5 stromal cells 

at a synthetic phospholipid to membrane proteins weight ratio of 10:1 (lipo and lipo -ms5, 

respectively) in leukemia (A) K562, (B) THP-1, (C) TF-1 cells and (D) stromal MS-5 cells. Briefly, 

cells were exposed for increasing time to liposomes corresponding to 50 µg/ml lipids (based on 

lipid assay) prior to uptake measurements by flow cytometry. The results are the averag e and 
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standard deviation of the median cell fluorescence intensity of 2 replicate samples. (E)  Comparison 

of lipo-ms5 uptake efficiency across different cell lines. The results shown in panels A -D for lipo-

ms5 are normalized by the results obtained for the synthetic liposomes (lipo) in the same cells at 

the same exposure time. Addition of stromal cell membranes increased liposome uptake of 3 -10 

times in the different leukemia cells and up to 20 times in the stromal cells.  

 

4. Conclusions 

Cancer AML cells have been shown to reside in the bone marrow in specific niches 

where they can acquire and maintain chemoresistance and stem-cell like properties 

thanks to the local microenvironment and tight interactions with the stromal cells. In 

this study we have exploited the use of cell membrane nanotechnology to prepare 

cell membrane nanoparticles as a tool to test the interactions between cancer and 

stromal cells, and ultimately to use such nanoparticles to enhance drug delivery.  

Procedures to extract cell membranes were optimized in order to avoid 

contaminations from other cell compartments and different methods were followed 

to prepare cell membrane nanoparticles using a nanoparticle core or doping synthetic 

liposomes. Co-extrusion with silica nanoparticle cores led to loss of high amounts of 

materials and often incomplete nanoparticle coverage, with uptake behaviors on cells 

which were difficult to reproduce. On the contrary, doping synthetic liposomes with 

cell membranes allowed us to improve sample preparation and to obtain good 

formulations with reproducible uptake behaviors on the different cell lines tested. 

Cell membrane-doped liposomes showed higher uptake efficiency in all tested cells 

than the synthetic liposomes, suggesting that addition of cell membrane components 

favors interactions with cells (possibly cell receptors), thus leading to increased 

uptake levels. Liposomes doped with the stromal cell membranes showed the highest 

uptake, and of the leukemic cell lines uptake in K562 was more efficient compar ed 

to TF-1 and THP-1. Possibly, differences in adhesion proteins underly these 

differences and this opens up interesting possibilities in two directions. On one hand, 

stromal cell membrane nanoparticles can be used as a nanotechnology tool to 

characterize the interactions between stromal and leukemia cells and identify the 

proteins involved. For instance, liposomes doped with stromal cell membranes could 

be used to isolate leukemia clones showing highest interactions with the 

nanoparticles, thus likely to have higher propensity for interactions with the stromal 



 

187 

 

1 

2 

3 

4 

5 

6 

7 

 

cells [11,13,49]. Their phenotypes could be characterized, as well as key proteins 

involved in the interactions with the stromal membranes. In this way, potentially, 

novel strategies to target such clones or the identified interactions with stromal cells 

could be designed [5,7,13]. Secondly, our nanotechnology approach might allow the 

improvement of drug delivery. Chemotherapy, as a one-size-fits-all strategy is 

currently still widely used to treat AML patients but does not distinguish between 

healthy and cancer cells, with severe side effects as consequence. Our future 

experiments will include analyses comparing uptake of stroma-coated particles in 

healthy CD34+ stem/progenitor cells compared to leukemic cell lines and primary 

AML cells from patients to determine whether preferential uptake in the leukemic 

cells is indeed observed.   

An additional observation is that the highest uptake of stroma-coated particles was 

observed in MS-5 stromal cells themselves. On the one hand, this homotypic 

targeting might be not surprising since these stromal cells are known to be able to 

bind to the extracellular matrix, other cells types, and under laboratory conditions to 

e.g. plastic tissue culture dishes. The exact molecular basis for this remains to be 

elucidated but our nanoparticles are ideally suited to identify such molecules. Of 

course, this also means that in terms of drug delivery it will have to be determined 

whether potential off-target effects will also include targeting the niche, which is 

potentially unwanted since it might also impact on normal hematopoiesis. It would 

be important to confirm these observations by using stromal cells isolated from 

patients to prepare similar cell membrane-doped liposomes. 

On a more general level, identifying the mechanisms leading to higher uptake of 

cell membrane doped liposomes (either with leukemia or stromal cells) both in 

leukemia and stromal cells could allow to discover key players in the interactions 

between cancer cells and their nice, as well as identify potential receptors for 

improved drug delivery.  
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Supplementary Materials 

 

 

Supplementary Figure S1.  Characterization of  extracted cell membranes. Cryo -TEM images of 

K562 cell membrane samples isolated without (A) or with (B) an additional purification step using 

sucrose cushions (as illustrated in Fig.1A (i) and (ii), respectively). In the sample isolated by 

ultracentrifugation a strong background of small objects of around 30 nm was visible, together with 

isolated cell membranes forming vesicles (A). The background was strongly reduce when an 

additional purification step using ultracentrifugation in sucrose cushions was added (B). (C) Thin 

layer chromatography of DOPC liposomes (lane 1) and K562 cell membrane samples isolated 

without (lane 2) and with (lane 3) sucrose cushion purification. In all lanes, a smea r of lipids 

travelling with the organic phase could be detected. However, cell membranes extracted by 

ultracentrifugation also showed a large dark deposition that did not transfer with the organic phase 

where the sample was loaded (lower part of the image) , suggesting a contamination of proteins and 

other components (lane 2).  This was strongly reduced by addition of the purification steps with 

sucrose cushions (lane 3). Thus, this method was followed to extract cell membranes of higher 

purity for nanoparticle preparation. 
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Supplementary Figure S2.  Uptake kinetics of cell membrane coated silica nanoparticles by K562 

