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Abstract 
 Liposomes are versatile lipid-based vesicles with interesting physicochemical properties, 

making them excellent candidates for interdisciplinary applications in the medicinal, biological, 

and environmental sciences. The synthesis of mineral-liposome hybrid systems lends normally 

inert vesicles with the catalytic, magnetic, electrical, and optical properties of the integrated 

mineral species. Such applications require an understanding of the physicochemical interactions 

between organic molecules and inorganic crystal structures. This review provides an overview on 

these interactions and details on synthesis and characterization methods for these systems.  

 

1 – Introduction 
 The separation of an external and internal environment is fundamental to biochemical 

metabolism, primarily maintained through the construction of lipid-based membranes found within 

cells. A simple lipid-based structure, the liposome is a lipid-bilayer based vesicle primarily consisting 

of phospholipids and fatty acids, constituting a versatile platform with interesting physicochemical 

properties; being highly tunable, controllable, and customizable, making them excellent candidates 

for a wide range of interdisciplinary applications.  

Lipids are the basic amphiphilic unit constructing liposomes, made of a polar hydrophilic 

head varying in hydrodynamic size and charge, and one or two hydrophobic carbon tails varying in 

length and number of unsaturations [1,2]. As such, lipids spontaneously self-organize into lipid 

bilayer-based vesicles, with the hydrophobic carbon tails facing each other separating the two 

aqueous media on both sides of an hydrophobic core. The nature of the lipids organizing the 

membrane influences several liposomal properties: surface charge, fluidity, phase transitions 

temperatures, permeability, and size [3–6]. While these properties are tunable through lipid 

composition, pH and temperature [3–6] and enhance liposomes specific features such as its 

molecular carrying capacity, they are devoid of catalytic, magnetic, electric, and optical properties 

[7,8].  

Minerals are naturally forming organized crystalline materials with a broad range of 

physicochemical properties applicable to medicine, industry, environmental science, as well as the 

emergence of life. Liposome behaviors are further modified through their interactions with their 

local environment, of note is the wealth of reactions between minerals and liposomes. Various 

minerals are known to integrate within membranes, modifying the chemical, magnetic, or reactive 

properties of the liposome as a result [7]. The highly malleable nature of liposomes combined to the 

wide range of capacities offered by mineral crystals allows one to imagine a myriad of hybrid 

mineral-liposomes systems, some of which are already used in the medical or environmental fields. 

 

Mineral-liposome hybrid systems are extremely interesting in the medical field, both for 

diagnostic or therapeutic applications. Mineral nanoparticles can enhance the drug carrying duty of 

liposomes by repressing, initiating, or modulating their fusion in response to a stimulus (light, 

magnetic field, pH variation) [7]. Controlling stimuli avoids the premature release of the payload by 

increasing the carrying capacity of the liposomes or by increasing the vesicle properties such as 

fluorescence, magnetism, or surface charge [7]. Liposomal encasement allows mineral nanoparticles 

to be soluble in aqueous solutions, increasing their biocompatibility and preventing their aggregation 

within biological fluids, promoting their penetration into cells [7]. More specifically, 

(superparamagnetic) iron-oxide nanoparticles (SPIONs)-embedded liposomes, such as magnetite 

(Fe3O4)-embedded liposomes, are not only used as contrast agents for medical magnetic resonance 
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(MRI) [9] or magnetic particle imaging (MPI), but also for specific magnetic targeting of cancer 

tumors and payload release in response to specific stimuli [10] (temperature [11], electromagnetic 

heating [12], magnetic field [13], photothermal activation [14] or light [15]) leading to a significant 

increase in the accumulation of the liposome-contained drug near the tumor [13,14,16]. For 

instance, the controlled released of the content of 1,2-dipalmitoylphosphatidylcholine (DOPC) 

liposomes decorated with TiO2 nanoparticles can be controlled through the photocatalytic activity of 

these oxides when exposed to UV-light [15].  

 

Persistent pollutants, both anthropogenic and naturally occurring, threaten water resources 

and human health. Some minerals are known to display reactive behaviors towards organic 

contaminants [17] and heavy metals [18], and have been used to degrade or scavenge these 

pollutants within the aquifer themselves. The modification of liposomes using minerals for 

environmental purposes has been demonstrated with clay-liposomes formulations, consisting of 

pesticide-containing vesicles adsorbed onto clay surfaces (e.g. montmorillonite), and are used to 

prevent pesticide leakage in groundwater [19,20], thus reducing its contamination. The use of these 

versatile systems can be extended to the removal of pollutants and microorganisms from water and 

grounds, mainly through adsorption processes, depending on specific formulations [21,22]. The 

further modification of minerals with liposomes then offers potential benefits to environmental 

remediation efforts. For instance, complexes formed from the clay bentonite with 

didodecyldimethyl-ammonium (DDAB) liposomes yielded a significant efficiency in removal from 

water of both herbicides (e.g. S-metolachlor, alachlor) and bacteria [22]. 

 

On the early Earth prior to the emergence of life (~4-3.8 Ga), minerals could have been the 

key structures and catalysts leading to the formation and energetic sustaining of the first cell-like 

biological systems [23–25]. Various minerals have been shown to catalyze lipid vesicle formation 

[23,26,27] and amino-acid synthesis [28], however their catalytic redox properties also make them 

interesting candidates as inorganic precursors of current bioenergetic electron transport chain 

metallo-enzymes [25,29], which allow to produce redox and chemical energy for most of the current 

biological organisms. Simple liposomes could have constituted the first cell-like systems in the form 

of vesicles whose formation was induced out of free lipids following contact with mineral surfaces 

[23,26]. The latter could also have played a role in the selection of those vesicles, by favorizing 

certain kind of liposomes rather than others. Lastly, liposomes naturally generate compartmentalized 

systems, separating an internal medium from the external environment, in which some minerals 

could be used to generate a bioenergetic-like transmembrane cation gradient [23]. The synthesis of 

such a system could be used to test some minerals ability to sustain protocells bioenergetic 

requirements. 

 

 The building of such systems requires a deep understanding of the physicochemical 

interactions underlying the relationship between minerals and lipids, both to understand their 

effects on the intrinsic properties of each component, to understand the potential of such a hybrid 

system, and to perform its synthesis. This review is written in the context of fundamental knowledge 

and instructions for building a never-before-seen mineral-liposome hybrid system, including key 

known interactions between these two components, methods for synthesis and characterization, and 

current applications. This review follows the key mineral and dissolved metal ions properties and 

their effects on the properties of and interaction with the liposome/lipid bilayer. First, the effect of 

metal ions on liposomes is described, as they may be implied in the hybrid system synthesis process, 

either in the case of a co-precipitation synthesis of the mineral from metal ion precursors, or in the 
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case of a release of metal ions from the minerals structure. Then, proper solid phase mineral-

liposome interactions and hybrid systems are presented, followed by synthesis and characterization 

methods. 

 

2 – Properties and consequences of metal ions-liposomes 

interactions 
Many minerals contain metal ions which, when dissolved, have been shown to alter the 

surface properties of liposomes (e.g., charge, fluidity, permeability, lipid composition, and stability). 

These interactions are of importance in two specific cases: when minerals are synthesized through 

co-precipitation of metal ion precursors in presence of liposomes, which can affect the latter 

properties and when minerals of certain types release their metal ions in solution, thus impacting the 

liposomes involved in the mineral-liposome hybrid system. The effect of metal ions on these 

different liposomal parameters is well known and will be detailed here. 

 

2.1 – Effect of metal ions on liposomal surface charge 
Several studies [23,30–33] have shown the impact of dissolved metal cations on liposomes 

surface charge, claiming that this modification is due to the interaction of cations with lipids polars 

heads negatively charged sites, thus masking them at the liposome surface (Figure 1). This effect 

depends on lipids composition, defining the initial number of negatively charged sites, as well as pH, 

which influences the protonation of these sites and their accessibility to binding with cations. 

Liposomes consisting of phosphatidylcholine (PC), a zwitterionic phospholipid bearing one 

positive and one negative charge on its polar head, have been studied when interacting with 

monovalent (Li+, Na+, K+, Cs+)[30], divalent (Ca2+, Mg2+, Sr2+, Ba2+)[33] and trivalent (Al3+, In3+, La3+) [31] 

metal cations solutions, across three different studies. 

Electrophoretic mobility measurements on monovalent cation-containing liposomes suspensions 

displayed an increase in liposome surface charge alongside increasing cations concentrations as 

function of the pH of electrolyte, with surface charge densities shifting from negative to positive and 

increasing by +0,04 C/m2 and +0,03 C/m2 between pH2 and pH11 for 155 µM of Na+, K+ and Cs+ or Li+ 

cations solutions, respectively [30]. Similarly, with divalent cations, the zeta potential of PC liposomes 

measured by dynamic light scattering (DLS) increases from 0 to +6, +7, +10 and +11 Mv at 100 Mm 

concentrations of Ca2+, Mg2+, Sr2+ and Ba2+, respectively, and then concomitantly decreasing to +5 mV 

at 1 µM [33]. The same trend is again observed with trivalent metal cations, as zeta-potential 

increases from -10 mV at pH10 to +30-40 mV at pH6, for all cation types [31]. 

