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Abstract The interest in physical approaches to the study of cell adhesion has generated numerous recent works on the development of substrates mimicking the extracellular matrix and the use of giant synthetic liposomes, commonly considered as basic models of living cells. The use of well-characterized bioactive substrates and artificial cells should allow us to gain new insight into the cell–extracellular matrix interactions, provided that their biomimetic relevance has been really proved. The aim of this paper is to define some minimal requirements for effective biomimetic features and to propose simple adhesion assays. We show, for instance, that immobilization of specific ligands is sometimes not sufficient to ensure specific adhesion of cells expressing the corresponding receptors. By investigating comparatively the adhesive behaviour of decorated erythrocytes and vesicles, we also discuss the potentialities and limitations of synthetic vesicles as test cells.



1. Introduction Cell adhesion to the extracellular matrix (ECM) is primarily mediated by transmembrane proteins called cell adhesion molecules (CAMs), which involve specific interactions and allow cells to adhere only to other cells that express the appropriate receptors. Although cascades of intracellular signalling events are triggered upon cell adhesion, it is now well accepted that the degree of refinement of bioadhesion (at least in the early stages) can be partly attributed to the sophisticated molecular structure of the cell surface, which is composed of a lipid membrane 3 Author to whom any correspondence should be addressed.
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and a variety of CAMs embedded in a glycopolymer brush called glycocalix [1]. From the viewpoint of physicists, experiments on real living cells are difficult to interpret because (i) usually more than one CAM participates in adhesion,(ii) the expression level of surface proteins varies drastically over time and (iii) adhesion patches are likely to be reinforced or weakened upon reorganization of the cell cytoskeletal structure [2]. To understand the physical basis of cell adhesion, it is therefore crucial to design biomimetic systems for both ECM and cells. Over the last three decades, many proposals for artificial extracellular matrices and mimics of cells have been developed [3, 4]. Although a plethora of reports were successful in immobilizing biological ligands on solids or lipid bilayers, very few could really pretend to achieve some mimetic properties for bioadhesion. One has indeed to keep in mind that the high degree of specific recognition required by cell adhesion and its reversibility implicitly mean that generic attractions (e.g. van der Waals, electrostatic) are almost completely inhibited in cell–cell interactions. The principal challenge in all biomimetic attempts is therefore to allow molecular recognition between surface ligands and receptors while preventing non-specific interactions between the cell membrane and the biomaterial. The aim of the present paper is to define the minimal design requirements in terms of substrate modification and synthetic cell preparation in order to emulate the adhesion of cells to the ECM in a realistic manner. The most straightforward approach for preparing supposedly biomimetic substrates has consisted in adsorbing a solution of matrix proteins onto solid surfaces. This method was, however, shown to be not satisfactory, because proteins often undergo denaturation at the interface [5]. Consequently, a fraction of immobilized ligands is inactive, or more importantly, is likely to generate undesired generic attractions. More recently, novel strategies based on a finer control of the surface chemistry have been developed [6, 7]. However, the development of more complex approaches to design decorated surfaces and membranes has not systematically been tested in a biomimetic perspective. In section 1, we will point out some common pitfalls to avoid and suggest adhesion assays to perform if one wants to test the biomimetic relevance of artificial ECM. In particular, we will show that molecular recognition between immobilized ligands and soluble receptors is not always a guarantee for specific cellular recognition. In section 2, we will propose a simple strategy of ligand immobilization, which will be shown to meet the minimal requirements for specific bioadhesion. Finally, section 3 will be dedicated to the design of cell mimics based on the use of giant synthetic vesicles. A comparison between red blood cells and vesicles will be pursued. Whereas most of the static features of adhesion are found to be similar, we will insist on some limitations in the mimicry of the dynamics of spreading. 2. Experimental details Substrates Glass coverslides were selected as templates. All glass surfaces were first activated with an amino-terminated silanizing agent (N-[3-(trimethoxysilyl)propyl]ethylenediamine from Sigma-Aldrich) following a procedure described elsewhere [8]. As a model receptor–ligand pair, we chose the biotin–streptavidin complex, which is known to be very stable, and can serve to produce universal templates for further immobilization of any kind of biotinylated protein. Our strategies to tailor surfaces with biotin involved either adsorption of biotin-derivatized proteins or grafting of various biotinylated crosslinkers. More precisely, bovine serum albumin (BSA) and β-casein (Sigma-Aldrich) were tagged with sulfo-NHS-biotin (Pierce) following standard protocols [3]. Over the timescale of our experiments (10), the force is directly proportional to the fractional extension, ε = L/2a −1 (L is the length of the cell along the line) and is given by F = 5ε(a B H 2)1/3 . Taking the literature values of 50kB T = 2 × 10−19 N m for B and 2 × 10−4 N m−1 for H [22], and a = 3.5 µm as the contact radius of a swollen streptavidin-coated erythrocyte on a surface fully covered with biotin, we check that C = 12 000 > 10 and find that the extension force is given by F = 150ε (pN). Since the cell is stretched because of spreading, F can also be crudely estimated by F = W/b = πa 2 w/b, where W is the adhesion energy, b is the stripe width and w is the adhesion energy per unit area. Assembling these two expressions
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Figure 4. Side-view images of a streptavidin-decorated vesicle on: (a) an inert casein-coated substrate; (b) a substrate functionalized with biotin–casein. The bar length is 10 µm.