(a), THP-1 (b) and MS-5 (c) cells. Nanoparticles includedbare silica nanoparticles (si -plain) as a 

control and K562, THP-1 and MS-5 cell membranes coated silica nanoparticles (si-k562, si-thp1 

and si-ms5, respectively). Briefly, nanoparticles corresponding to 10 µg/ml silica nanoparticles 

were exposed to cells in complete medium and collected at different times for flow cytometry 

measurements (see Method for details). For each condition 2 samples were measured and the data 

are presented as the average and standard deviation of the median cell fluorescence obtained in the 

2 replicate samples. In panels A-D, the results obtained with 4 replicate nanoparticle samples 

prepared using different cell membrane extracts are shown. For all preparations and replicate 

experiments (A-D), cell membrane coated nanoparticles always had higher uptake than the plain 

silica (si-plain) in all 3 cell lines. However, in  each replicate experiment, the different cell 

membrane nanoparticles had different uptake efficiency, thus results obtained with the particles 

prepared in this way were not reproducible.  
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Supplementary Figure S3.  Elution profile of lipo/cm 50:1 by size exclusion chromatography. 

Briefly, cell membranes extracted from K562 cells were added to DOPC liposomes (lipo) 

corresponding to mass ratios of 50:1 between the synthetic lipids and cell membrane proteins 

(lipo/cm 50:1). Then, 1 ml 0.1 mg/ml lipo/cm 50:1  was loaded on a column, fractions of 0.5 ml 

eluent were collected and their absorbance at 280 nm and 550 nm were measured. Elution profiles 

at 280 nm and 550 nm (for protein and DiI label detection, respectively) showed that labelled 

liposomes containing proteins eluted out of the column roughly at fractions from 6 to 11, but very 

low absorbance was detected at both wavelengths in the following fractions, suggesting no residual 

lipids and proteins were present.  
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Supplementary Figure S4.  Uptake kinetics of replicate preparations of cell membrane doped 

liposomes. (A-B) Uptake kinetics of synthetic liposomes (lipo) and liposomes doped with cell 

membranes extracted from leukemia K562 and THP-1 cells (lipo-k562 and lipo-thp1, respectively) 

in K562, THP-1 and MS-5 cells. Briefly, K562, THP-1 or MS-5 cells were exposed for increasing 

times to liposomes corresponding to 50 µg/ml lipids (based on lipid assay) prior to uptake 

measurements by flow cytometry. The results are the average and standard deviation of the  median 

cell fluorescence intensity of 2 replicate samples. In all cell lines, cell membrane doped liposomes 

had higher uptake than the synthetic DOPC liposomes (lipo). As opposed to what observed for the 

cell membrane coated silica (Supplementary Fig. S2) , the trend was qualitatively reproducible also 

for replicate formulations of cell membrane doped liposomes, prepared using a same batch of cell 

membrane extract. Thus in all preparations, the uptake of lipo -k562 was higher than that of lipo-

thp1 and both were higher than the uptake of lipo.  



 

 
 

Chapter  7 

 
 

General Discussion and Future Perspective  
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Nanomedicine has been widely developed in the past few decades, with numerous 

nano-sized materials proposed as delivery platforms for drugs, genes and other agen ts 

to treat and diagnose various diseases [1,2]. Thanks to their unique physicochemical 

properties, and the possibility of being engineered and designed in many different 

ways, compared to conventional drugs or diagnostic reagents, nanomaterial -based 

delivery systems possess multiple advantages: for instance, they allow to prolong 

drug plasma residence time, they can protect drugs from enzymatic degradation and 

they can be used to deliver poorly soluble drugs, they can be engineered to achieve 

controlled and stimuli responsive drug release, and they can promote passive and 

active targeting of tumors [2,3]. However, nanomedicines still remain hard to be 

translated into clinical formulations and benefit patients. Though thousands of papers 

on nanomedicine are published each year, relatively few nano-formulations have 

been approved for marketing [4]. Many factors contribute to the slow clinical 

translation of nanomedicines, and one of the major obstacles is the still limited 

understanding of nanomaterial interactions with biological systems [5]. In this 

context, using liposomes - one of the most clinically established nano-formulation - 

as nanomedicine models, the aim of this Thesis is to gain a better understanding of 

nanomaterial behaviors in complex biological environments at a cellular level, and 

explore new strategies to guide the design of more effective nano-formulations. 