 These results show a common trend of surface charge density increase in PC liposomes upon 

addition of all types of metal cations. 
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2.2 – Effect of metal ions on membrane fluidity, transition temperature and 

liposomes size 
 Several studies have shown a synergic effect of divalent metal cations binding on both 

membrane fluidity, transition temperature and size of liposomes composed of phosphatidic acid 

(PA), phosphatidylserine (PS) or phosphatidylglycerol (PG) phospholipids bearing either saturated (-

DM) or partly unsaturated (-PO) acyl chains. 

 

2.2.1 – Metal ions electrostatic binding to liposomal membranes 

 A study [34] reveals that the binding of divalent metal cations (Ca, Mg, Zn) to DMPA 

liposomes induce the deprotonation of the DMPA headgroups as demonstrated by a decrease of pH 

with increasing cations concentrations, ranging from pH7 at 0 mM to pH4 at 10 mM cation 

concentration. Differential scanning calorimetry (DSC) shows that cation-lipid complexes formation 

resulting in the latter effect depends on the lipid:cation ratio and pH. Indeed, at pH 3-5, DMPA DSC 

heating curves pattern reveal only highly ordered 1:1 lipid:cation complexes upon addition of 

increasing cation concentrations. Meanwhile, at pH7, 2:1 lipid:cation complexes appear in addition to 

highly ordered 1:1 ones when decreasing the lipid:cation ratio in either DMPA:Mg2+, DMPA:Ca2+ or 

DMPA:Sr2+ complexes, as displayed by the splitting of the transition temperature (i.e. the 

temperature at which the lipid bilayer switches from one phase to another, for instance from gel to 

liquid phase) peak towards lower lipid:cation ratios. This is claimed to be due to the binding of cation 

either to single or double negatively charged DMPA, thus forming either 1:1 or 1:2 individual 

lipid:cations complexes across the membrane [34] revealing potential single or double deprotonation 

of the DMPA polar head depending on Ph and ionic strength, allowing electrostatic interactions with 

cations. 

 

2.2.2 – Effect on membrane fluidity 

 Laudran generalized polarization (LGP) measurements, which determine membrane fluidity, 

were performed on either saturated (-DM) or partly unsaturated (-PO) negatively charged 

phosphatidic acid (PA), phosphatidyl-serine (PS) or phosphatidyl-glycerol (PG) liposomes above their 

respective gel-to-fluid phase transition temperatures. These analyses showed a progressive 

membrane rigidification of all liposome types upon addition of increasing µM concentrations of 

divalent metal cations (Co2+, Ni2+, Mn2+, Ca2+ and Mg2+) [32,35] as displayed by positive changes in 

Figure 1: Effect of metal cations binding to phosphatidylcholine (PC) lipids zwiterrionic polar heads on overall 

liposomal membrane surface charge: The binding of metal cations on phosphatidylcholine polar heads negatively 

charged sites, based on their electrostatic compatibility, leads to the masking of these negatives charges and increase 

of the overall membrane surface charge, going from neutral to positive. 
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generalized polarization (GP) values, whereas little effect is observed with liposomes composed of 

zwitterionic phosphatidyl-choline (PC) lipids. In addition to being observed only in negatively-charged 

liposomes, revealing the importance of electrostatic interactions in the interplay between polar 

heads and cations, this effect also depends on both cation type and lipid acyl chain type (saturated or 

unsaturated). Indeed, it is observed that Co2+ has a stronger rigidifying effect than Ni2+, displayed as 

higher ΔGP values, on PA and PG liposomes, and Mn2+ has a stronger effect than Ca2+ and Mg2+ on PA 

and PS liposomes, while all cations are bearing the same charge, expressing a cation-type dependent 

phenomenon. Furthermore, the acyl chains unsaturation level is also impactful, as membranes of 

fully saturated (-DM) lipids are more sensitive to the rigidifying effect compared to their partly 

unsaturated (-PO) homologs. For instance, Mn2+, Mg2+ and Ca2+ cations have the same rigidifying 

effect on both DM- and PO-PS liposomes but higher effect on DMPA liposomes over POPA. Similarly, 

acyl chains differences do not impact Co2+ and Ni2+ effect on PA liposomes, but PG and PS liposomes 

tend to rigidify more after addition of these cations in the case of fully saturated (-DM) lipids type  

 

2.2.3 – Effect on transition temperature 

 Interestingly, transition temperature of liposomes (i.e. the temperature at which the lipid 

bilayer switches from one phase to another, for instance from gel to liquid phase) tends to increase 

alongside membrane rigidification. In the same 2018 study [32], Sule et al. claim, using Laurdan 

generalized polarization, that addition of both Co2+ and Ni2+ tend to increase transition temperature 

in PA, PG or PS liposome bearing either saturated or partly unsaturated tails. For instance, an optimal 

effect is observed when 300 µM of Co2+ or Ni2+ are added to DMPG liposomes and increase the 

transition temperature by 5,5°C and 1,5°C, respectively. 

 Accordingly, the previously mentioned study by Blume et al. showed that the binding of 

divalent metal cations (Ca, Mg, Zn) to DMPA liposomes modified their thermotrophic phase behavior. 

For instance, at pH3-5, increasing Ca2+ and Mg2+ concentrations to 1:80 DMPA:cation ratios increased 

transition temperature from 50°C to 60 and 65°C, respectively.  

 

2.2.4 – Effect on liposome size 

 Following the same trend, Sule et al. [32] showed, using Dynamic Light Scattering (DLS) that 

liposome sizes change alongside membrane fluidity and transition temperature, upon metal cations 

addition. They demonstrated that addition of metal cations such as Mn2+, Ca2+, Mg2+, Co2+ and Ni2+ 

led to an increase of their sizes from an average 137,7 nm to 736.7, 817.1 and 849.9 nm, respectively 

for Mn2+, Ca2+ and Mg2+ 200 µM cation solutions. Similarly, addition of 150 µM Co2+ and Ni2+ led to 

80.4 and 97.3 nm sized DMPA liposomes, respectively, above 54.3 nm pure DMPA liposome size. 

 

The interdependence between liposomes membrane fluidity, transition temperature and size 

can be explained by the fact that they are commonly influenced by the lipids molecular structure and 

headgroup charge [3]. Therefore, they depend on the initial lipid composition and the further binding 

of metal cations, as supported by the results of these studies.   

 

2.3 – Effect of metal ions on lipids composition 
While the effects of cations on liposomes surface charge, size, fluidity, and transition 

temperature are dependent on lipid composition, it has been claimed that they can also influence 

the latter since fatty acids tend to aggregate when divalent cations bind to their negatively charged 

carboxylic head group [23]. Indeed, the interaction of Mg2+ cations with phospholipid/fatty acid 

liposomes composed of a POPC/OA mix led to FA-deprived and PL-enriched membranes by the 

selective interaction of cations with negatively charged fatty acids rather than the zwitterionic 

phospholipids. At high concentrations, Mg2+ cations can then lead to liposomes destabilization, those 
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with the highest PL content being less sensitive, since POPC is more tolerant to cations, being 

neutrally charged (zwitterionic). Indeed, the Mg2+  

 concentration at which vesicles are destabilized increases from 5 Mm for pure FA vesicles to 

20 Mm for OA/POPC mix at a 10:1 ratio, and reaches 50 Mm of 1:1 ratios. Similar observations were 

made with Mg2+ and Ca2+ binding to OA-DOH liposomes, with Ca2+ showing stronger destabilizing 

behavior since its smaller hydration sphere leads to stronger interaction with fatty acids 

headgroups[23].  

 

These results reveal that, when building a liposome/mineral system, the effect of dissolved 

metal ions partly composing the mineral on several key membranes properties must be considered 

to ensure the stability and correct function of the vesicles. In addition to foreseeing cations influence 

on liposomes properties such as surface charge, fluidity and size, parameters such as lipids 

composition, pH and temperature must be finely tuned throughout the experiment to maintain 

them. These effects depend on the type and concentration of the metal ions partly composing the 

mineral, and the latter tendency to release them in solution. A knowledge of the atomic composition 

and crystal structure of the minerals is therefore necessary to understand which metal ions are likely 

to interact with the membrane and to what extent. 

 

 

 

3 – Properties and consequences of mineral-liposomes interactions 
3.1 – Influence of size 

Potential mineral-liposomes interactions are mainly determined by the relative size of each 

component. Liposome sizes can range from tens of nm to several µm for the largest ones while 

mineral crystals sizes vary from few nm to several micrometers. In the literature, researchers are 

primarily interested in optimizing liposome size to ensure drug delivery or mineral encapsulation, the 

latter requiring a high liposome:mineral size ratio. However, in seeking mineral membrane-

embedded liposomes, the critical parameter is the lipid bilayer thickness rather than the vesicle 

diameter. Indeed, in this case, mineral crystal size must match the thickness of the bilayer, which can 

vary between 4 nm for PC liposomes to 10 nm for the largest phospholipids. If the size of the mineral 

crystal is smaller than that of the liposome (<10 nm), we can expect them to be present in the 

internal volume of the liposome or bonded to either side of the membrane in the case of hydrophilic 

crystals, or incorporated into the lipid bilayer in the case of hydrophobic crystals matching the bilayer 

thickness [7]. Conversely, when mineral crystal size is above that of the liposomes (>1 µM), the latter 

can be adsorbed on their surface [23,26,36]. Not only will relative size influence the type of hybrid 

system that is potentially formed, but it will also determine the mineral crystal-to-liposome ratio in 

those systems. 

