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Abstract

Liposome is a model system for biotechnological and biomedical purposes spanning from targeted 

drug delivery to modern vaccine research. Yet, the growth mechanism of liposomes is largely 

unknown. In this work, the formation and evolution of phosphatidylcholine-based liposomes are 

studied in real-time by graphene liquid cell-transmission electron microscopy (GLC-TEM). We 

reveal important steps in the growth, fusion and denaturation of phosphatidylcholine (PC) 

liposomes. We show that initially complex lipid aggregates resembling micelles start to form. 

These aggregates randomly merge while capturing water and forming small proto-liposomes. The 

nanoscopic containers continue sucking water until their membrane becomes convex and free of 

redundant phospholipids, giving stabilized PC liposomes of different sizes. In the initial stage, 

proto-liposomes grow at a rate of 10-15 nm/s, which is followed by their growth rate of 2-5 nm/s, 

limited by the lipid availability in the solution. Molecular dynamics (MD) simulations are used to 

understand the structure of micellar clusters, their evolution, and merging. The liposomes are also 

found to fuse through lipid bilayers docking followed by the formation of a hemifusion diaphragm 

and fusion pore opening. The liposomes denaturation can be described by initial structural 

destabilization and deformation of the membrane followed by the leakage of the encapsulated 
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liquid. This study offers new insights on the formation and growth of lipid-based molecular 

assemblies which is applicable to a wide range of amphiphilic molecules.

Keywords: Phosphatidylcholine lipid; Molecular self-assembly; Liposome; Graphene liquid cell, 

Transmission electron microscopy
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Introduction

Liposomes, vesicles formed by self-assembly of lipid bilayers, have a similar structure to 

biological cell membranes, making them a model system for biotechnological and biomedical 

purposes.1–3 Simplicity of synthesis, tunable physicochemical properties, biodegradability, 

biocompatibility, and ability to encapsulate and release different substances make these lipid 

vesicles attractive drug carriers.4–7 Development of lipid-based formulations to enhance 

recombinant vaccine antigens immunogenicity is of high interest to modern vaccine research, for 

example, COVID-19 vaccine.8–15 Liposomes are also used as micro/nanoreactor to synthesize 

nanoparticles and have potential for numerous other applications.16,17 Yet, liposomes are 

thermodynamically unstable and tend to fuse, aggregate, and denature, limiting their 

applications.18–20 Therefore, acquiring a deep understanding of liposomes in native and hydrated 

environment can expand our knowledge about cell membranes behavior in aqueous environment 

such as endocytosis and exocytosis, engineering liposomes for targeted drug delivery, materials 

synthesis, and many others.

Liquid cell-transmission electron microscopy (LC-TEM) is an emerging technique for 

observing evolution and dynamics of hard and soft matter in liquid.21–23 Unlike commonly used 

solid-state TEM techniques such as staining24, freeze−fracture25, and cryogenic TEM (cryo-

TEM)25,26, the in situ LC-TEM offers an indispensable platform to study molecular structures in  

hydrated environment.3,8,21–23,27 However, low atomic number, increased electron scattering due to 

the presence of thick solvent and silicon nitride (SiNx) membranes, and electron radiation-induced 

damage are among many challenges to limit the spatial imaging and chemical resolution in 

studying soft/organic materials by LC-TEM techniques that utilize SiNx membranes.9,21,23 For 

instance, SiNx-based LC-TEM was used to study the formation and evolution of the liposomes 
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due to poor spatial resolution resulting from two 50 nm thick SiNx membranes and 150 nm thick 

solvent (water) layer prevented the nanoscale observation of formation and growth of liposomes.3

The emergence of graphene liquid cells (GLCs) where a submicrometer liquid is trapped 

between graphene sheets that are impermeable to small molecules has created new frontiers in the 

area of electron microscopy.28–33 In general, GLC-TEM allows to enhance the signal-to-noise ratio 

and image resolution, mitigate solvent evaporation under the high vacuum environment of TEM, 

and minimize sample damage (e.g. charging, degradation, and ionization induced by electron beam 

radiation) during imaging.21,23 Biomaterials are reported to show higher electron dose tolerance 

(approximately one order of magnitude) when imaged in GLC, compared to imaging in cryo-