The interactions of nanomaterials with complex biological systems involve several 

key steps and barriers (Fig. 1), which need to be studied one by one. First of all, once 

introduced in a biological environment, nanomaterials interact immediately wit h 

surrounding biological fluids and absorb numerous proteins and biomolecules on 

their surface, forming a layer known as “protein corona” (Fig. 1, i) corona formation) 

[6,7]. This corona affects charge, size, and surface properties of nanomaterials and 

confers them a new biological identity, which influences the following nanomaterial 

performance, such as cellular uptake, toxicity, and final fate [8,9]. It is known that 

the synthetic properties of nanomaterials are some of the critical factors which 

determine corona composition [10]. However, predicting corona formation simply 

based on nanomaterial properties remains challenging. Different strategies have been 

explored to modify  nanomaterial properties in order to reduce or to avoid protein 

corona formation, for instance by introduction of poly(ethylene glycol) (PEG) on the 
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nanomaterial surface [8]. However, these strategies cannot completely suppress 

protein adsorption and can introduce other problems [8,11,12]. At the same time, 

growing evidence has indicated that the corona layer can be recognized by specific 

cell receptors, opening up interesting possibilities to tune corona composition in 

order to achieve targeted interactions of nanomaterials with cells [13,14]. 

 

Figure 1. Schematic illustration of the liposome interactions with biological systems at a cellular 

level. These interactions mainly include 3 steps: i) liposome interaction with biological fluids and 

corona formation, ii) interactions of liposome -corona complex with cell membranes and their entry 

into cells, iii) liposome interaction with intracellular components and cargo release. Fig. 1 is 

reproduced from Chapter 1.  

 

Within this framework, in Chapter 2, a liposomes series of tailored surface 

properties has been prepared and optimized by mixing zwitterionic DOPC and 

negative DOPG lipids in different ratio, and, in this way, to tune the resulting coronas 

forming in human serum and determine the effects on liposome interactions with 

cells (Fig. 2A). The different liposomal formulations showed very different uptake 

efficiency and kinetics, and by increasing the negative DOPG lipid, formulations 

with increased uptake levels in the first few hours of exposure were obtained (Fig. 

2B). Thus, liposome-corona complexes were isolated from human serum and 

characterized. The different formulations showed strong differences in the amount 

and variety of absorbed proteins (Fig. 2C-D). By connecting the abundance of 
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specific proteins in the corona forming on the different liposomes with the uptake 

kinetics in cells, candidate corona proteins associated with reduced or increased 

uptake by cells were identified.  

 

Figure 2. Tuning liposome composition to modulate the corona forming in human serum and uptake 

by cells. (A) Schematic illustration of the work presented in Chapter 2,  where liposome composition 

was tuned in order to modulate corona formation in human serum and the uptake in cells. (B) Uptake 

kinetics of DOPC, DOPC/G and DOPG liposomes exposed to HeLa cells in cell culture medium 

supplemented with 4 mg/ml human serum (hsMEM). The results showed that the different liposomes 

had different cell uptake behavior. (C) Venn diagram of the corona proteins identified on DOPC, 

DOPC/G and DOPG liposomes. (D) Z-score heat map of the most statistically different proteins in 

the corona forming on the 3 liposomes (P value ≤ 0.01). By changing liposome composition very 

different coronas were obtained and very different uptake behavior.    

 

Therefore, tuning the synthetic properties of nanomaterials in a systematic way, as 

we showed in Chapter 2 with liposomes, provides a novel tool to adjust corona 

composition and in this way obtain formulations with the desired uptake behavior. 

Additionally, correlating corona composition and uptake by cells allows to identify 

corona proteins associated with increased or decreased uptake by cells, which can 

then be used for targeting strategies or to avoid clearance. Similar approaches can be 
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further applied in in vivo studies, and novel insights into effects of corona 

composition on nanomaterial clearance by the immune system, biodistribution and 

targeting could be obtained. Clearly, much more work is needed in order to fully 

understand how nanomaterial properties affect corona formation and how corona 

formation affects nanomaterial outcomes at cell and organism level. Ideally, with 

such knowledge, predicting corona formation and biological behavior of 

nanomaterials based on their physicochemical parameters would allow to guide the 

design of successful nanomedicines.  

Another important factor affecting corona formation is the biological fluid in 

which nanomaterials are applied [10]. Many studies have demonstrated that subtle 

differences in biological fluids, such as upon serum heat inactivation, or  when using 

serum originated from different species, and also when serum concentration is varied , 

can lead to the formation of very different coronas on the same nanomaterials and – 

as a consequence of this - very different outcomes on cells [9,15–17]. While recently 

extensive efforts have been focused on effects due to differences in the corona 

forming on the nanomaterials when different biological fluids are used  and the 

following impact on their interactions with cells, relatively less attention  has been 

paid on additional effects due to the presence of the free biomolecules in these 

biological fluids. 

 

Fig. 4 Effects of protein source on liposome-protein corona and cellular uptake. (A) Liposome 

showed very different uptake in FBS and HS. In order to disentangle the effects due to corona 

composition and those related to free serum proteins in solution on liposome uptake, FBS and HS 

corona-coated liposomes were isolated and exposed to HeLa cells in serum free medium as well as 
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FBS and HS supplemented medium. (B) Uptake kinetics of FBS and HS corona -coated liposomes 

by HeLa cells in different media. The results showed that FBS and HS corona -coated liposomes 

have comparable uptake efficiency when exposed to cells in the same medium (serum free or wit h 

excess free proteins in solution).  