 

3.2 – Influence of electrostatic interactions, Van der Waals forces, hydrogen 

bonding and covalent bonding 
 The physicochemical properties of the mineral particles and the liposomes are the most 

important factors in mineral-liposome interactions. As demonstrated with cations, contact 

interactions between minerals and liposomes are controlled by their electrostatic properties [1–3,6], 

but also by Van der Waals forces, hydrogen bonding and covalent bonding; especially depending on 

pH, ionic strength, and mineral and liposome types, and concentrations [8,23]. These properties 

were studied in three specific cases resulting from lipid-mineral surface contacts: a) liposome 
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adsorption, b) formation of supported lipid bilayers (SLB) and c) enhanced vesicle formation on 

mineral surfaces. The adsorption of different type of lipids, from fatty acids to phospholipids on 

several types of minerals, from metal oxides to silicate and layered double hydroxides (LDHs) was 

studied. The type of lipids and minerals involved influence the nature of physical interactions taking 

place and the type of system formed by this interplay. 

In 2016, Liu et al. [8] revealed mineral-dependent interaction differences for PC liposomes with 

various minerals (e.g. SiO2, TiO2, Fe3O4, ZnO) depending on surface charge and chemical structure. 

Due to these differences, they are either a) adsorbed or b) forming SLBs on the mineral surface, the 

latter being a consequence of the former after fusion of the liposome on the mineral surface. 
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3.2.1 – Liposome adsorption 

 Cryo-TEM analysis [8] showed adsorption of DOPC liposomes without further SLB formation 

on all three types of metal oxides as well as SiO2 (Figure 2A). However, given that the presence of 

free phosphate ions and high pH (11) inhibits PC liposome adsorption on metal oxides but the latter 

cannot disrupt an already established adsorption on TiO2, a different involvement of the PC 

phosphate group is proposed for the interaction with either metal oxides or silicate. While 

adsorption of PC liposomes on silicate has been  attributed to on Van der Waals forces across a 1 nm-

thin layer of water between lipids headgroups and mineral nanoparticles (“physisorption”), it is 

proposed that PC adsorption on TiO2 is based on a covalent bond resulting of a nucleophilic attack 

from the lipid phosphate towards a Ti4+ cation from the mineral surface(“chemisorption”) (Figure 2B) 

[8]. This explains the deleterious effect of high pH on the liposome-TiO2 interaction, as the Ti center 

is deprotonated and negatively charged, making it an unfavorable target for the nucleophilic attack 

[8]. 

 

 

 

Figure 2: Types of lipid-mineral interactions (electrostatic interactions, Van der Waals forces, hydrogen bonding, 

covalent bonding) and their consequences on liposome-mineral systems (liposome adsorption, supported lipid 

bilayers, enhanced vesicle formation) : 

(A): From left to right: Zwitterionic liposomes (depicted in orange) are adsorbed on a negatively-charged mineral surface 

(in black and red) then fuse and spread to form supported lipid bilayers at the contact of the mineral, involving different 

type of lipid-mineral interactions covalent bonding, Van der Waals interactions and hydrogen bonding, depending on 

the mineral’s nature. 

(B): Types of lipid-mineral interactions. Left panel: Interactions involving oxygen atoms of negatively-charged mineral 

surfaces (e.g. SiO2, TiO2) with phosphatidylcholine zwiterrionic polar-heads. From left to right: Covalent bonding 

between an oxygen atom from a TiO2 crystal’s surface and an oxygen atom from the PC plar head following a 

nucleophilic attack. Van der Waals interactions between deprotonated SiO2 surface oxygen atoms and PC polar heads 

nitrogen atoms across a water layer. Hydrogen bonding between mineral surface protonated oxygen atoms and PC 

polar head’s oxygen atoms and negatively charged (e.g. PE) polar head’s oxygen atoms. Right panel: Electrostatic 

interactions involving positively-charged mineral surfaces and negatively charged phospholipid polar head’s 

deprotonated oxygen atoms. 

(C): Direct (top panels) or indirect (bottom panels) interaction of either free lipids, micelles or lipid bilayers composed 

of zwitterionic (in orange) or negatively charged (in blue) lipids with negatively (left panels, in red) or positively (right 

panels, in green)-charged mineral surfaces leads to enhanced vesicle formation compared to mineral-free systems. 

Direct contact: Top-left panel : Zwiterrionic (in orange) and negatively-charged (in blue) lipids interact directly with 

negatively-charged mineral surfaces based on covalent bonding, Van der Waals forces and hydrogen bonding. These 

interactions lead to the formation of a lipid matrix adsorbed at the surface of the mineral, serving as a template for lipid 

bilayers enclosing and formation of either zwiterrionic or negatively-charged liposomes.  Top-right panel: Negatively-

charged lipids interact with positively-charged mineral surfaces thanks to hydrogen bonding with higher affinity and rate 

compared to lipid-negatively-charged minerals interactions. These interactions lead to the formation of a lipid matrix 

adsorbed at the surface of the mineral, serving as a template for lipid bilayers enclosing and formation of negatively-

charged liposomes with a higher formation rate compared to negatively-charged mineral surfaces. 

Indirect contact : Bottom-left panel :  Interaction of zwitterionic phospholipid bilayers (in orange) with negatively-

charged mineral surfaces (in red) excludes solvent and positive counterions (green dots) from the proximity of the 

surface, thus extending the electric double-layer (depicted as a dotted line) and its electrostatic effect 7 nm away from 

the surface and allowing the vesicle formation enhancement process to occur without direct contact at greater 

distances, based on electrostatic interaction,  hydrogen bonding and van der Waals forces. Bottom right panel: With the 

same principle, interaction of zwitterionic phospholipid bilayers with positively-charged mineral surfaces (in green) leads 

to a thicker electric double layer (depicted as a dotted line) extended up to 13 to 15 nm away from the surface, where 

lipid adsorption occurs and leads to vesicle formation enhancement. 
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3.2.2 – Supported lipid bilayers (SLB) formation 

 PC membrane formation on silica (SiO2) surfaces under the form of SLBs (Figure 2A) was 

shown [8] to rely on electrostatic interactions involving not only Van der Waals forces but also an 

interplay of ionic strength, pH and divalent cations contributions. Similar phenomena exists with TiO2 

particles which require higher liposome concentrations and incubation time [37] and decreased pH 

with additional Ca2+ [38–40],suggesting the different modes of interaction deciphered on the 

“liposome adsorption” section. 

 

3.2.3 – Enhanced vesicle formation 

 The lipid adsorbing properties of various minerals (e.g silicates, metal oxides, clays) have 

been extensively studied for their ability to facilitate vesicle formation, revealing the dynamics of 

their interactions. The rate of vesicle formation is increased in presence of minerals either from 

micelles or during rehydration of a dried lipid film, either with direct contact or indirect interaction, 

and depending on the isoelectric point (IEP) and reactive surface area of the mineral [23].  Mineral-

lipids direct contact is thought to involve not only electrostatic interactions, but also Van der Waals 

forces and hydrogen bonding (Figure 2B), as described above, in numerous minerals such as corindon 

(Al2O3), goethite (-FeOOH), zincite (ZnO), silica (SiO2), anatase (TiO2), montmorillonite 

((Na,Ca)0,3(Al,Mg)2Si4O10(OH)2·n(H2O)) and pyrite (FeS2), etc. Electrostatic forces are a key factor for 

the adsorption of lipids since negatively-charged single-chain phospholipids have a higher adsorption 

and vesicle formation rate on positively-charged minerals (alumina, goethite, zincite) compared to 

negatively-charged ones (silica, anatase, montmorillonite, pyrite) [27,41,42] (Figure 2C, top panels). 