TEM.34–38 Single molecule analysis of cell membrane proteins and dynamics of DNA molecules 

anchored gold nanoparticles are also studied in GLC.29,33 In a recent study, Nagamanasa et al. used 

GLC-TEM to visualize absorption behavior and conformational changes of individual molecules 

of poly(ethylene oxide) and polystyrene sulfonate in aqueous solution.23 

Herein, we visualized the evolution of the phosphatidylcholine (PC) liposomes formed 

through self-assembly of phosphatidylcholine model lipids by GLC-TEM in real-time. Our 

findings show that the formation of PC liposomes can occur in three distinct stages: (i) fast initial 

growth rate (10-15 nm/s) corresponding to the formation of small liposomes from micelle-like 

structures and their aggregation; (ii) slow growth rate (2-5 nm/s) during the lipids diffusion and 

liposome growth; and (iii) Low or no growth rate indicating the size stability of mature liposomes. 

PC liposomes are also found to fuse through lipid bilayers docking followed by the formation of a 

hemifusion diaphragm and the fusion pore opening. Furthermore, liposomal denaturation is 

monitored which include initial structural destabilization and deformation of the lipid bilayer 
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followed by rupture and leakage of the encapsulated liquid and complete disintegration of the 

membrane. 

Experimental Procedure

Materials

L-α-phosphatidylcholine (PC) from egg (99% lecithin, [(2R)-3-hexadecanoyloxy-2-[(Z)-octadec-

9-enoyl]oxypropyl] 2-(trimethylazaniumyl)ethyl phosphate, Product No# 840051, Avanti Lipids), 

chloroform (Sigma-Aldrich), anhydrous ethanol (EtOH, anhydrous, ≥99.5%, Sigma-Aldrich), 

methanol (MeOH, Sigma-Aldrich), sodium persulfate (Na2S2O8, >98%, Fisher), water for HPLC 

(Sigma-Aldrich), carbon-coated gold TEM grids (Electron Microscopy Sciences), graphene coated 

copper foil (Electron Microscopy Sciences) are used as received.

Protocol for Synthesis of Liposome

PC (33 mg, mmol) and cholesterol (7 mg, mmol) are dissolved in chloroform (3 ml). Solvent is 

removed under reduced pressure using a rotary evaporator at 40 ◦C, leaving a thin film of dry lipid 

on wall of the flask. The evaporation is continued for at least 1 h to ensure complete removal of 

the organic solvent traces. Afterwards, the obtained film is hydrated by adding 20 ml PBS buffer 

solution (pH 7.2, MgCl2, CaCl2) and the mixture is stirred or vortexed until a homogenous 

suspension is obtained. The suspension is subjected to sonication (500 W, 30% sonication strength 

with the sequence of 1 s sonication and 1 s rest for 5 mins to decrease the size of forming liposomes. 

To better understand the effects of salts in PBS on PC liposomes, a similar protocol is performed 

except ultrapure water (no salt) is used instead of the PBS solution. For the PC solution with no 
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cholesterol and salt, a similar protocol is performed in the absence of cholesterol and ultrapure 

water (no salt) is used instead of the PBS solution.   

Protocol for Preparation of Graphene-Coated gold TEM Grids

To prepare graphene-coated Au TEM grids, a general protocol is performed as follows: 200 or 300 

mesh carbon-coated Au grids from carbon-coated side are gently placed onto a small piece of a 

smooth graphene-on-Cu foil (Figure S1a). Having a smooth surface ensure a good contact between 

the graphene layer and carbon layer of the Au grid. Then, a few drops of isopropanol are poured 

onto the grids or foil and allowed to dry for approximately 2-3 hours (Figure S1b). Isopropanol 

ensures a good contact between the carbon film on the Au grids and the coating graphene layer. 

Then, the Cu foil is etched by gently laying down graphene-on-Cu piece on the Na2S2O8 etching 

solution (made of 1 g of Na2S2O8 in 10 ml ultrapure water) and keep it for approximately 20 hours 

(Figure S1c and S1d). At the last step, remove the floating graphene-coated Au grids and rinse 

with water (in a petri dish) for at least three times to ensure full removal of the etched Cu (Figure 

S1e). Afterwards, the graphene-coated Au grids are dried under a lamp or at ambient temperature 

(Figure S1f). 