 

In this context, Chapter 3 aimed to gain a better understanding of nanomaterial 

interactions with biological systems when using different biological fluids (in this 

case serum proteins from different source) and to disentangle effects due to 

differences in corona composition and those related to the presence of free 

biomolecules in solution. Liposomes were used as nanomedicine models, and they 

showed very different uptake efficiency when added to cells in medium supplemented 

with fetal bovine serum (FBS) or human serum (HS). The corona forming in the two 

sera were very different (Fig. 4A). However, when the excess free proteins were 

removed and the different corona-coated liposomes were exposed to cells in serum 

free medium, their uptake was comparable (Fig. 4). Similar results were obtained 

when the corona-coated liposomes were re-introduced in medium supplemented with 

either human or bovine serum (Fig. 4). Therefore, in this case, the different uptake 

efficiency depended primarily on the presence and source of the excess free proteins, 

rather than the observed differences in corona composition. These results clearly 

show that the protein source affects nanomaterial behavior on cells not only because 

of the identity of the absorbed corona proteins, but also via additional effects due to 

free proteins in solution. 

The results from Chapter 3 suggested that the evaluation of nanomaterials and 

their therapeutic efficiency should carefully take into account similar differences 

related to the nature of the biological fluids in which they are tested. In particular, 

also the source of serum proteins used in the medium can strongly affect the outcomes. 

For instance, in vitro studies should be designed to use matching serum source (o r 

other relevant biological fluid) and cell species, and performing in vitro study using 

cells and serum source corresponding to the animal models used for in vivo studies 

may help to narrow the gap between in vitro and in vivo outcomes. Similar 

considerations should be applied to try to narrow the gap between preclinical studies 

and clinical trials. Nowadays, many preclinical studies to assess the therapeutic 

efficiency of nano-drugs are performed in animal models where diseased human 
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cells/tissues have been implanted (for instance xenograft models) [18,19], which 

means that the targeted cells/tissues and the serum proteins of the animal model are 

from different species. Based on the results presented in Chapter 3, one may 

speculate that in such models nanomedicine targeting and uptake efficiency on the 

implanted human cells may be higher given that the competition of the excess free 

proteins in solution is likely to be lower (because of the different animal species). It 

would be important to test in future studies whether effects similar to those shown in 

Chapter 3 may take place and may contribute – at least in part - to commonly 

observed differences in nanomedicine efficacy in the translation from animal models 

to humans.       

 

Figure 5. Overview of uptake inhibition of DOPC and DOPG liposomes in HeLa cells after 

treatment with a panel of chemical inhibitors o r RNA interference. The symbols are the results 

obtained in individual experiments (3 to 5 independent replicate experiments) and show the median 

cell fluorescence intensity averaged over 3 technical replicates, normalized by the results in 

untreated control cells to indicate the inhibition efficacy. The lines are their average. A black dashed 

line and a red dashed line are included in each panel as a reference, at 100% and 60% uptake, 

respectively (with 60% uptake shown as an indicative threshold for inhib ition efficacy). The results 

showed that blocking a series of key components in different endocytic pathways had very different 

effects on the uptake of zwitterionic DOPC liposomes and negative DOPG liposomes.  

 

Following corona formation, nanomaterials exposed in a biological environment 

eventually interact with the cell membrane and in most cases enter cells (Fig. 1, ii) 

endocytosis). Recently, zwitterionic modifications have received increased attention 

as a strategy alternative to PEGylation to reduce protein adsorption [8]. The results 
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of Chapter 2 also showed that addition of the zwitterionic DOPC lipid in liposomes 

led to lower protein binding capacity, as well as reduced uptake efficiency [20]. 

However, little is known about the effect of zwitterionic modifications on the 

mechanism liposomes use to enter cells. Thus, in Chapter 4, the internalization 

mechanism of liposomes consisting of zwitterionic DOPC lipid or negative DO PG 

lipid were studied. The results showed that blocking a series of key components 

involved in various endocytic pathways had very different effects on the uptake of 

zwitterionic and negative liposomes (Fig. 5). For instance, blocking clathrin -

mediated endocytosis strongly reduced the uptake of the negatively charged 

liposomes, but had almost no effect on the uptake of the zwitterionic ones, while 

inhibition of macropinocytosis reduced the uptake of both liposomes, but to a 

different extent. These results indicated that the two liposomes were internalized by 

cells using different pathways, thus introducing zwitterionic modifications affects 

not only protein adsorption and uptake efficiency (Chapter 2), but also the 

mechanisms of liposome uptake by cells (Chapter 4). Clearly, more work is needed 

to fully understand how zwitterionic groups affect corona formation and how the 

different corona changes the way cell recognize and process the nanomaterials.  

Chapters 2 and 4 showed that zwitterionic and negative liposomes form different 

corona in biological fluids and enter cells via different endocytic pathways. These 

differences are likely to affect also their interactions with intracellular components 

after uptake and the ultimate release of the cargo they carry. These also are crucial 

steps in the liposome journey in biological systems, which affect the final 

therapeutic/diagnostic efficiency (Fig. 1, iii) intracellular trafficking and cargo 

release) [10,21]. Current methods for studying drug release are difficult to use in 

complex biological environments or to determine cargo release from liposomes once 

inside cells. Within this context, in Chapter 5 different methods have been used to 

determine liposome release behavior after internalization by cells and also liposome 

stability and eventual cargo leakage in biological fluids. Interactions with biological 

fluids and corona formation can affect bilayer stability and release properties and 

this can have consequences on release kinetics also after internalization by cells. 