However, adsorption can happen even if vesicles and minerals hold the same charge thanks to 

hydrogen bonding between lipid head groups and the mainly neutrally charged surface sites of the 

Figure 3:  Cryo-transmission electron microscopy image of phosphatidylcholine liposomes (red arrows) of 100-200 

nm in diameter adsorbed at the surface of µm-sized crystals of layered-double-hydroxide (LDH) hydroxycarbonate 

Green Rust {[Fe
2+

(1-x) Fe
3+

x (OH-)2]
x+

 [CO3
2-

(x/2) H2O (y)]
x-

} (black arrows) (unpublished data). 

https://www.google.com/search?client=firefox-b-d&sxsrf=APwXEdcys-LBbzTGXcmcv5e5n7kh0HEezg:1682674159693&q=Na&stick=H4sIAAAAAAAAAONgVuLSz9U3MDItTjOIX8TK5JcIAD6ScU4TAAAA&sa=X&ved=2ahUKEwjvrr7cocz-AhXRYMAKHfcBBaYQmxMoAXoECHUQAw
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minerals (Figure 2B), as well as Van der Waals interactions [43]. Comparable interactions were 

proposed with Mg3Al double-layered hydroxides inducing spontaneous vesicle formation in 

SDS:DTAB (8:2 ratio) micelle solutions, thanks to the interaction between positively charge LDH 

surfaces and negatively charged micelles or free amphiphiles, leading to their aggregation and 

facilitating vesicles formation [36] (Figure 2C, top panels). The importance of mineral crystal phases 

rather than free metal cations in this phenomenon is justified by the vesicle rate formation from 80 

mM fatty acids micelles (myristoleic, palmitoleic and oleic acid) interacting with variously sized, 

charged and shaped mineral suspensions being unaffected by the addition of cation chelators (e.g. 

EGTA, EDTA) [26]. 

Furthermore, Van der Waals and electrostatic interactions has been proven to be involved in 

mineral-promoted vesicle formation enhancement without direct contact, depending on the 

concentration of zwitterionic phospholipids interacting with rutile, quartz and corundum surfaces 

[23,26,27,41,42] (Figure 2C, bottom panels). In these systems, several free lipids bilayers are 

adsorbed at the surface of the minerals, coordinated by Van der Waals forces between lipids bilayers 

and with mineral surfaces. Solvent and counterions usually interacting with the mineral are excluded 

further away from the surface by the interacting lipid bilayers, thus pushing the electric double layers 

several nanometers away and extending the effect of the mineral surface electrostatic charge. At low 

phospholipid concentration (0,65 mM), adsorption is higher on rutile compared to quartz and 

corundum, which is consistent with the decrease of Hamaker constants, showing a greater 

contribution of Van der Waals forces at this lipid concentration [44]. Meanwhile, at high phospholipid 

concentration (1 mM) adsorption is higher on corundum compared to rutile and quartz, following the 

decrease of those minerals surface charge and showing a greater impact of electrostatic interactions. 

 

3.3 – Influence of hydrophobic interactions 
 The phospholipids constituting liposomes are composed of one or more hydrophobic “tails” 

that are acyl-chains of varying length and number of unsaturations, connected to a polar hydrophilic 

“head” based on polar molecule-esterified glycerol 3-phosphates [1,2]. The hydrophobic interaction 

between fatty acid aliphatic chain “tails” is the primary driving force for the formation of liposomal 

bilayers in aqueous solution, meaning that any membrane-embedded particle must possess strong 

enough surface hydrophobic properties to interact with lipids hydrophobic tails. Since minerals may 

not be intrinsically hydrophobic [45], one solution to incorporate minerals inside the liposomal 

membrane is to functionalize its surface using amphiphilic molecules. The size of the mineral particle, 

including the eventual surfactant coating agent, must be matching the lipid bilayer thickness in order 

to be incorporated into the membrane, or have a size-matching hydrophobic surface [7,46]. 

 While necessary, the functionalization may however impact the liposome properties, as the 

incorporation of hydrophobic nanoparticles induces several changes related to lipids packing 

disruptions [46]. For instance, 5 nm hydrophobic oleic acid capped superparamagnetic iron oxide 

nanoparticles (SPIONs) embedded into DPPC bilayers lead to an increase of its transition 

temperature, meanwhile incorporation of decanethiol-covered Au-NPs rather lowers the transition 

temperature at a high lipid-to-nanoparticle ratio with an increase of membrane fluidity by reduction 

of lipid ordering.  

Hydrophobic nanoparticles generate “unzipped” areas corresponding to disruptions in lipids packing 

inside the membrane, that tend to fuse to decrease deformation free energy, leading to 

nanoparticles clustered aggregations. It may lead to the formation of pores inside the membrane, 

increasing liposomes permeability. Then, effects of hydrophobic nanoparticles addition on liposomes 

properties, especially fluidity, permeability, and transition temperature, must be foreseen [46]. 
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4 – Synthesis methods for liposomes-minerals systems 
4.1 – Hydrophobic functionalization of minerals 
 Some synthetic hybrid liposome-mineral systems embed vesicles lipid membranes with 

hydrophobic nanoparticles, as seen with iron-oxide embedded “magnetoliposomes”, used in the 

medical field for both diagnostic and therapeutic purposes. As described above, functionalizing 

minerals is necessary to induce lipid-mineral hydrophobic interactions. Functionalization protocols 

are mineral type-dependent, since the interaction of the coating agent with the surface depends on 

its atomic composition and structure [9,13,47–49].  

Natural clinoptilolite, for example, belonging to the hydrated aluminosilicate porous minerals 

known as zeolites, has been functionnalized by Huang et al. using the interaction of its surface OHs 

with 3-aminopropyltrimethoxysilane through a covalent bond with oxygen [47]. Another group [48] 

has developped  a method to functionalize the surface of the apatite mineral using lauroyl chloride. 

Finally it has been demonstrated that  superparamagnetic iron oxide nanoparticles (SPIONs), used as 

contrast agents (CAs) for magnetic resonance imaging (MRI), often intrinscally hydrophobic when 

synthesized using thermal decomposition of metal precursors [9], is hydrophilic when synthetised  

through hydrolytic methods such as co-precipitation of metal precursors [49]. In order to be 

incorporated into liposomal membranes, SPIONs have been functionalised  using palmityl-nitroDOPA, 

claimed to bind to SPIONs surface through its hydrophilic DOPA head and to interact with the 

bilayers hydrophobic parts through its palmityl carbon chain [13]. 

 

4.2 – Synthesis of mineral-liposomes systems 

 There are several methods for producing liposome-mineral systems, with minerals 

interacting at the external or internal site of the membrane, embedded into it, or contained in the 

internal medium of the vesicle [7]. One set of methods relies on the mixing of an organic and an 

aqueous solvent, each containing one of the two components (liposomes or minerals), another relies 

on the incorporation of inorganic mineral nanoparticles during the drying-rehydration steps of 

liposome synthesis, and a final one is based on the co-precipitation of metal-precursors directly 

inside liposomes. Finally, liposomes can also be adsorbed onto large mineral surfaces in a durable 

manner.  

 

4.2.1 - Solvents mixing methods 

There are two distinct protocols (Figure 4-1). The first, called ethanol injection (Figure 4-1A), 

starts with lipids suspended in a water-miscible organic solvent (e.g. ethanol) and then injected 

under vigorous stirring into a larger volume of water. These lipids then rearrange at the water-

organic solvent interface based on their amphiphilic nature and to form phospholipids bilayers 

naturally closing into liposomes. Depending on their nature, the mineral nanoparticles can be added 

in the aqueous solvent, if they are hydrophilic, and will be incorporated inside the liposomes, or in 

the organic solvent, if they are hydrophobic, and will be embedded inside the bilayer.  

The second protocol, called reverse phase evaporation (or emulsification) (Figure 4-1B), is based on 

the addition of an aqueous solvent to an organic solvent containing lipids, generating water droplets 

surrounded by the hydrophilic polar heads of the lipids in a monolayer vesicle system. The organic 

solvent is then evaporated under reduced pressure to obtain an aqueous suspension of liposomes. 

Again, mineral nanoparticles are initially suspended in either solvent depending on their nature. At 

the end of both these protocols, NPs in solution and residual solvent are removed using dialysis, 

(ultra)-centrifugation or size exclusion chromatography [7] 
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Figure 4-1: Solvent mixing methods for hybrid mineral-liposome systems: 

(A) Ethanol injection method: A water-miscible organic solvent containing lipids and possibly hydrophobic 

nanoparticles is injected in a larger volume of aqueous solvent possibly containing hydrophilic nanoparticles, 

leading to the reorganization of the lipids at the water-organic solvent interface under the form of free lipid 

bilayers naturally enclosing into unilamellar liposomes. The suspension may however be tratead by ultra-

centrifugation to remove traces of the organic solvent or ultra-centrifugation to get rid of unincorporated 

nanoparticles.  

(B) Reverse phase evaporation method: An aqueous solvent possibly containing hydrophilic metal nanoparticles is 

mixed with an organic solvent containing lipids and possibly hydrophobic nanoparticles, generating water droplets 

surrounded by lipids called inverted micelles. Evaporation of the organic solvent leads to the re-organization of 

the lipids into multi-lamellar vesicles (MLVs) embedded the hydriphobic nanoparticles and/or containing 

hydrophilic nanoparticles, that can be transformed into unilamellar liposomes through sonication, extruder or 

freeze-thawing treatment of the suspension. 
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4.2.2 – Lipid film rehydration methods 

An organic solvent (i.e. chloroform/methanol or ethanol) containing suspended lipids is 

evaporated to obtain a lipids film (Figure 4-2). The latter is then rehydrated either with an aqueous 

solvent (thin-film rehydration method) (Figure 4-2a) or with a detergent solution at high critical 

micellar concentration (CMC) (detergent depletion method) (Figure 4-2b), under vigorous shaking 

[7].  