Graphene Liquid Cell-Transmission Electron Microscopy (GLC-TEM)

Graphene-liquid cell (GLC) are formed by putting a small droplet (~0.2 µl) of the PC lipid aqueous 

solution onto a graphene-coated TEM grid and the second graphene-coated TEM grid is gently 

located on top of the bottom grid. Excess solution is removed by blotting the edge of the grid with 

filter paper, followed by laying a top graphene chip, or cover chip, onto the bottom chip, leading 

to producing the creases in the top graphene sheet and trapping the liquid. The graphene sheets 
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provide the required mechanical integrity for the liquid pockets. The GLC-TEM imaging is 

performed on a JEM-ARM200 (JEOL, Ltd.) operated at 200 keV and micrographs were recorded 

on 2K  2K Orius SC200 CCD camera (Gatan Inc.).×

Dry-State Transmission Electron Microscopy (TEM)

A small aliquot (1 µl) of the sample is manually pipetted onto a carbon-coated Cu TEM grid. 

Excess solution is removed by blotting the edge of the grid with filter paper, and then the sample-

loaded grid was dried by evaporation at ambient temperature. The TEM imaging is performed on 

a JEM-ARM200 (JEOL, Ltd.) operated at 200 keV and micrographs were recorded on 2K  2K ×

Orius SC200 CCD camera (Gatan Inc.).

Image Analysis

In-situ TEM videos captured at 6 frame per seconds were analyzed using ImageJ. The size of 

liposomes during formation and growth are measured for all the frames with 0.16 s time interval. 

The resolution of image is 3.16 pixels per nm. For better visualization of contrast change during 

the process, a lookup table (Mpl-viridis LUT) is applied to the original black and white images 

where each grayscale intensity is assigned a corresponding RGB value representing a particular 

color. In Mpl-viridis LUT applied images, yellow and dark purple colors represent the white and 

black with highest and lowest intensity in gray scale values respectively.

Molecular Dynamics (MD) Simulations

MD simulations were performed with the NAMD (Nanoscale Molecular Dynamics) software 

package39 in an NPT ensemble at T = 298 K, using the Langevin dynamics with a damping constant 
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of 𝛾Lang=0.1 ps−1 and a time step of 1 fs. The CHARMM (Chemistry at Harvard Macromolecular 

Mechanics) general force field40,41 was implemented for the bond, angle, and dihedral parameters 

of ions, water, PC, and cholesterol molecules. Nonbonding interactions between these molecules, 

such as a van der Waals (vdW) attraction and a steric repulsion, were described by the Lennard-

Jones (LJ) potential,

,𝑈𝐿𝐽(𝑟) = 𝜀[(𝑟𝑚𝑖𝑛

𝑟 )12
― 2(𝑟𝑚𝑖𝑛

𝑟 )6]
where  is the minimum (negative) energy of the coupling and  is a distance where  𝜀 𝑟𝑚𝑖𝑛 𝑈𝐿𝐽(𝑟𝑚𝑖𝑛)

has a local minimum, both of which are provided by the CHARMM force field. The  and  𝑟 ―12 𝑟 ―6

terms represent an atomic repulsion due to overlapping electron orbitals and the vdW attractive 

coupling, respectively. The LJ potential implemented in NAMD has a typical cutoff distance of 1 

nm. The electrostatic coupling between ions and partially charged atoms, which also belongs to 

nonbonding interactions, has a cutoff similar to that of the LJ potential, but its long-range part is 

calculated by the particle mesh Ewald (PME) method42 in the presence of periodic boundary 

conditions. The systems were run in a 19 nm periodic water box comprising randomly oriented PC 

molecules and ions with and without the presence of 25 mol% of cholesterol.

Results and discussion

Behavior of liposomes in a dynamic environment including their formation and growth, fusion and 

denaturation can be visualized in real-time using LC-TEM.2,3 In-situ study of the growth of 

liposomes by self-assembly of lipids in aqueous environment enables us to acquire a deeper 

understanding of the intermediate pathways for liposome formation. Thus, the goal is to monitor 

liposomes formed by self-assembly of phospholipids in real-time using GLC-TEM. Figure 1 shows 
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schematic illustration of the synthesis of PC liposome via self-assembly of the phospholipids in 

aqueous phase (Figure 1a) and loading the liposomal solution into GLC for in-situ study (Figure 

1b and 1c). A detailed description of fabricating graphene-coated TEM grids and assembly of GLC 

is demonstrated in Figure S1 and Figure S2. 