Thus, the same model liposomes loaded with sulforhodamine B (SRB) to mimic 

hydrophilic drugs entrapped in the lumen were used, and their release properties in 
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complex biological environments were compared (Fig. 6). The results showed that 

DOPG liposomes were able to deliver inside cells very high amounts of SRB in a 

short time, but the high uptake efficiency and fast release properties inside cells were 

also accompanied by a substantial loss of the SRB load outside cells upon interaction 

with serum (possibly connected to the higher protein binding capacity observed in 

Chapter 2). On the contrary, the uptake efficiency of  DOPC liposomes was much 

lower (as already observed in Chapter 2) and the intracellular cargo release more 

gradual and sustained over time. This formulation also showed higher stability in 

biological conditions, when exposed to serum, likely also because o f the lower 

protein adsorption. The methods presented in this Chapter allow to address at least 

in part some of the limits of simpler in vitro release studies, in order to characterize 

liposome stability in complex biological fluids and release kinetics inside cells. With 

similar methods and depending on the requirements for specific applications, 

liposome and other nano-formulations can be tuned to achieve the required balance 

between stability in serum and drug release kinetics at the target.  

 
Fig. 6 Characterization of cargo release kinetics from DOPG and DOPC liposomes inside cells and 

in complex biological environments, upon corona formation. DOPG liposomes showed high uptake 

efficiency and fast release properties inside cells, while DOPC liposomes wit h higher stability in 

biological environments showed slow internalization and a more gradual cargo release inside cells.  
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    While several studies, such as Chapters 2-5 presented here, try to understand how 

to tune nanomaterial properties to achieve expected biological outcomes, cell 

membrane nanotechnology is attracting increasing interests as an alternative strategy 

to fabricate nanomaterials with defined interactions with biological systems [22,23]. 

Acute myeloid leukemia (AML) is a cancer of the myeloid line of blood cells with 

high treatment failure due to drug resistance and disease relapse[24]. Increasing 

evidence has suggested that the bone marrow microenvironment (niche), in which 

leukemia cells can reside, plays an important role in the development and evolution 

of this disease. A better understanding of the interactions between leukemia cancer 

cells and their niche can provide novel strategies to target this disease [25]. Within 

this context, in Chapter 6 cell membrane nanotechnology was exploited to prepare 

cell membrane nanoparticles from different leukemia and bone marrow stromal cells 

as a tool to probe the interactions between cancer and stroma.  

    Procedures to extract cell membranes were optimized in order to avoid 

contaminations from other cell compartments and cell membrane nanoparticles were 

prepared by doping synthetic liposomes, such as those used in th e other Chapters, 

with cell membrane components (Fig. 7A). Cell uptake results showed that all cell 

membrane-doped liposomes had higher uptake efficiency in all tested cells than the 

synthetic liposomes (Fig. 7B-D), suggesting that addition of cell membrane 

components favors interactions with cells (possibly cell receptors) and this leads to 

increased uptake levels. In addition, liposomes doped with the stromal cell 

membranes (lipo-ms5) showed the highest uptake (Fig. 7B-D), and this effect was 

the strongest on the stromal cells themselves (Fig. 7E). These results open up 

interesting possibilities for future studies. On the one hand, stromal cell membrane 

nanoparticles can be used as a nanotechnology tool to characterize the interactions 

between stromal and leukemia cells and identify the proteins involved. On the other 

hand, stromal cell nanoparticles may be used to improve drug delivery to leukemia 

cells. On a broader level, identifying the mechanisms behind the higher uptake of 

cell membrane doped liposomes could allow to discover key players in the 

interactions between nanomedicines and biological systems to improve their efficacy.  
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Figure 7. Cell membrane nanoparticles to probe the interactions between stromal and cancer cell in 

acute myeloid leukemia. (A) Schematic illustration of cell membrane-doped liposome preparation. 

Fig. 7A is adapted with permission from Molinaro et al. [26]. (B-D) Uptake of synthetic liposomes 

(lipo) and K562, THP-1 and MS-5 cell membrane doped liposomes (named lipo-k562, lipo-thp1 and 

lipo-ms5, respectively) in different cell lines. The results showed that in all tested cells, the cell 

membrane-doped liposomes had higher uptake efficiency than the synthetic l iposomes, the effect 

being the strongest for lipo-ms5 nanoparticles. (E) Comparison of lipo-ms5 uptake efficiency across 

different cell lines. The results suggested that among the leukemic cell lines uptake of lipo -ms5 in 

K562 cells was more efficient compared to TF-1 and THP-1, and the effect was the strongest on the 

stromal cell themselves.  

 

In conclusion, this Thesis aimed to investigate nanomaterial behavior in complex 

biological systems, in order to define potential new strategies to guide the design o f 

more effective nano-formulations. Using liposomes as a nanomedicine model, we 

have changed the synthetic properties of nanomaterials in a systematic way to tune 

the corona they form once introduced in serum and modulate cell uptake efficiency 
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and kinetics (Chapter 2). Additionally, the effects of different biological fluids - in 

this case serum proteins from different species – on nanomaterial-cell interactions 

were investigated, and we demonstrated that not only the corona composition differed 

strongly in different biological fluids, as many studies already reported, but also that 

the presence of excess free proteins in solution from different fluids played an 

important role in nanomaterial-cell interactions, an aspect which is often overlooked 