In the first case, lipids bilayers constituting the lipids film are resuspended and reorganized to 

form liposomes enclosing or embedding mineral nanoparticles [50,51]. It is to note that addition of 

Ca2+ or Mg2+ should promote vesicle formation during this step in PC liposomes, based on 

electrostatic repulsion [52]. In the second case, vortexing and sonication are added to form mixed 

micelles composed of both lipids and detergent in which mineral nanoparticles are trapped. 

Detergent is then removed from solution using dialysis, size exclusion chromatography, dilution or 

BioBeads, forcing detergent molecules to leave the micelles for the solution in order to maintain the 

equilibrium, inducing the merging of the lipids bilayer fragments until formation of liposomes. Here 

again, the addition of mineral nanoparticles either in the initial organic solvent before evaporation 

[12,14,49], or in the rehydration aqueous solvent [51,53–55] which depends on the hydrophilic or 

hydrophobic nature of the mineral, will define their incorporation either inside the bilayer, or within 

the internal liposomal volume, respectively [7]. These methods however have a low incorporation 

rate, and need further steps to get rid of nanoparticles and solvent traces in solution. They also lead 

to the synthesis of multilamellar vesicles (MLVs) with a broad size distribution, which may be 

corrected by sonication, extrusion or freeze-thawing. 
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4.2.3 – Mineral nanoparticles synthesis inside liposomes 

In order to produce liposomes containing higher concentration of mineral nanoparticles, this 

method relies on the co-precipitation and/or reduction of metal precursors in the intravesicular side 

of the liposome, thanks to the diffusion of active molecules through the lipids bilayer (Figure 4-3). 

For instance, some protocols are proposed where Fe(II) and Fe(III) precursors are encapsulated inside 

liposomes during rehydration of the lipids, then co-precipitated inside the vesicle thanks to the 

diffusion of either HO- [56]  or NaOH [51] from the aqueous solution through the bilayers, resulting in 

the formation of iron oxide-containing liposomes. A study from Kang et al. showed that this method 

can be applied to a broad range of minerals, since they were able to produce Au, Ag, Pd, Pt and 

hybrid-nanoparticles-containing liposomes based, conversely, on the diffusion of metal precursors 

from the aqueous solution to the inside of the liposomes containing reducing agents [57]. 

Figure 4-2: Lipid film rehydration methods for hybrid mineral-liposomes systems synthesis: 

An organic solvent containing lipids and possibly hydrophobic nanoparticles is evaporated in a round-bottom flask to 

form a lipids film composed of multiple lipid bilayers that is then rehydrated with either an aqueous solvent (a) 

possibly containing hydrophilic nanoparticles or a detergent micelle aqueous suspension (b). In the first case (a), 

rehydration leads to the swelling of the bilayers that naturally enclose into multilamellar vesicles (MLVs) embedded 

with hydrophobic nanoparticles and/or containing hydrophilic nanoparticles, that can be transformed into unilamellar 

liposomes through sonication, extrusion or freeze-thawing of the suspension. In the second case (b), the rehydrated 

lipid bilayers are mixed with detergent to form mixed-micelles containing hydrophobic nanoparticles. After removal of 

detergent using dialysis, size exclusion chromatography, dilution or biobeads, unilamellar liposomes are formed 

embedded with hydrophobic nanoparticles or containing hydrophilic nanoparticles. 
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4.2.4 – Liposome-adsorbing large mineral surfaces 

Preparation of mineral surfaces adsorbing liposome can be done by mixing already 

synthesized mineral crystals with either free lipids solutions or micelle suspensions, as described in 

part II-2, or already synthesized liposome suspensions (Figure 2). Concerning the latter, for instance, 

clay-liposomes composed of DDAB (Dimethyldioctadecylammonium) liposomes adsorbed on 

montmorillonite surfaces for controlled vesicle-contained herbicide release were obtained after 

mixing a DDAB lipids solution with a clay suspension under stirring, followed by continuous shaking 

at 20°C during 3 days [19]. Meanwhile, DTPC (1,2-dimyristoylphosphatidylcholine) and DPPC (1,2-

dipalmitoylphosphatidylcholine) lipid bilayers adsorption on rutile, quartz and corundum was 

observed after simple mixing of liposomes and metal-oxides suspensions [44]. In this case, unlike the 

previous synthesis methods, both liposomes and mineral crystals must be synthesized among mixing, 

and size matching should be considered, with mineral crystals larger than the vesicles diameter, to 

prevent the formation of mineral-containing liposome systems. 

 

5 – Techniques for characterization of hybrid mineral-liposomes 

systems 
The characterization of mineral-liposome systems faces several issues, including determining 

the effect of the interaction on the properties of mineral and liposome, as described above, and 

observing the overall system without perturbing the solution.  

Determining the key mineral and liposomal properties is a first step in understanding the 

overall hybrid system. These properties include the lipid composition, surface charge, fluidity and size 

of the liposome, and the size, surface charge and chemical composition of the mineral. Second, it is 

necessary to elucidate the interaction between minerals and liposomes, the hybrid system it forms 

and the type of interactions it relies on. The following table (Table 1) lists the different techniques 

used to decipher these different aspects, the information they provide and the associated papers. 

 

 

 

 

 

 

 

 

 

Figure 4-3: Co-precipitation method for hybrid mineral-liposome systems synthesis: 

(A) The lipid film is rehydrated using an aqueous solution containing osmotically inactive reducing agents necessary for 

the co-precipitation of metal-precursors, leading to the formation of reducing agent-containing liposomes. Addition of 

osmotically active metal precursors in the suspension, and their diffusion through the lipid bilayers to penetrate the 

liposome internal medium allows reducing agents to initiate the co-precipitation of metal precursors, leading to the 

synthesis of mineral crystals directly inside the liposome. 

(B) The lipid film is rehydrated in an aqueous solution containing the osmotically inactive metal precursors, leading to 

the formation of metal precursors-containing liposomes. The addition of osmotically active reducing agents in the 

liposome suspension, and their diffusion through the liposomes membranes allow the co-precipitation of the metal 

precursors inside the liposome, leading to the synthesis of mineral crystals-containing liposomes. 
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Table 1: Useful techniques to decipher liposomes, minerals or hybrid liposome-mineral systems key 

properties. 
Component Technique Properties and information Constraints References 

 
 
 
 
 
 
 

MINERAL 

 
X-ray 

Diffraction 
(XRD) 

• Mineral crystal phase, structure, 
and particle size 
• Miller indexes corresponding to 
the different atomic plans inside 
the crystal structure 

 [8,10,18,35,51, 
55,58] 

 
 
 
 
 
 

Dynamic 
Light-

Scattering 
(DLS) 

 
 
 
 

• Crystal size distribution  
• Zeta-potential and 
electrophoretic mobility 

• Inappropriate for oxidation-
sensitive crystals  
• Inappropriate for sedimenting 
crystals in the case of zeta-
potential measurement 

[11,54,54,55] 

 
 
 
 
 
 
 
 
 
 
 
 

LIPOSOME 

• Liposome size distribution 
 • Surface zeta-potential and 
electrophoretic mobility 

• Unable to inform about the 
lamellarity of the vesicles (i.e. 
the number of lipid bilayers) 

[13,14,49,59,60] 

Differential 
Scanning 

Calorimetry 
(DSC) 

• Phase transition temperatures 
of lipid bilayers 

• Temperature ranges may be 
inappropriate to maintain the 
stability of certain high 
temperature-sensitive minerals 

[12,34,35,61] 

Laurdan 
Generalized 
Polarization 

(LGP) by 
Fluorescence 
Spectroscopy 

• Changes in lipids environment 
polarity displayed by a shift in 
Laurdans dye fluorescence 
emission 
• Membrane fluidity 
• Phase transition temperatures 

 [32,35,62] 

 
Small-Angle 

Neutron 
Scattering 

(SANS) 

• Structure factors of the 
liposome membrane 
• Membrane structure and 
deformations  
• Lipid bilayer hydrophobic 
thickness 
• Lipids organization 

 [13,60] 

 
 
 

Confocal-
fluorescence 
microscopy 

• Lipids composition and 
organization within the 
membrane 
• Membrane dynamics 
• Vesicle formation in contact 
with mineral surfaces 
• Observation of lipid type-
specific localization  
• Observation of liposome 
formation 

• Use of specific fluorescence-
labelled lipids 

[26] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fourier-
Transform 

Infrared 
Spectroscopy 

(FT-IR) 

• Vibration frequencies of typical 
(in)organic moieties 
• Interactions between chemical 
groups 
(i.e., cations and polar heads) 

 [14,34,48,63] 

 
Scanning 
Electron 

Microscopy 
(TEM) 

• Interplay between liposomes 
and mineral crystals 
• Image of the overall liposome-
mineral hybrid system 

• Dehydrated sample and 
contact with the carbon grid 
may flatten the liposomes and 
modify (disrupt or enhance) 
lipid-mineral interactions 
compared to the aqueous phase 

[11,14,64,65] 

 
 

• Interplay between liposomes 
and mineral crystals 

• Observation of a 2D-projection 
of a 3D space which then cannot 

[56,60,66] 
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HYBRID 
MINERAL-
LIPOSOME 
SYSTEM 

Cryo-
Transmission 

Electron 
Microscopy 
(cryo-TEM) 

• Image of the overall liposome-
mineral hybrid system in 
amorphous ice, giving an 
observation of a close-to-solution 
state of the system 

give information about the 
height structure of an element 
contained in the 300 nm thick 
ice layer. Makes it difficult 
deciphering the location of 
mineral nanoparticles regarding 
the liposomes and vice-versa. 