Figure 1. Liposome preparation for GLC-TEM studies: (a) schematic illustration of the PC 

liposome synthesis protocol; (b) schematic illustration of encapsulation of the liposomal solution 

in liquid pockets of GLC; (c) the formation of phosphatidylcholine (PC) liposomes through self-

assembly of phosphatidylcholine molecules. 
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Through in situ GLC-TEM visualization of the liposomal solution and their time-

dependent growth behavior (Figure 2a and Figure 2b), we found that small PC liposomes initially 

start to form from lipid aggregates resembling micelle-like structures within the bulk solution. The 

original time-series of the TEM images is also shown in Figure S3. It appears that at the early 

stages and as molecular self-assembly becomes favored, the lipid-rich phase transforms into lipid 

aggregates or micelle-like structures (Figure 2c and 2d). It suggests that the instability of 

phospholipids as amphiphilic molecules within the bulk polar medium led to the formation of 

lipids aggregates or micelle-like structures followed by their evolution to liposome (vesicle) as 

more stable assemblies. Therefore, vesiculation of micelles or transformation of small aggregates 

of amphiphilic lipid molecules into vesicle-like structures is a spontaneous process to minimize 

the surface tension energy due to exposure of the nonpolar hydrophobic tails of lipid molecules to 

polar water molecules.43 In fact, there is a minimal interaction between the water molecules and 

hydrophobic tail of the phospholipids in a lipid bilayer. This is consistent with the previous reports 

suggesting the transition of micelle-like structures into liposomes shown by experimental studies 

(particle size measurements, electron microscopy) and theoretical studies (modelling and 

kinetics).19,44–48 

The exact mechanism by which the electron beam initiated the process is not clear, but we 

believe there are several possibilities: (1) one would be the existence of some isolated individual 

or small clusters of lipid molecules that did not have the opportunity to join the already formed 

liposome assemblies due to large diffusional distances. The input energy from electron beam can 

increase the dynamic of such individual or small lipid clusters, enabling them to come together 

and form the assemblies. One aspect that may influence the mobility of such lipid molecules can 

be local temperature rise. It is suggested that electron beam can increase the temperature of liquid 
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solution. Fritsch et al.49 showed that constant irradiation of electron beam in liquid cell-TEM could 

significantly increase the local temperature (e.g., reaching up to 60 oC after 2 min). They have also 

reported that electron dose rate is proportional to the temperature of the liquid and temperature 

could increase up to 20 oC at electron flux of ~2 e A-2 s-1. Hsieh et al.50 also reported (both 

experimentally and theoretically) that electron beam increases temperature up to 85 oC at high 

electron doses during in situ liquid cell-TEM study of ZnO nanocrystal formation. It is also 

suggested that the rate of phospholipids self-assembly increases by raising temperature due to 

changing the free energy and diffusion coefficients of phospholipids as well as lowering liquid 

viscosity.18,51 It is also proposed that temperature raise in the liquid cell can significantly enhance 

the rate of radiolysis.52,53 However, one should note that there are conflicting reports on the 

temperature rise under electron beam. For instance, the work of Loh et al.54 shows that the local 

change in temperature does not exceed 1-10 K. (2) The radiolysis products due to the interaction 

of electron beam with water molecules can locally dissolve some small or incomplete liposome 

assemblies and allow them to form again. This is understandable knowing that lipid assemblies 

are thermodynamically favored to form in water. In fact, electron beam-induced radiolysis is 

common in TEM imaging and water radiolysis byproducts (predominately e−
aq, HO•) can react 

with organic functional groups of liposomes and induce oxidative decomposition of lipids.52,53,55 

Similar to the chain scission in polymers,56,57 electron beam radiation can lead to the oxidative 

degradation of lipids driven by loss of electrons, leading to instability and degradation of 

liposomes. The free lipids from the degraded liposomes can form new liposomes driven by 

thermodynamic stability of the lipids in a vesicle form. (3) The electron beam can also induce 

aggregation and clustering.52,58,59 In fact, it was shown that stable colloidal suspensions aggregate 

during imaging by an electron microscope due to irradiation generated ions which increases the 
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solution ionic strength and reduce Debye screening length and resulting repulsive force between 

particles.58,59 Similarly, in our case, electron beam can lead to aggregation of lipid molecules, 

transforming them to micelle-like structures followed by liposomes.