for the extension force shows that the product ε · b should remain constant when b is varying. Experimentally, we have investigated about 20 cells for two different widths, namely 5 and 6.5 µm. Fractional extensions were found to be respectively 0.35 ± 0.3 and 0.27 ± 0.3, which indeed gives ε · b = 1.78 ± 0.2 and 1.76 ± 0.2. An estimate for the adhesion energy density w can then be derived: w = 5 µJ m−2 . By comparison, reported values for the adhesion energy of the streptavidin–biotin complex range from 100 µJ m−2 to a few nJ m−2 [23, 24]. However, the most accepted value for tight adhesion between biotinylated membrane and streptavidincoated substrate is about 10 µJ m−2 , as obtained by Alberdorfer et al [25], which is in good agreement with our crude estimation. 3.3. Lipid vesicles as synthetic mimics of cells? Over the last two decades giant vesicles have been extensively studied because of their potential relevance as minimal models for living cells. To date, the most refined design, which has been developed by Sackmann’s group in M¨unich, contains three key ingredients: (1) the lipid bilayer; (2) the receptor–ligand pairs and (3) a PEG polymer brush. The aim of the present section is to study how such decorated giant vesicles behave on substrates bearing specific stickers. More precisely, we have considered EPC vesicles doped with 4.5% lipid-PEG and 0.5% lipid-PEG-biotin. The molar fraction of lipid-PEG-biotin leads approximately to a surface coverage of 10% in streptavidin. The selected substrates are those used in the previous section. Figure 4 displays side-view images of a streptavidin vesicle on a surface passivated with casein (figure 4(a)) or activated with biotin–casein (figure 4(b)). Similar results were obtained with methoxy-PEG and biotin-PEG, respectively (not shown). The osmotically swollen vesicle was perfectly spherical with a contact angle lower than 10◦ ± 6◦ when no biotin was present on the surface, which is indicative of the absence of significant non-specific interaction between the vesicle and the substrate. By contrast, in the presence of biotin, the shape of the vesicle was a truncated sphere, characterized by an extended adhesion patch and a contact angle of 45◦ ± 7◦ , which suggests that specific recognition is strongly promoted [25]. In order to show the firm character of adhesion of lipid-PEG-biotin vesicles, they were submitted to a linear shear flow (shear rate of 14.5 s−1 ). Vesicles settled on the passive substrate started to slide and roll along the flow direction. Vesicles settled on the activated biotin–casein remained stuck in the same place. However, due to the shear stress, their membranes exhibited a rotating motion. Such vesicle spinning motion is clearly shown through the observation, on one vesicle, of a small defect, which is either trapped within the membrane lipid bilayer or simply bound to its internal part. It is illustrated in figure 5, where the defect is located in a vertical plane perpendicular to the axis of rotation, and slightly distant from the in-focus equatorial
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Figure 5. Spinning of a streptavidin-decorated vesicle subjected to a linear shear flow on a biotin– casein substrate. Vesicle radius: 7 µm. Shear rate γ˙ = 14.5 s−1 . The vesicle remains at the same place but the membrane is rotating, as seen by the motion of a lipid defect (in black). (a) = 7 s, (b) = 7.2 s, (c) = 7.4 s, (d) = 7.6 s, (e) = 7.8 s, (f) = 8 s.



plane. This result strongly suggests that the membranar lipids, which are not involved in adhesion, can flow around the bounded biotin-PEG lipids located in the firm-adhesion contact zone. It reveals a specific adhesion behaviour, which requires fluid lipid membranes with mobile receptor sites. The next step was to expose the same vesicles to micropatterned surfaces. Our interest was to visualize how the vesicle would spread and deform when intimate contact is only ‘authorized’ along a segment of line, which is narrow in comparison with the size of the vesicle. Quite surprisingly, as shown in figure 6(a), the RICM pattern of a vesicle at the corner of a step-like stripe does not exhibit exclusive adhesion along the biotinylated line. The vesicle seems to overflow the biotinylated stripe and be pushed against the supposedly passive surface. However, simultaneous visualization by fluorescence microscopy of the vesicle decorated with fluorescent streptavidin in the vicinity of the surface allowed us to better understand the actual situation. As shown in figure 6(b), only the biotinylated line became strongly fluorescent upon vesicle adhesion. In particular, the area circled in figure 6(a) was not fluorescent although close contact was observed by RICM. This means that, in spite of partial non-specific interaction, streptavidin molecules are only concentrated towards the biotin-derivatized area. The question which immediately arises is: why are vesicles, unlike red blood cells, not able to resist partial non-specific interaction when spreading is initiated by localized specific binding? Two explanations might be put forward. First, a vesicle decorated with PEG and ligands obviously lacks an inner cytoskeletal structure, which serves to provide higher rigidity of the membrane. For example, the bending modulus of an erythrocyte is 50kB T , i.e. five times as large as for an EPC vesicle [26]. Second, part of the glycocalix is anchored to the cytoskeleton in a real cell, while the PEG brush is mobile at the surface of vesicles. In particular, a forced approach between the mimetic membrane and the substrate is likely to cause depletion in PEG-lipids, which are expelled out of the contact area due to an excess of bidimensional osmotic pressure due to the polymer chains [12]. In contrast, the reduced mobility of glycopolymers may provide an additional kinetic barrier against depletion effects. In a last set of experiments, we aimed to compare the spreading kinetics of streptavidincoated vesicles and erythrocytes onto homogeneous biotinylated substrates. Individual settling
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Figure 6. Adhesion of a giant vesicle decorated with fluorescent streptavidin on a biotinylated micropatterned surface. (a) RICM image; (b) fluorescence image. The dotted line in micrograph (a) shows the area of non-specific adhesion. The bar length is 5 µm.