 
 

Cryo-EM 
tomography 

• Interplay between liposomes 
and mineral crystals in the three-
dimensional space 
• Series of tilted 2D images used 
to build a reconstituted 3D model 
of the overall hybrid system 

 [66] 

 
 
 
 
 
 
 
 

Atomic Force 
Microscopy 

(AFM) 

• Nanometric size and shape of 
both components 
• Liposome-mineral relationship 
in the overall hybrid system 
(location, size ratio, repartition) 
• Vesicle adsorption on mineral 
• Repartition of hydrophobic or 
hydrophilic coating of mineral 
nanoparticles 
• Surface mapping of either 
components or of the overall 
hybrid system at a nanometric-to-
atomic scale (vesicles absorbed 
on mineral surface, specific 
mineral nanoparticle-membrane 
interactions, liposome intrinsic 
structure) 
• Mapping minerals surface 
defects due to surfactant coating 
or penetrating the underlying 
crystalline structure. 

• Dehydrated sample may lead 
to liposome flattening and 
modified (disrupted or 
enhanced) lipid-mineral 
interactions compared to the 
aqueous phase 

[9,44,46,67–69] 

 

Conclusion 
The construction of a mineral-liposome hybrid system relies on the many interacting 

properties of these components, which must be finely tuned to achieve the desired structure and 

function. While liposome/lipid bilayer properties such as surface charge, membrane fluidity, lipid 

composition and size should match with both experimental conditions and mineral type, the latter 

also influences these properties, for instance adding catalytic capacities. Anticipating these type of 

effects helps to avoid the destabilization of either the liposomes or minerals due to incompatible 

setup conditions (pH, temperature, cations concentrations) or undesired interactions side-effects. 

Mineral-liposome/lipid bilayers interactions rely on a fine interplay between electrostatic 

interactions, Van der Waals forces, hydrogen bonding, covalent bonding, and 

hydrophilic/hydrophobic interactions. Based on these and on each components properties, several 

types of systems can be formed: hydrophobic mineral nanoparticles-embedded liposomes, 

nanoparticles containing liposomes, nanoparticle-surface decorated liposomes or liposomes 

adsorbed on a mineral surface. Therefore, the type of system formed can, to some extent, be 

predicted based on the characteristics of minerals and liposomes, and reciprocally, the type of 

liposomes and minerals can be chosen to obtain a system with the desired properties. To confirm 

this, the synthesized system can be characterized using microscopic, spectroscopic, calorimetric, and 

other bio-physical methods. Mineral-liposome hybrid system are of major importance both in applied 

science, with their numerous medical and environmental applications and in fundamental science, in 

which they are behind several theories and hypotheses. A more complete understanding of these 

types of systems, through thorough characterization, is necessary to improve, optimize and extend 
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their use in the future. By deciphering mineral-liposomal interactions and reactions more complex 

systems can be imagined, to further explore their medical, environmental, and fundamental 

potentials. 

 

Acknowledgements 

This work received support from the French government under the France 2030 investment 
plan, as part of the initiative d'Excellence d'Aix Marseille Université (A*MIDEX -AMX-21-PEP-039) in 
addition to a grant from the French Agence Nationale pour la Recherche (ANR-22-CE30-0035-01). 
We thank Jean-Michel Guigner and François Guyot at IMPMC (Institut de Minéralogie, de Physique 

des Matériaux et de Cosmochimie) in Paris for their expertise and performing the handling and 

acquisition of the cryo-EM images displayed in Figure 2, as well as Daniel Ferry and Olivier Grauby 

from CINaM (Centre Interdisciplinaire des Nanosciences de Marseille) and François Guyot for helpful 

discussions on this topic. 

 

Conflicts of interest 

The authors declare no conflict of interest. 

 

References 
[1] E. Fahy, D. Cotter, M. Sud, S. Subramaniam, Lipid classification, structures and tools, Biochimica 

et Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids. 1811 (2011) 637–647. 
https://doi.org/10.1016/j.bbalip.2011.06.009. 

[2] G.T. Hermanson, Preparation of liposome conjugates and derivatives, in: Bioconjugate 
Techniques, Academic Press: San Diego, CA, USA, 1996: pp. 858–899. 

[3] P.C. Soema, G.-J. Willems, W. Jiskoot, J.-P. Amorij, G.F. Kersten, Predicting the influence of 
liposomal lipid composition on liposome size, zeta potential and liposome-induced dendritic cell 
maturation using a design of experiments approach, European Journal of Pharmaceutics and 
Biopharmaceutics. 94 (2015) 427–435. https://doi.org/10.1016/j.ejpb.2015.06.026. 

[4] K. Makino, A. Shibata, Chapter 2: Surface Properties of Liposomes Depending on Their 
Composition, in: A.L. Liu (Ed.), Advances in Planar Lipid Bilayers and Liposomes, Academic Press, 
2006: pp. 49–77. https://doi.org/10.1016/S1554-4516(06)04002-6. 

[5] X. Armengol, J. Estelrich, Physical stability of different liposome compositions obtained by 
extrusion method, Journal of Microencapsulation. 12 (1995) 525–535. 
https://doi.org/10.3109/02652049509006783. 

[6] B. Roy, P. Guha, R. Bhattarai, P. Nahak, G. Karmakar, P. Chettri, A.K. Panda, Influence of Lipid 
Composition, pH, and Temperature on Physicochemical Properties of Liposomes with Curcumin 
as Model Drug, Journal of Oleo Science. 65 (2016) 399–411. 
https://doi.org/10.5650/jos.ess15229. 

[7] V. De Leo, A.M. Maurelli, L. Giotta, L. Catucci, Liposomes containing nanoparticles: preparation 
and applications, Colloids and Surfaces B: Biointerfaces. 218 (2022) 112737. 
https://doi.org/10.1016/j.colsurfb.2022.112737. 

[8] J. Liu, Interfacing Zwitterionic Liposomes with Inorganic Nanomaterials: Surface Forces, 
Membrane Integrity, and Applications, Langmuir. 32 (2016) 4393–4404. 
https://doi.org/10.1021/acs.langmuir.6b00493. 

[9] Y. Liu, X. Quan, J. Li, J. Huo, X. Li, Z. Zhao, S. Li, J. Wan, J. Li, S. Liu, T. Wang, X. Zhang, B. Guan, R. 
Wen, Z. Zhao, C. Wang, C. Bai, Liposomes embedded with PEGylated iron oxide nanoparticles 
enable ferroptosis and combination therapy in cancer, National Science Review. 10 (2023) 
nwac167. https://doi.org/10.1093/nsr/nwac167. 

[10] H. Nsairat, D. Khater, U. Sayed, F. Odeh, A. Al Bawab, W. Alshaer, Liposomes: structure, 
composition, types, and clinical applications, Heliyon. 8 (2022) e09394. 
https://doi.org/10.1016/j.heliyon.2022.e09394. 



 20 

[11] M. Theodosiou, E. Sakellis, N. Boukos, V. Kusigerski, B. Kalska-Szostko, E. Efthimiadou, Iron oxide 
nanoflowers encapsulated in thermosensitive fluorescent liposomes for hyperthermia treatment 
of lung adenocarcinoma, Sci Rep. 12 (2022) 8697. https://doi.org/10.1038/s41598-022-12687-3. 

[12] Y. Chen, A. Bose, G.D. Bothun, Controlled Release from Bilayer-Decorated Magnetoliposomes via 
Electromagnetic Heating, ACS Nano. 4 (2010) 3215–3221. https://doi.org/10.1021/nn100274v. 

[13] E. Amstad, J. Kohlbrecher, E. Müller, T. Schweizer, M. Textor, E. Reimhult, Triggered Release from 
Liposomes through Magnetic Actuation of Iron Oxide Nanoparticle Containing Membranes, Nano 
Lett. 11 (2011) 1664–1670. https://doi.org/10.1021/nl2001499. 

[14] T. Park, R. Amatya, K.A. Min, M.C. Shin, Liposomal Iron Oxide Nanoparticles Loaded with 
Doxorubicin for Combined Chemo-Photothermal Cancer Therapy, Pharmaceutics. 15 (2023) 292. 
https://doi.org/10.3390/pharmaceutics15010292. 

[15] F. Wang, J. Liu, Liposome Supported Metal Oxide Nanoparticles: Interaction Mechanism, Light 
Controlled Content Release, and Intracellular Delivery, Small. 10 (2014) 3927–3931. 
https://doi.org/10.1002/smll.201400850. 