One should note that the size of phosphatidylcholine is expected to be approximately 2 

nm.60,61 The smallest structures captured in the data are about 15 nm, which is far larger than the 

micelle shows in the schematic in Figure 2e. Note should be given that the schematic in Figure 2e 

indeed represent aggregate or cluster of several lipids, which can take sizes up to tens of 

nanometers. In fact, these lipids are amphiphilic molecules, and similar to the other amphiphilic 

molecules such as block copolymers with hydrophilic-hydrophobic segments, they can form 

aggregates or micelle-like structures with a nonpolar or hydrophobic core (hydrocarbon chains) 

and polar or hydrophilic corona (phosphate/ammonium head group). In this manner, several lipid 

molecules form an aggregate or micelle-like structure to enhance the stability by minimizing the 

interaction between the nonpolar segment of the lipids and water medium. It is important to note 

that the formation of phospholipids-based micelle is reported in the literature19,44–48, yet, we have 

used the term “micelle-like structure” since we could not clearly indicate a distinct core and corona. 

However, the most thermodynamically stable form of the lipids is vesicle structure where there 

exists a minimal interaction between the hydrophobic segment and water medium. Therefore, we 

believe that these lipids aggregates or micelle-like structures act as intermediate to form the vesicle 

(liposome). Coexistence of such aggregates or micelle-like structures and liposomes is a good 

indicative of this transition. Our MD simulation (discussed in the following) also shows the 

formation of such aggregates or micelle-like structures and their transformation to liposome. 

Overall, by considering these facts and knowing that micelle-like structures should have at least 
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2-3 nm size to be detectable by liquid-cell TEM, we believe that liposome formation is followed 

by lipids aggregates or micelle-like structures.
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Figure 2. Growth of PC liposomes visualized in real-time by GLC-TEM. (a) Time-lapse TEM 

images of the liposomes evolution. (b) The corresponding size growth plot for the evolution of a 
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PC liposome during the first 15 s from an aqueous solution of phosphatidylcholine lipids. (c) and 

(d) TEM images taken from liquid solution indicating the coexistence of the small micelle-like 

structures and liposomes. (e) Schematic illustration of mechanism of the PC liposome evolution. 

TEM images are taken from Video S1. The scale bar is 20 nm.

Kinetics of the liposome growth is also shown in Figure 2b. As it can be seen, the initial 

growth of the liposomes is very fast (10-15 nm/s) which can be attributed to the coalescence of the 

lipid aggregates resembling micelle-like structures. A relatively slow growth of liposomes (2-5 

nm/s) during the second stage of the liposome evolution (Figure 2b) can be correlated to the 

rearrangement of the diffusing lipids within the self-assembled structures. This indicates that the 

assemblies continue to grow as the neighboring lipid molecules diffuse into the self-assembled 

structures (Figure 2b). Eventually, stable liposomes are observed (third stage in Figure 2b) as the 

lipids within the bulk solution are depleted. There also exist a critical membrane size at which 

vesiculation is energetically unfavored below that size.62 This supports our observation of stable 

PC liposome showing size ranges between 50-200 nm. A similar behavior for the evolution of PC 

liposomes from a different liquid pocket is also shown in Figure S4 (Video S2). The results confirm 

three distinct stages for the liposomal growth namely fast initial growth, slow continued growth, 

and liposome stabilization can be clearly identified. The original TEM images given in Figure S4 

are shown in Figure S5. The shape and size of the PC liposomes that are self-assembled in the 

aqueous phase within GLC are also analogous to that prepared ex-situ and analyzed by cryo-TEM 

(Figure S6) and scanning electron microscopy (SEM) (Figure S7). 