Figure 7. Time sequence of the spreading of (a) a streptavidin-decorated vesicle and (b) a streptavidin-derivatized red blood cell on a biotinylated surface as seen by RICM. Images are successively taken at t0 , t0 + 5 s and t0 + 40 s in both cases. The bar represents 5 µm.



vesicles or cells were first found by fluorescence microscopy before switching to RICM mode in order to monitor the spreading process. Figure 7(a) (respectively figure 7(b)) displays three snapshots taken at successive times (t0 , t0 + 5 s, t0 + 40 s) of a streptavidin-coated vesicle (respectively erythrocyte) spreading on a PEG-biotin substrate. Since vesicles and cells were osmotically swollen, single adhesion nuclei were usually observed close to the centre of the cell and were found to grow isotropically. Besides, by tuning the biotinylation time of red blood cells, we ensured that cells and vesicles were decorated with similar surface densities in streptavidin. As measured by fluorescence microscopy after calibration with vesicles containing various fractions of biotin-PEG-lipids (data not shown), the estimated streptavidin density was found to be equal to 5 × 1014 m−2 . Typical time evolution of the radius of contact (normalized by the radius of the vesicle or cell) is displayed in figure 8 (log–log plot) for both a vesicle and an erythrocyte. Immediately, we remark that the characteristic time for reaching the equilibrium shape is of the same order of magnitude (∼50 s). However, the kinetics is completely different. For the red blood cell, the adhesion patch grows slowly at first, and after a few seconds, accelerates and roughly increases as t 0.7±0.06 . For the vesicle, nucleation of the adhesion patch is followed by a rapid increase of the contact radius during the first second. In a second regime, a significant slowing down of the spreading kinetics is observed, since the patch grows as t 0.25±0.04 . Despite the extensive theoretical work on equilibrium shapes of vesicles (see [25] and references therein), the dynamic aspect of spreading had been overlooked for a long time and recent theoretical studies are still tentative and controversial [27, 28]. Our



S2436



D Cuvelier et al



Figure 8. Typical time evolution of the radius of the adhesion patch normalized by the radius of the streptavidin-coated cell or vesicle for an erythrocyte (full squares) and for a vesicle (open circles) in a log–log scale.



goal is therefore not to propose an explanation for the observed growth laws. However, we believe it important to point out that, even though the statics of cell adhesion can be reasonably well emulated by properly decorated synthetic vesicles, the same vesicles fail in emulating the adhesion dynamics of cells as simple as erythrocytes. Of course, we had deliberately chosen to exclude more complex cells which are known to give rise to a large variety of adhesion patterns (fibrillar or focal points) induced by subtle reorganization of the cytoskeleton [29].



4. Conclusion The aim of this paper was to discuss some difficulties related to the design of functionalized substrates and artificial cells for bioadhesion studies. We have tried to show that the biomimetic relevance of surface chemistry and membrane decoration strategies have to be tested in a cellular context. For example, specific molecular recognition does not preclude any non-specific adhesion of cells. We have proposed a simple method based on the use of functionalized PEG or casein which meets these basic requirements. From our viewpoint, the best up-to-date model for an artificial test cell seems to be the one in which a giant vesicle is doped with lipids bearing a headgroup modified with the ligand of interest and with PEG-lipids in order to mimic the repulsive activity of the glycocalix. Adhesive patterns of decorated liposomes on biomimetic surfaces are mostly similar to the behaviour of decorated erythrocytes. However, the spreading dynamics was found to be significantly different, which suggests that some relevant ingredients might be missing to achieve reliable biomimicry. More recent attempts to fill vesicles with actin filaments (in order to model the cytoskeleton) could be promising for the next generation of artificial cells and help in gaining insight into the physical basis of cell adhesion [30].
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