[16] M. Musielak, J. Potoczny, A. Boś-Liedke, M. Kozak, The Combination of Liposomes and Metallic 
Nanoparticles as Multifunctional Nanostructures in the Therapy and Medical Imaging—A Review, 
IJMS. 22 (2021) 6229. https://doi.org/10.3390/ijms22126229. 

[17] M. Elsner, R.P. Schwarzenbach, S.B. Haderlein, Reactivity of Fe(II)-Bearing Minerals toward 
Reductive Transformation of Organic Contaminants, Environ. Sci. Technol. 38 (2004) 799–807. 
https://doi.org/10.1021/es0345569. 

[18] Y. Xu, X. Liang, Y. Xu, X. Qin, Q. Huang, L. Wang, Y. Sun, Remediation of Heavy Metal-Polluted 
Agricultural Soils Using Clay Minerals: A Review, Pedosphere. 27 (2017) 193–204. 
https://doi.org/10.1016/S1002-0160(17)60310-2. 

[19] T. Undabeytia, Y.G. Mishael, S. Nir, B. Papahadjopoulos-Sternberg, B. Rubin, E. Morillo, C. 
Maqueda, A Novel System for Reducing Leaching from Formulations of Anionic Herbicides: Clay-
Liposomes, Environ. Sci. Technol. 37 (2003) 4475–4480. https://doi.org/10.1021/es0343508. 

[20] S. Nir, Y. El-Nahhal, T. Undabeytia, G. Rytwo, T. Polubesova, Y. Mishael, O. Rabinovitz, B. Rubin, 
Clays, Clay Minerals, and Pesticides, in: Developments in Clay Science, Elsevier, 2013: pp. 645–
662. https://doi.org/10.1016/B978-0-08-098259-5.00022-6. 

[21] T. Undabeytia, U. Shuali, S. Nir, B. Rubin, Applications of Chemically Modified Clay Minerals and 
Clays to Water Purification and Slow Release Formulations of Herbicides, Minerals. 11 (2021) 9. 
https://doi.org/10.3390/min11010009. 

[22] A.R. Benitez, D. Margalit, M. Ryskin, M. Dor, U. Shuali, S. Nir, T. Polubesova, J. Ben-Ari, J. 
Kertsnus-Banchik, T. Undabeytia, Modified Compositions of Micelle–Clay and Liposome–Clay 
Composites for Optimal Removal from Water of Bacteria and Hydrophobic Neutral Chemicals, 
Applied Sciences. 12 (2022) 3044. https://doi.org/10.3390/app12063044. 

[23] P. Dalai, N. Sahai, Mineral–Lipid Interactions in the Origins of Life, Trends in Biochemical 
Sciences. 44 (2019) 331–341. https://doi.org/10.1016/j.tibs.2018.11.009. 

[24] S. Duval, E. Branscomb, F. Trolard, G. Bourrié, O. Grauby, V. Heresanu, B. Schoepp-Cothenet, K. 
Zuchan, M.J. Russell, W. Nitschke, On the why’s and how’s of clay minerals’ importance in life’s 
emergence, Applied Clay Science. 195 (2020) 105737. 
https://doi.org/10.1016/j.clay.2020.105737. 

[25] W. Nitschke, B. Schoepp-Cothenet, S. Duval, K. Zuchan, O. Farr, F. Baymann, F. Panico, A. 
Minguzzi, E. Branscomb, M.J. Russell, Aqueous electrochemistry: The toolbox for life’s 
emergence from redox disequilibria, Electrochemical Science Advances. 3 (2023) e2100192. 
https://doi.org/10.1002/elsa.202100192. 

[26] M.M. Hanczyc, S.S. Mansy, J.W. Szostak, Mineral Surface Directed Membrane Assembly, Orig Life 
Evol Biosph. 37 (2007) 67–82. https://doi.org/10.1007/s11084-006-9018-5. 

[27] N. Sahai, H. Kaddour, P. Dalai, Z. Wang, G. Bass, M. Gao, Mineral Surface Chemistry and 
Nanoparticle-aggregation Control Membrane Self-Assembly, Scientific Reports. 7 (2017). 
https://doi.org/10.1038/srep43418. 



 21 

[28] L.M. Barge, E. Flores, M.M. Baum, D.G. VanderVelde, M.J. Russell, Redox and pH gradients drive 
amino acid synthesis in iron oxyhydroxide mineral systems, Proceedings of the National 
Academy of Sciences. 116 (2019) 4828–4833. https://doi.org/10.1073/pnas.1812098116. 

[29] S. Duval, F. Baymann, B. Schoepp-Cothenet, F. Trolard, G. Bourrié, O. Grauby, E. Branscomb, M.J. 
Russell, W. Nitschke, Fougerite: the not so simple progenitor of the first cells, Interface Focus. 9 
(2019) 20190063. https://doi.org/10.1098/rsfs.2019.0063. 

[30] J. Kotyńska, I. Dobrzyńska, Z.A. Figaszewski, Association of alkali metal cations with 
phosphatidylcholine liposomal membrane surface, Eur Biophys J. 46 (2017) 149–155. 
https://doi.org/10.1007/s00249-016-1150-1. 

[31] J. Kotyńska, Z.A. Figaszewski, Binding of trivalent metal ions (Al3+, In3+, La3+) with 
phosphatidylcholine liposomal membranes investigated by microelectrophoresis, Eur. Phys. J. E. 
41 (2018) 70. https://doi.org/10.1140/epje/i2018-11679-6. 

[32] K. Sule, M. Anikovskiy, E.J. Prenner, Lipid Structure Determines the Differential Impact of Single 
Metal Additions and Binary Mixtures of Manganese, Calcium and Magnesium on Membrane 
Fluidity and Liposome Size, IJMS. 24 (2023) 1066. https://doi.org/10.3390/ijms24021066. 

[33] S.A. Tatulian, Binding of alkaline-earth metal cations and some anions to hosphatidylcholine 
liposomes, Eur J Biochem. 170 (1987) 413–420. https://doi.org/10.1111/j.1432-
1033.1987.tb13715.x. 

[34] P. Garidel, A. Blume, Electrostatic interactions of alkaline earth cations with 1,2-dimyristoyl-sn-
glycero-3-phosphatidic acid (DMPA) model membranes at neutral and acidic pH, Eur Biophys J. 
48 (2019) 757–772. https://doi.org/10.1007/s00249-019-01402-2. 

[35] J. Umbsaar, E. Kerek, E.J. Prenner, Cobalt and nickel affect the fluidity of negatively-charged 
biomimetic membranes, Chemistry and Physics of Lipids. 210 (2018) 28–37. 
https://doi.org/10.1016/j.chemphyslip.2017.11.016. 

[36] H.-Q. Nie, W.-G. Hou, Vesicle formation induced by layered double hydroxides in the catanionic 
surfactant solution composed of sodium dodecyl sulfate and dodecyltrimethylammonium 
bromide, Colloid Polym Sci. 289 (2011) 775–782. https://doi.org/10.1007/s00396-011-2391-2. 

[37] R. Tero, T. Ujihara, T. Urisu, Lipid bilayer membrane with atomic step structure: supported 
bilayer on a step-and-terrace TiO2(100) surface, Langmuir. 24 (2008) 11567–11576. 
https://doi.org/10.1021/la801080f. 

[38] N.-J. Cho, J.A. Jackman, M. Liu, C.W. Frank, pH-Driven Assembly of Various Supported Lipid 
Platforms: A Comparative Study on Silicon Oxide and Titanium Oxide, Langmuir. 27 (2011) 3739–
3748. https://doi.org/10.1021/la104348f. 

[39] F.F. Rossetti, M. Bally, R. Michel, M. Textor, I. Reviakine, Interactions between titanium dioxide 
and phosphatidyl serine-containing liposomes: formation and patterning of supported 
phospholipid bilayers on the surface of a medically relevant material, Langmuir. 21 (2005) 6443–
6450. https://doi.org/10.1021/la0509100. 

[40] N.-J. Cho, C.W. Frank, Fabrication of a planar zwitterionic lipid bilayer on titanium oxide, 
Langmuir. 26 (2010) 15706–15710. https://doi.org/10.1021/la101523f. 

[41] T.A. Oleson, N. Sahai, J.A. Pedersen, Electrostatic effects on deposition of multiple phospholipid 
bilayers at oxide surfaces, Journal of Colloid and Interface Science. 352 (2010) 327–336. 
https://doi.org/10.1016/j.jcis.2010.08.057. 

[42] T.A. Oleson, N. Sahai, Interaction energies between oxide surfaces and multiple 
phosphatidylcholine bilayers from extended-DLVO theory, Journal of Colloid and Interface 
Science. 352 (2010) 316–326. https://doi.org/10.1016/j.jcis.2010.08.056. 

[43] N. Sahai, Is silica really an anomalous oxide? Surface acidity and aqueous hydrolysis revisited, 
Environmental Science and Technology. 36 (2002) 445–452. https://doi.org/10.1021/es010850u. 