Note that measured thickness of liposome membranes matches the expected values. The 

membrane thickness of the liposomes is measured to be approximately 4.3 nm as shown in Figure 
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S8. Note that the length of an induvial PC lipid is approximately 2 nm. This thickness is similar to 

the membrane thickness of PC liposomes reported in the literature.60,61 Furthermore, our MD 

simulation result (Figure 3) for the membrane size matches well with the experimentally measured 

thickness values.

We believe the presence of cholesterol and salts in PBS facilitate the contrast for TEM 

imaging and keeping the liposomes stable under electron beam radiation. As it is shown in Figure 

S9, PC liposomes with cholesterol in pure water (no salt) exhibit much less image contrast 

compared to the PC liposomes in the presence of salt. The effect of salt molecules can be correlated 

to the compact packing of the polar segments of the lipids in the bilayer membrane which is also 

reported elsewhere.2,63–65 Moreover, the cholesterol molecules also are known to contribute to the 

compact packing of the nonpolar segments of the lipid molecules, leading to a more stable 

liposomal structure.66–70 This can be clearly seen from the deformed and denatured liposomes 

formed in the absence of the cholesterol molecules (Figure S10). 

To better understand the process phosphatidylcholine self-assembly and reorganization, we 

carried out the molecular dynamics (MD) simulations of PC molecules in 140 mM aqueous salt 

solutions with and without the presence of cholesterol.71 Figure 3 shows that within several 

nanoseconds PC coalesce in both systems into small clusters since PC molecules are present in 

oversaturated concentrations in water (CMC). Figure 3a reveals that these random clusters further 

aggregate into mesh-like structures of randomly stacked pieces of double-layer membranes. This 

process is driven by the separate attraction of zwitterionic hydrophilic fragments and hydrophobic 

chains in PCs, each of which assemble into bilayer structures. Subsequently, the aggregates slowly 

reorganize into larger phospholipid bilayers that produce cheese-like three-dimensional patterns. 
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Figure 3. MD simulations of phosphatidylcholine self-assembly. (a) Simulation snapshots of 512 

PC molecules in aqueous solution in a 19 nm periodic box. These images are taken from Video 

S3. (b) Analogous PC system in the presence of 128 cholesterol molecules. These images are taken 

from Video S4. Red = zwitterionic PC fragments; Grey = hydrophobic PC fragments; Green = 

cholesterol molecules.

In Figure 3b, we can see that cholesterol become entrapped within hydrophobic regions of 

the assemblies. These regions become wider, with less zwitterionic bridges between the polar 

exterior, so the system can have reduced surface tensions and increased stability. These stacked 

membrane fragments are assumed to merge, trap water and reorganize into proto-liposomes. These 

proto-liposomes grow by sucking water and reorganize into thermodynamically stable liposomes, 

once the loose PCs disappear from their membranes.
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The fusion of PC liposomes through lipid bilayer membranes are monitored and visualized 

in real-time by GLC-TEM, as shown in Figure 4a (Video S5). Blue and green arrows indicate the 

two different liposomes which are growing and come to contact with each other. Orange arrows 

indicate the evolution of interface between the two PC liposomes. Exploring lipid fusion in 

liposomal systems can offer a useful approach to understand the complex process of membrane 

fusion in biological systems.72 The fusion process of biological membranes is suggested to be a 

rapid, efficient, and controlled process.72,73 The biomembranes fusion combined with controlled 

release of encapsulated content is vital for cell signaling, exocytosis, endocytosis, and intracellular 

trafficking. As shown in Figure 4b, we observe cellular membrane fusion to proceed in three 

stages: intermediate stage of apposed lipid bilayers docking, coalescence of proximal leaflets and 

formation of a hemifusion diaphragm, and the fusion pore opening. This is analogous to the cryo-

TEM results reported in the literature at which liposomes docking and hemifusion are identified 

as intermediate states.62 We also observe that docked large PC liposomes (Figure S11) show a 

longer lifetime than the docked small PC liposomes which can be ascribed to decreased curvature 

stress of large liposomes. A full fusion of two adjacent liposomes after a hemifusion can be seen 

in Video S6. 

