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Biological cells manifest rich mechanical responses in the presence 
of external forces as a result of far-from-equilibrium interactions between 
their subcellular components and their surrounding environment. Many of 
the paramount functions of living cells are governed by their membrane, 
which encloses the cell and isolates its “inside” from the “outside”. Transient 
membrane permeabilization is a critical step to introduce foreign molecules 
(such as drugs or DNA molecules) into living cells, yet challenging for 
both biological research and therapeutic applications. To achieve this, 
electroporation has become a widely used tool due to its simplicity to deliver 
almost any biomolecule to any cell type. Although this non-viral method 
demonstrates a great promise in the field of gene delivery, the underlying 
physical mechanisms of the response of the heterogeneous cell membrane 
during electroporation process is still unknown [1-2].

In this study, we have employed giant unilamellar vesicles (GUVs) to 
investigate the response of heterogeneous membranes during and after 
electroporation (Fig. 1). First, we have studied the role of gel-phase lipids in the 
electroporation of binary GUVs by direct visualization of GUVs with different 
compositions during and after electroporation. All GUVs have been exposed to 
multiple electric pulses of increasing electric field strength, and their responses 
have been imaged using bright-field microscopy.
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Chemical structures of lipids used in this work (top), and the experimental setup for the electroporation of the GUVs 
(bottom). A picture of the electroporation setup with a bright field image of a sucrose-filled GUV in a glucose environment. 
The scale bar is 1 μm. The analysis of the GUVs: the contour is tracked, after which the area, A, and the perimeter, P, are 
determined (bottom: from left to the right). Adopted from Perrier et al. [2]
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Our results display that the fluid-phase GUVs decrease in size (with spherical shape), whereas the gel-phase GUVs 
become buckled and change their shape (as shown in Fig. 2). We have shown that pure fluid-phase GUVs expel lipids, 
due to presence of electric forces and tension during the pulse. On the other hand, these electric forces cannot overcome 
the strong viscous forces of the gel-phase lipids. These obtained results provide an insight on the role of the heterogeneity 
in the membrane of living cells during electroporation. In addition, we have shown that the gel-phase lipids can provide an 
increased electrical stability of the cell membrane, depending on the mixing behavior of the two phases. On the other hand, 
we have demonstrated that the fluid-phase lipids mainly determine the transport across the cell membrane. Furthermore, 
we have investigated binary GUVs prepared from both fluid-phase and gel-phase lipids. We have shown that the presence 
of the gel-phase lipids causes buckling of the GUVs, whereas the fluid-phase lipids are also expelled simultaneously. [2-3] 
At this stage, we are focusing on the role of cytoskeletal elements during electroporation of cell membranes [3]. We believe 
that these simplified GUV models should be modified further with cytoskeletal elements to mimic the complex nature 
of cellular membranes. For instance, the actin supported GUVs can be used to explore the mechanism of electro-gene 
transfection [1-3]. These new insights will allow us to optimize current electroporation-based treatments more efficiently for 
both therapeutics and biological applications.

The physical responses of the fluid-phase and gel-phase GUVs to the electric field. Top row shows the averaged normalised 
area and form factor of GUVs plotted versus the electric field. The bottom row shows the bright field images of GUVs with 
different phases after electroporation experiments. Adopted from Perrier et al. [2]
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