[44] J. Xu, M.J. Stevens, T.A. Oleson, J.A. Last, N. Sahai, Role of Oxide Surface Chemistry and 
Phospholipid Phase on Adsorption and Self-Assembly: Isotherms and Atomic Force Microscopy, J. 
Phys. Chem. C. 113 (2009) 2187–2196. https://doi.org/10.1021/jp807680d. 



 22 

[45] O. Ozcan, Classification of minerals according to their critical surface tension of wetting values, 
International Journal of Mineral Processing. 34 (1992) 191–204. https://doi.org/10.1016/0301-
7516(92)90073-6. 

[46] M. Schulz, A. Olubummo, W.H. Binder, Beyond the lipid-bilayer: interaction of polymers and 
nanoparticles with membranes, Soft Matter. 8 (2012) 4849. 
https://doi.org/10.1039/c2sm06999g. 

[47] C. Wang, S. Leng, Y. Xu, Q. Tian, X. Zhang, L. Cao, J. Huang, Preparation of Amino Functionalized 
Hydrophobic Zeolite and Its Adsorption Properties for Chromate and Naphthalene, Minerals. 8 
(2018) 145. https://doi.org/10.3390/min8040145. 

[48] D.C. de Souza, H. de L.V. de Abreu, P.V. de Oliveira, L.P. Capelo, M.R. Passos-Bueno, L.H. Catalani, 
A fast degrading PLLA composite with a high content of functionalized octacalcium phosphate 
mineral phase induces stem cells differentiation, Journal of the Mechanical Behavior of 
Biomedical Materials. 93 (2019) 93–104. https://doi.org/10.1016/j.jmbbm.2019.02.003. 

[49] R. Martínez-González, J. Estelrich, M.A. Busquets, Liposomes Loaded with Hydrophobic Iron 
Oxide Nanoparticles: Suitable T2 Contrast Agents for MRI, Int J Mol Sci. 17 (2016) 1209. 
https://doi.org/10.3390/ijms17081209. 

[50] H.-J. Kim, T.-H. Kim, J. Park, J.-M. Oh, Hybridization of Layered Iron Hydroxide Nanoclays and 
Conducting Polymer for Controlled Oxygen Scavenger, Applied Sciences. 8 (2018) 1742. 
https://doi.org/10.3390/app8101742. 

[51] S. Mann, J.P. Hannington, Formation of iron oxides in unilamellar vesicles, Journal of Colloid and 
Interface Science. 122 (1988) 326–335. https://doi.org/10.1016/0021-9797(88)90368-2. 

[52] K. Akashi, H. Miyata, H. Itoh, K. Kinosita, Formation of Giant Liposomes Promoted by Divalent 
Cations: Critical Role of Electrostatic Repulsion, Biophysical Journal. 74 (1998) 2973–2982. 
https://doi.org/10.1016/S0006-3495(98)78004-X. 

[53] S.-H. Park, S.-G. Oh, K.-D. Suh, S.-H. Han, D.J. Chung, J.-Y. Mun, S.-S. Han, J.-W. Kim, Control over 
micro-fluidity of liposomal membranes by hybridizing metal nanoparticles, Colloids and Surfaces 
B: Biointerfaces. 70 (2009) 108–113. https://doi.org/10.1016/j.colsurfb.2008.12.024. 

[54] N.C.V. Rost, K. Sen, S. Savliwala, I. Singh, S. Liu, M. Unni, L. Raniero, C. Rinaldi, Magnetic particle 
imaging performance of liposomes encapsulating iron oxide nanoparticles, Journal of Magnetism 
and Magnetic Materials. 504 (2020) 166675. https://doi.org/10.1016/j.jmmm.2020.166675. 

[55] B. Drasler, P. Budime Santhosh, D. Drobne, M. Erdani Kreft, S. Kralj, D. Makovec, N. Poklar Ulrih, 
Effect of superparamagnetic iron oxide nanoparticles on fluidity and phase transition of 
phosphatidylcholine liposomal membranes, IJN. (2015) 6089. 
https://doi.org/10.2147/IJN.S89679. 

[56] C. Faure, M.-E. Meyre, S. Trépout, O. Lambert, E. Lebraud, Magnetic Multilamellar Liposomes 
Produced by In Situ Synthesis of Iron Oxide Nanoparticles: “Magnetonions,” J. Phys. Chem. B. 
113 (2009) 8552–8559. https://doi.org/10.1021/jp901105c. 

[57] J.-H. Lee, Y. Shin, W. Lee, K. Whang, D. Kim, L.P. Lee, J.-W. Choi, T. Kang, General and 
programmable synthesis of hybrid liposome/metal nanoparticles, Sci. Adv. 2 (2016) e1601838. 
https://doi.org/10.1126/sciadv.1601838. 

[58] A. Ali, Y.W. Chiang, R.M. Santos, X-ray Diffraction Techniques for Mineral Characterization: A 
Review for Engineers of the Fundamentals, Applications, and Research Directions, Minerals. 12 
(2022) 205. https://doi.org/10.3390/min12020205. 

[59] S. Gupta, J.U. De Mel, G.J. Schneider, Dynamics of liposomes in the fluid phase, Current Opinion 
in Colloid & Interface Science. 42 (2019) 121–136. https://doi.org/10.1016/j.cocis.2019.05.003. 

[60] M. Er-Rafik, K. Ferji, J. Combet, O. Sandre, S. Lecommandoux, M. Schmutz, J.-F. Le Meins, C.M. 
Marques, Tear of lipid membranes by nanoparticles, Soft Matter. 18 (2022) 3318–3322. 
https://doi.org/10.1039/D2SM00179A. 

[61] E. Amstad, T. Gillich, I. Bilecka, M. Textor, E. Reimhult, Ultrastable Iron Oxide Nanoparticle 
Colloidal Suspensions Using Dispersants with Catechol-Derived Anchor Groups, Nano Lett. 9 
(2009) 4042–4048. https://doi.org/10.1021/nl902212q. 



 23 

[62] E.M. Kerek, E.J. Prenner, Inorganic cadmium affects the fluidity and size of phospholipid based 
liposomes, Biochimica et Biophysica Acta (BBA) - Biomembranes. 1858 (2016) 3169–3181. 
https://doi.org/10.1016/j.bbamem.2016.10.005. 

[63] V. De Leo, L. Catucci, A. Falqui, R. Marotta, M. Striccoli, A. Agostiano, R. Comparelli, F. Milano, 
Hybrid Assemblies of Fluorescent Nanocrystals and Membrane Proteins in Liposomes, Langmuir. 
30 (2014) 1599–1608. https://doi.org/10.1021/la404160b. 

[64] I. Erceg, J. Kontrec, V. Strasser, A. Selmani, D. Domazet Jurašin, M. Ćurlin, B.N. Džakula, N. 
Matijaković Mlinarić, S. Šegota, D.M. Lyons, D. Kralj, M. Dutour Sikirić, Precipitation of Calcium 
Phosphates and Calcium Carbonates in the Presence of Differently Charged Liposomes, Minerals. 
12 (2022) 208. https://doi.org/10.3390/min12020208. 

[65] B.H. Kim, N. Lee, H. Kim, K. An, Y.I. Park, Y. Choi, K. Shin, Y. Lee, S.G. Kwon, H.B. Na, J.-G. Park, T.-
Y. Ahn, Y.-W. Kim, W.K. Moon, S.H. Choi, T. Hyeon, Large-Scale Synthesis of Uniform and 
Extremely Small-Sized Iron Oxide Nanoparticles for High-Resolution T 1 Magnetic Resonance 
Imaging Contrast Agents, J. Am. Chem. Soc. 133 (2011) 12624–12631. 
https://doi.org/10.1021/ja203340u. 

[66] O. Le Bihan, P. Bonnafous, L. Marak, T. Bickel, S. Trépout, S. Mornet, F. De Haas, H. Talbot, J.-C. 
Taveau, O. Lambert, Cryo-electron tomography of nanoparticle transmigration into liposome, 
Journal of Structural Biology. 168 (2009) 419–425. https://doi.org/10.1016/j.jsb.2009.07.006. 

[67] O. Teschke, E.F. de Souza, Liposome Structure Imaging by Atomic Force Microscopy: Verification 
of Improved Liposome Stability during Adsorption of Multiple Aggregated Vesicles, Langmuir. 18 
(2002) 6513–6520. https://doi.org/10.1021/la025689v. 

[68] L. Xie, J. Wang, C. Shi, X. Cui, J. Huang, H. Zhang, Q. Liu, Q. Liu, H. Zeng, Mapping the Nanoscale 
Heterogeneity of Surface Hydrophobicity on the Sphalerite Mineral, J. Phys. Chem. C. 121 (2017) 
5620–5628. https://doi.org/10.1021/acs.jpcc.6b12909. 

[69] Y. Roiter, M. Ornatska, A.R. Rammohan, J. Balakrishnan, D.R. Heine, S. Minko, Interaction of 
Nanoparticles with Lipid Membrane, Nano Lett. 8 (2008) 941–944. 
https://doi.org/10.1021/nl080080l. 

 

 

 