Our liposome fusion results verifies the models proposed for the fusion of liposomes and 

vesicles.1,2,20,74 The understanding of phase behavior of lipid mixtures combined with studying 

intermediate non-bilayer structures during lipid bilayers fusion can help to control non-bilayer 

lipid phases and lipid bilayers fusion. In the absence of any membrane-deforming or -destabilizing 

mechanism, membrane fusion will be dependent on the likelihood of spontaneous fusion (as 

observed in this study). In a recent work by François-Martin et al.75 it is shown that spontaneous 

membrane fusion occur between liposomes made of phosphocholine lipids at a relatively low 
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energy barrier. If two membranes are in a proximity of each other, the spontaneous fusion 

probability can increase due to the higher frequency of Brownian collisions between the lipid 

bilayers.

 

Figure 4. Fusion of PC liposomes visualized in real-time by GLC-TEM. (a) Time-lapsed fusion 

of two PC liposomes in real-time. Scale bar is 20 nm. TEM images are taken from Video S5. (b) 

Schematic illustration of proposed mechanism of the liposomal fusion.

Due to thermodynamic and strain-induced instability, liposomes have tendency to denature 

and breakdown into the constituting lipids. Liposomes degradation is shown to occur as result of 

structural instability and deformation of the lipid bilayer membrane, followed by rupture and 
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disintegration of the lipid membrane.62 Self-denaturation can be mainly described as consequence 

of instability caused by local dilution of lipids and strain. It is known that liposome breakdown 

involves significant permeability change caused by transient pores formed by packing distortions, 

followed by a lysis and rupture of the lipid bilayer assemblies.76 This is demonstrated by the release 

of a fluorescent agent encapsulated into liposomes.76 Although the degradation and denaturation 

of liposomes is well-known, yet there is no direct, real-time observation of these processes. Thus, 

the real-time visualization of liposomes self-disintegration herein can also examine the details of 

the established theories. Figure 5a (Video S7) shows time-lapse series of the denaturation of a PC 

liposome in real-time. A schematic illustration of the PC liposome disintegration is also shown in 

Figure 5b. Consistent with the previously reported literature, the liposome denaturation is a 

spontaneous process at which a self-assembled structure (liposome) breaks down into the 

constituting molecules (lipids). Figure S12 and Figure S13 also illustrate breakdown of smaller PC 

liposomes and their coalescence with the adjacent larger PC liposomes.
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Figure 5. Denaturation of PC liposomes visualized in real-time by GLC-TEM. (a) Time-lapse 

TEM images of denaturation (breakdown) of a PC liposome, visualized in real-time by GLC-TEM. 

Scale bar is 10 nm. TEM images are taken from Video S7. (b) Schematic illustration of proposed 

mechanism of the PC liposome denaturation. 

In addition to triggering the formation of liposomes, other beam effects should be taken 

into account. These are shown in Figure S14 for different types of electron beam-induced effects 

on liquid cell-TEM studies. One important aspect can be the change in the local pH of the 

solution.52,55,77,78 Indeed, membrane lipids are directly influenced by solution pH, due to lipids 

acido-basic properties, and pH change could induce lipids-based vesicles migration and 

deformation.77,78 Formation of bubbles using high electron doses have been previously 

reported.52,55 Displacement of liquid fluid by generated gas is an undesired effect in liquid cell-

TEM experiments which are correlated to high electron doses.52,55 For instance, self-denaturation 

(caused by the local lipids dilution and shape strain mechanism) is also a common natural 

phenomenon in liposomes. Therefore, liposomes degradation can be correlated to the self-

denaturation or electron beam effect. 

We believe that the low electron dose used in this study significantly minimizes such effect 

during the TEM imaging.55 To minimize the electron beam effect on liposomes (e.g., liposome 

breakdown, pH change, bubble formation), we have chosen a relatively low electron dose rate 

(~1.9 e A-2 s-1). As can be seen from Figure S12 and S13, while one liposome starts to breakdown 

into the composing phospholipids, the surrounding liposomes retain their integrity throughout the 

exposure to electron beam. Thus, liposomes rupture and breakdown can be mainly ascribed to self-

denaturation rather than electron beam-induced degradation.