(Chapter 3). As a next step, we studied how nanomaterial -corona complexes enter 

cells and interact with intracellular components (Chapters 4 and 5). Interestingly, 

by comparing zwitterionic and negative liposome behavior in biological 

environments, we observed that, beside different corona formation and uptake 

efficiency as shown in Chapter 2, nanomaterials with different surface charge 

entered cells through different endocytic pathways (Chapter 4) and after entering 

cells, they released their cargo in a very different manner (Chapter 5). What’s more, 

we have developed methods which can be used to study drug release kinetics from 

liposomes or other nano-formulations once they are in contact with complex 

biological fluids, following corona formation, and also once they are inside cells 

after endocytosis. These methods address at least partially some of the limits of 

simpler in vitro release methods which are commonly applied (Chapter 5). Finally, 

we exploited cell membrane nanotechnology to dope liposomes with cell memb ranes 

from stromal and leukemia cells in the context of AML, and compare their affinity 

in different cells. Cellular uptake results suggested that stromal cell membrane -doped 

liposomes (lipo-ms5) had the potential to be developed as a tool to characterize the 

interactions between stromal and leukemia cells and in this way to identify novel 

targets for AML treatment (Chapter 6).  

Even though further studies are needed in order to continue to deepen our  

knowledge on how complex biological systems affect nanomaterial behavior, the 

results presented in this Thesis have highlighted important aspects in such 

interactions. Deepening this knowledge will help to tune nanomaterial synthetic 

properties to achieve the desired biological outcomes at cell and organism lev els and 

ultimately accelerate the development of efficient nanomedicines and their clinical 

translation.           
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Nederlandse samenvatting 

    Nanomedicijnen zijn de laatste tientallen jaren steeds verder ontwikkeld, waarbij 

verscheidene materialen van nano-grootte dienen als platform om geneesmiddelen, 

genen en andere materialen af te leveren op de juiste bestemming om zo een ziekte 

te kunnen genezen of te diagnosticeren. Door hun fysisch -chemische eigenschappen 

en de mogelijkheid deze op verschillende manieren te veranderen, hebben 

afleversystemen ten opzichte van conventionele geneesmiddelen en diagnostische 

reagentia vele voordelen. Echter, het blijft moeilijk om nanomedicijnen te kunnen 

gaan gebruiken in klinische formuleringen, zodat patiënten hier profijt van kunnen 

hebben. Hoewel er ieder jaar duizenden artikelen over nanomedicijnen worden 

gepubliceerd, komen er relatief weinig formuleringen op de markt. Veel factoren 

spelen een rol bij de langzame klinische ingebruikname van nanomedicijnen. Een 

belangrijk obstakel is de nog steeds onduidelijke interactie tussen nanomaterialen en 

biologische systemen. In deze context, is het doel van dit Proefschrift het ontrafelen 

van het gedrag van nanomaterialen op cellulair niveau in een complex biologisch 

milieu en het ontwikkelen van nieuwe strategieën die leiden tot het ontwikkelen van 

effectievere nanoformuleringen. Als model voor nanomedicijnen worden in dit 

proefschrift liposomen gebruikt, welke een van de meest gebruikte 

nanoformuleringen in de kliniek zijn. 

    Veschillende belangrijke stappen en barrières zijn betrokken bij de interactie van 

nanomaterialen met complexe biologische systemen, welke elk een voor een 

bestudeerd moeten worden. Ten eerste, als nanomaterialen in een biologische 

omgeving komen, gaan ze onmiddellijk een interactie aan met biologische 

vloeistoffen. Vele eiwitten en biomoleculen adsorberen op de oppervlakte, deze laag 

noemen we de "eiwit-corona". Deze corona verandert het gedrag van het nanodeeltje 

op cellulair niveau. Het is bekend dat de synthetische eigenschappen van 

nanodeeltjes belangrijke factoren zijn die de samenstelling va de corona beïnvloeden 

en er komt steeds meer bewijs dat de corona herkend kan worden door speci fieke 

receptoren op de cel. Dit brengt een interessante mogelijkheid om de samenstelling 

van de corona af te stemmen en daarmee interacties tussen nanomaterialen en cellen 

te beïnvloeden. 
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    In Hoofstuk 2, wordt beschreven hoe een serie liposomen met verschillende 

oppervlakte eigenschappen wordt gemaakt en geoptimaliseerd door verschillende 

ratio’s van DOPC (een lipide met zwitterionen) en DOPG (een lipide met negatief 

lading) te mengen. Op deze manier kunnen specifieke corona’s in humaan serum 

gevormd worden en kan het effect van de corona op de interactie van liposomen met 

de cellen worden bepaald. Het resultaat laat zien dat bij een verandering in de fractie 

van zwitterionische en geladen lipiden, zowel de hoeveelheid als de identiteit van de 

meest voorkomende serumeiwitten, die geadsorbeerd worden aan de liposomen, 

verschillen. Het interessante is dat de verschillende formuleringen ook verschillende 

kinetische profielen in opname laten zien. Door specifieke eiwitten die veel 

voorkomen in de corona’s van de verschillende liposomen, met de kinetische opname 

in de cellen te verbinden, worden de kandidaat corona eiwitten geïdentificeerd die 

geassocieerd kunnen worden met gereduceerde of verhoogde opname door cellen. 

Vergelijkbare benaderingen kunnen worden gebruikt om samenstellingen van 

nanomaterialen op een systematische manier af te stemmen zodat een formulering 

met het gewenste cel-opname gedrag verkregen wordt.  

    Een andere belangrijke factor m.b.t. de corona-vorming is de biologische vloeistof 

waar nanomaterialen zich in bevinden. Veel studies hebben laten zien dat subtiele 

veranderingen in biologische vloeistoffen kunnen leiden tot de vorming van 

verschillende corona’s met hetzelfde nanomateriaal, wat hele verschillende effecten 

heeft op de cellen. Echter, er is relatief weinig aandacht besteed aan de extra effecten 

die de aanwezigheid van vrije biomoleculen in deze biologische vloeistoffen hebben.  

    In Hoofstuk 3, worden de interacties van nanomaterialen met biologische 

systemen bestudeerd door gebruik te maken van verschillende biologische 

vloeistoffen (in dit geval serumeiwitten van verschillende bronnen). Daarnaast 

worden de effecten van de coronasamenstelling in relatie tot de aanwezigheid van 

vrije biomoleculen in de oplossing ontrafeld. Liposomen worden gebruikt als model 

voor nanomedicijnen en hun opname in medium waar runder of humaan serum aan is 

toegevoegd, wordt vergeleken. De opname efficiëntie in de twee verschillende media 

verschilt sterk, zo ook de coronasamenstelling. Echter, als de ov ermaat aan eiwitten 

is verwijderd en de verschillende corona-gecoate liposomen worden toegevoegd aan 

cellen in serum-vrij medium, is de opname van de liposomen vergelijkbaar. Dezelfde 
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resultaten worden verkregen als de corona-gecoate liposomen geherintroduceerd 

worden in medium met humaan of runder serum. Hieruit blijkt dat het verschil in 

opname efficiënties voornamelijk wordt veroorzaakt door de aanwezigheid en als 

mede de bron van het eiwit wat in overmaat vrij aanwezig is in het medium. Deze 

resultaten laten duidelijk zien dat de bron van het eiwit de interactie tussen het 

nanomateriaal en de cel niet alleen beïnvloedt via de eiweitten in de corona maar ook 

via de vrije eiwitten in de oplossing. Gelijkwaardige effecten gerelateerd aan de 

eiwitbron moeten worden meegenomen als de werkzaamheid van nanomedicijnen 

vergeleken gaat worden zowel in vitro, in vivo als in klinische onderzoeken in mensen.  

    Nadat de corona gevormd is, worden de nanomaterialen blootgesteld aan 

biologisch vloeistoffen, daarna hebben ze eventueel een interactie met een 

celmembraan en in de meeste gevallen gaan ze de cel binnen. Sinds kort krijgen 

zwitterionische veranderingen steeds meer aandacht om, als een alternatieve strategie 

voor het gebruik van polyethylene glycol, de eiwit adsorptie te reduceren. Onze 

vorige resultaten uit Hoofdstuk 2 hebben ook laten zien dat het zwitterionische 

DOPC-lipide in liposomen leidt tot een lagere eiwitbinding en een verlaagde opname 

efficiency. Echter, er is nog weinig bekend over het effect van zwitterionische 

modificaties op het mechanisme wat liposomen gebruiken om de cel binnen te gaan. 

Daarom wordt in Hoofdstuk 4 het mechanisme waarmee cellen liposomen opnemen, 

bestudeerd. Er worden liposomen gebruikt die het zwitterionische DOPC -lipide of 

het negatief geladen DOPG-lipide bevatten. Het resultaat laat zien dat het blokkeren 

van belangrijke componenten van verscheidene endocytische routes, een verschillend 

effect heeft op de opname van zwitterionische en negatieve liposomen. Bijvoorbeeld, 

remming van clathrin gemedieerde endocytosis reduceert sterk de opname van 

negatief geladen liposomen, maar heeft bijna geen invloed op de opname van de 

zwitterionische liposomen. Terwijl, blokkade van de micropinocytose de opname 

remt met verschillende omvang voor beide type liposomen. Deze resultaten laten zien 

dat de twee liposomen gebruik maken van verschillende opname routes om de cell 

binnen te komen. Dus introductie van de zwitterionische modificaties beïnvloedt niet 

alleen de eiwit adsorptie en opname efficiëntie (Hoofdstuk 2), maar ook het 

mechanisme waarmee de liposoom door cellen wordt opgenomen (Hoofdstuk 4). Het 

is duidelijk dat er meer werk gedaan moet worden om erachter te komen hoe 
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zwitterionische groepen de corona vorming kunnen beïnvloeden en hoe de verschillen 

in corona leiden tot een verandering in de manier waarop cellen de nanomaterialen 

herkennen en verwerken. 

    Na de opname van nanodeeltjes komt de volgende cruciale stap voor een 

succesvolle aflevering van de geneesmiddelen, het intracellulaire proces, waarbij de 

nanodeeltjes worden gesorteerd en vervoerd en waarin uiteindelijk het vervoerde 

geneesmiddel vrij komt. De methodes die tegenwoordig gebruikt worden voor het 

bestuderen van het vrijkomen van geneesmiddelen, zijn moeilijk te gebruike n in 

biologische vloeistoffen, of kunnen lastig de hoeveelheid lading bepalen die vrij 

gekomen is nadat liposomen de cel zijn binnengegaan. Dit wetende, zijn in 

Hoofdstuk 5 verschillende methodes gebruikt om te bepalen hoeveel lading er 

vrijkomt uit de liposomen als de liposomen de cel is binnengegaan. Daarnaast is ook 

de stabiliteit van de liposomen bestudeerd en de eventuele lekkage van de lading in 

biologische vloeistoffen. Er is gebruik gemaakt van de model liposomen uit 

hoofdstuk 4, welke geladen zijn met sulforhodamine B (SRB) om een hydrofiel 

geneesmiddel, wat gevangen zit in het binnenste van de liposomen, na te bootsen. 