Page 21 of 33 Nanoscale



22

During in-situ liquid phase-TEM imaging of liposomes, we also noticed an interesting 

phenomenon which involves both denaturation and fusion of small proximate liposomes (Figure 

6, Video S8). It can be seen that some liposomes denature and the constituting lipids integrate into 

the adjacent liposome, resulting in rearrangement of the host lipid bilayer membrane and growth 

of the lipids-receiving liposome. This event occurs for several PC liposomes periodically and 

eventually the last small liposome denatures and integrate its constituting lipids into a large 

liposome. It is important to note that large PC liposomes show more stability towards denaturation 

compared to the small PC liposomes, which can be correlated to the reduced strain of the large 

liposome.13,72,76 This can explain why liposomes have natural tendency to fuse and grow. 
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Figure 6. Time-lapse TEM images of simultaneously occurring fusion and denaturation 

(breakdown) of a liposomal aggregate in real-time. Green, blue, and pink arrows point out different 

denaturing PC liposomes. Scale bar is 50 nm. The TEM images are taken from Video S8.

Also note should be given to the presence of water during imaging and reasons behind the 

high contrast of imaged liposomes.  The high contrast images can be attributed to the presence of 

salt in the solution as well as thin liquid encapsulated between ultrathin graphene layers. As it was 

also discussed in the manuscript, PC liposomes in the absence of salt (Figure S9) exhibit much 

less contrast compared to the PC liposomes in the presence of salt. The effect of salt molecules 

can be correlated to the compact packing of the polar segments of the lipids in the bilayer 

membrane which is also reported elsewhere.2,63–65 Furthermore, the enhanced contrast can be 

ascribed to thin liquid layer encapsulated between graphene layers. This can be contrasted by a 

relatively poor spatial resolution of liposomes in SiNx liquid cell-TEM due to thick SiNx 

membranes and thick solvent layer.3 Moreover, our videos show fast and very mobile movements 

of the lipids-based structures. A dried liquid cell indeed lacks such facile and fast dynamics of 

liposomes. This can be seen in Video S9 as result of transformation of a wet liquid cell (with a 

dark contrast and mobile small micelle-like structures) into a dry liquid cell (with a colorless or 

white contrast and still micelle-like structures). The presence of water in a liquid cell can also be 

verified by electron energy loss spectroscopy (EELS)36,79–81 to measure water exciton or oxygen, 

bubble formation,79,81 and liquid thickness measurement.79,81 We have monitored the presence of 

water in GLC during the TEM imaging by EELS as shown in Figure S15. Low loss EELS data 

exhibit a peak ~7 eV related to the water optical gap, a peak ~9 eV related to water exciton peak, 

and a peak ~14 eV related to graphene σ+π bond. This further indicates the presence of water (wet 
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GLC) during TEM imaging. The formation of bubbles due to electron beam-induced radiolysis 

further confirm the presence of water in the GLC. The presence of bubbles as shown in Video S10 

further indicates the presence of water in the GLC. Indeed, bubbles have very distinct contrast 

(white or colorless) compared to the surrounding liquid area (dark).

In summary, we demonstrate some of the fundamental stages, including formation and 

growth, fusion, and denaturation of liposomes made of phosphatidylcholine as a model lipid. This 

study offers new insights on formation and evolution of liposomes in hydrated environment, which 

can be used toward further understanding of biological membranes and developing liposome-based 

drug delivery systems.

Conclusion

In this study, the evolution of PC liposomes via self-assembly of phosphatidylcholine are 

visualized in real-time by GLC-TEM. The formation of PC liposomes is initiated by lipids 

aggregates resembling micelle-like structures. These small assemblies evolve by coalescence 

resulting in fast growth of liposomes. This is followed by slow growth of liposomes as lipid 

molecules diffuse into the assembled structures. The growth slows down as the result of lipid 

consumption and rearrangement within the assembled structures, and eventually leading to stable 

liposomes. These findings are further confirmed by molecular dynamics (MD) simulation. Fusion 

of PC liposomes is also found to proceed as intermediate stage of apposed lipid bilayers docking, 

coalescence of proximal leaflets and formation of a hemifusion diaphragm, and the fusion pore 

opening. Denaturation of PC liposomes is described as the result of structural instability and 

deformation of the lipid bilayer membrane, followed by rupture and disintegration of the lipid 

membrane. This study offers new insights on fundamental steps concerning liposomes evolution 
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for different applications, for example, drug delivery systems, and behavior of biological 

membranes in aqueous environment, among others.
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