Het vrijkomen van SRB uit de twee verschillende liposomen in complexe biologische 

omgevingen wordt hierbij vergeleken. De resultaten laten voor DOPG liposomen een 

hoge opname efficiëntie en een snelle vrijlating van SRB in de cel zien. Verder 

verliezen DOPG liposomen een substantieel deel van de SRB-lading wanneer het in 

contact komt met serum buiten de cel. Daarentegen is de opname e fficiëntie vele 

malen lager voor DOPC-liposomen en het intracellulaire verlies van de lading gaat 

veel geleidelijker en langzamer. Deze laatste formulering laat ook een hogere 

stabiliteit zien in een biologische omgeving (blootstelling aan serum), welke 

waarschijnlijk komt door een lagere eiwit adsorptie. De methodes die in dit hoofdstuk 

worden beschreven staan toe om ons te richten op tenminste een deel van de 

beperkingen van simpele vrijlatingsstudies in vitro, om zo de liposoom stabiliteit in 

biologische vloeistoffen en de vrijlatings-kinetiek in de cel te kunnen bestuderen. 

Afhankelijk van de vereisten voor de specifieke toepassingen kunnen liposomen en 

andere nanoformuleringen met vergelijkbare methoden worden aangepast om de 

vereiste balans tussen stabiliteit in serum en de vrijlating van het geneesmiddel te 

verkrijgen. 
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    In verschillende studies, zoals in de hoofdstukken 2-5 worden beschreven, wordt 

er geprobeerd om te begrijpen hoe de eigenschappen van de nanomaterialen moeten 

worden veranderd om de juiste biologische uitkomsten te bereiken. Ondertussen trekt 

celmembraan nanotechnologie steeds meer interesse als een alternatieve strategie om 

gebruikt te worden als nanomateriaal die gedefinieerde interacties met biologische 

systemen aan kan gaan. Acute myeloïde leukemie (AML) is een kankersoort van de 

myeloïde lijn van de bloedcellen, welke een hoog risico hebben op het niet aanslaan 

van de behandeling door resistentie tegen het geneesmiddel en het terugkeren van de 

ziekte. Toenemend bewijs heeft aangegeven dat het micromilieu in het beenmerg, de 

plek waar de leukemiecellen verblijven, een belangrijke rol speelt in de ontwikkeling 

en evolutie van deze ziekte. Het beter begrijpen van de interacties tussen 

leukemiecellen en hun verblijfplaats kan leiden tot nieuwe strategieën voor de 

behandeling van deze ziekte. Met dit in gedachten wordt er in Hoofdstuk 6  

celmembraan nanotechnologie gebruikt om celmembraan nanodeeltjes te maken van 

verschillende leukemie en beenmergcellen, welke als gereedschap gebruikt kunnen 

worden om de interacties tussen de kankercellen en de stroma te onderzoeken. 

Procedures om celmembranen te isoleren werden geoptimaliseerd om vervuiling van 

het cel membraan met de cel compartimenten te voorkomen. Vervolgens werden 

celmembraan nanodeeltjes gemaakt door synthetische liposomen, welke ook gebruikt 

zijn in de andere hoofdstukken, te voorzien van celmembraan componenten. Opname 

van de verschillende nanodeeltjes door stroma en leukemie cellen werd bestudeerd. 

De celmembraan liposomen worden sneller opgenomen dan de synthetische 

liposomen en vooral de opname van de uit stroma afkomstige MS-5 celmembraan 

liposomen is hoog in alle cellen, inclusief in de MS-5 cellen zelf. Dit geeft de 

mogelijkheid om stroma celmembraan nanodeeltjes niet alleen  te gebruiken voor het 

karakteriseren van de interactie tussen stromacellen en, maar ook voor het 

ontwikkelen van nieuwe strategieën voor het afleveren van nanomedicijnen aan de 

juiste cel.  

    Concluderend, gebruikmakend van liposomen als een nanomedicijn model, heeft 

dit proefschrift als doel het gedrag van nanomaterialen in complexe biologische 

systemen te onderzoeken om zo potentieel nieuwe strategieën te definiëren die als 

leidraad kunnen dienen voor de ontwikkeling van nog effectievere 
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nanoformuleringen. Hoewel meerdere studies nodig zijn om onze kennis nog verder 

uit te diepen over hoe complex biologische systemen het gedrag van nanomaterialen 

beïnvloeden, de resultaten gepresenteerd in dit Proefschrift hebben belangrijke 

aspecten in zulke interacties benadrukt. Het uitbreiden van deze kennis zal helpen 

om de synthetische eigenschappen van nanomaterialen zo te veranderen dat de 

gewenste biologische uitkomsten worden verkregen in zowel cellen als in organismen. 

Dit zal uiteindelijk bijdragen aan de ontwikkeling van efficiënte nanomedicijnen en 

hun klinische onderzoeken. 
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