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Summary



Upon light exposure, photosensitizers generate reactive chemical species that lead to cellular membrane alteration. On the one hand, this property is exploited in photodynamic therapy to irreversibly destroy diseased tissues. On the other hand, the reactivity of photosensitizers with lipid membranes prevents encapsulation or loading in liposomes for delivery applications. Polymersomes, which are vesicles made of amphiphilic polymers, have been used as drug carriers due to their superior robustness over liposomes. We have investigated the photoresponse of prototypical polymersomes loaded with a classical chlorine photosensitizer. We have observed a complex sequence of light-induced morphological changes. Using micromechanical assays based on micropipette manipulation, we have quantitatively monitored the different phases of the photo-response, which include membrane area variation, osmotic swelling, membrane crosslinking and vesicle deflation. We have thus gained insight into the complex cascade of chemical reactions involved in photosensitization. Finally, our findings suggest that composite chlorine-copolymer vesicles may be used as a new class of light-sensitive drug carriers.



Intoduction :



Polymersomes are self-assembled vesicles made from amphiphilic bloc copolymers1. Hydrophobic molecules are readily incorporated within the hydrophobic core of the membrane and can be used as in vivo imaging probes2. Hydrophilic molecules can also be encapsulated within the aqueous interior, and polymersomes may serve as drug carriers3, 4. By comparison with liposomes or stealth liposomes, the increased thickness of polymer membranes confers to polymersomes a higher stability and a lower permeability, as shown by in vivo extended circulation lifetimes and reduced leakiness5, 6. Moreover, exploiting the tools of polymer chemistry to vary the molecular weight and the chemical structure of the amphiphilic polymer and to functionalize the different blocks provides additional degrees of freedom in view of synthesizing novel “smart” capsules with adjustable chemical and material properties7. For instance, end-decorated polymersomes with proteins were designed for targeted
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adhesion8-10 while polymersomes made of tailored copolymers, which respond to external stimuli can be used for controlled drug release. In this latter context, even though the prevalent design principle generally consists in altering the hydrophilic/hydrophobic balance of the amphiphilic polymer in order to trigger membrane disassembly, many different routes have been investigated.



The use of



hydrolysis11-oxidation12- reduction13- or pH14-sensitive hydrophobic blocks makes the vesicles sensitive to the corresponding environmental stimuli or changes. More rarely, physical stimuli have been employed to remotely induce the destruction of vesicles made of polymeric entities that bear responsive groups. For instance, we have recently prepared asymmetric polymersomes whose one leaflet is composed of a copolymer bearing photoactive azobenzene groups15. We have shown that polymersome bursting could be triggered by UV illumination and was due to a change in the spontaneous curvature of the asymmetric membrane induced by a conformational change of the polymer backbone upon irradiation. Alternatively, another recent and interesting route to produce photoresponsive polymersomes was to use composite systems. Starting with polymersomes whose membrane was initially composed of photo-inert copolymers, the vesicle membrane was then dopped with a porphyrin derivative and its interior was filled with proteins that avidly interact with the porphyrin-loaded membrane. Illumination was shown to induce drastic morphological changes, followed by vesicle destruction and release of the aqueous interior16. Here, we have prepared binary systems of polymersome-chlorin e6 (Ce6). The selected copolymer is the prototypical photo-inert polyethyleneoxide-b-polybutadiene diblock copolymer (PEO-b-PBD). Ce6 is a light-sensitive molecule, which has been used in photodynamic therapy (PDT)17-20. Its preferential retention by tumors, as compared to normal surrounding tissues, combined with the oxidative damages that may be caused to the plasma membrane upon photoactivation, is the basis of PDT21 as first shown by Meyer-Betz a century ago. The increasing use of polymersomes as drug carriers due to their superior resistance led us to investigate the association of Ce6 with polymer vesicles. In this paper, we describe and analyze the sequence of events observed upon UV illumination of Ce6-loaded polymersomes. Using micropipette aspiration, we can quantitatively decipher the different steps of the oxidative stress created by Ce6 photoactivation on polymer membranes. On the basis of the observed photo-response of polymer membranes loaded with Ce6, we finally propose that such composite systems could be of particular interest for stimuli-induced drug release strategies.
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Results and Discussion



Preparation of photosensitizable polymersomes



Unless otherwise stated, all experiments reported hereafter were performed using the prototypical PEO-b-PBD diblock copolymer (see chemical structure in Fig. 1) whose mechanical membrane properties have been extensively documented22. Polymersomes were equally prepared by spontaneous swelling or electroformation (see Experimental section for details). These two classical techniques easily yield giant unilamellar vesicles (>10 µm in diameter) with good efficiency, which facilitates optical imaging and statistical analysis. The chlorin-derivative Ce6 was selected as a model photosensitizer (see chemical structure in Fig. 1). Although it has a reduced water-solubility as compared with other chlorine-conjugates, which are more widely used in clinical PDT, the parent compound Ce6 has the advantage of being amphiphilic, and thus is expected to be readily incorporated into the bilayer of polymer vesicles. Loading of Ce6 into copolymer membranes was performed by incubating a suspension of polymersomes in a solution of Ce6 (at 100 µM in 200 mOsm PBS buffer - see Experimental section for details). The propensity of Ce6 to insert into the polymer bilayer was quantitatively assessed from partition experiments on small polymersomes obtained by extrusion of giant polymer vesicles. Fluorimetric titration was performed by spectrofluorimetry on polymersomes incubated with Ce6 at various concentrations. As seen in the inset of Fig. 2a, incorporation of Ce6 into the polymer membrane is accompanied by a red shift of the peak emission and an increase in intensity. These spectral changes are specific for the transfer of chlorin from an aqueous to a hydrophobic environment. Fig. 2a shows the relative variation of the fluorescence intensity at 662 nm as a function of the concentration in copolymer. From the titration curve, the binding constant of Ce6 to PEO-bPBD membranes was found to be equal to 2×106 M-1 (see Experimental section). The affinity of Ce6 for PEO-b-PBD membranes is thus very high, three orders of magnitude larger than the one for lipid
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membranes23. This result is consistent with the direct visualization of polymersomes by epifluorescence microscopy. As shown in Fig. 2b, upon incubation of the polymersomes suspension in Ce6 solution, the polymer membranes were observed to be strongly fluorescent, which confirms that Ce6 was readily incorporated into the bilayer. However, it is worth noting that the interior of the vesicles also exhibited fluorescence. Upon long incubation (over hours), Ce6 was thus able to cross the polymer membrane and partition between membrane and aqueous solution. Note that this feature seems to be specific of polymer bilayers, since previous works on liposomes have shown that Ce6 was trapped in the leaflet in contact with the photosensitizer solution23, 24. Since polymersomes were finally dispersed in the experimental chamber filled with Ce6-free PBS buffer, one may simply consider that, prior to any prolonged illumination, the Ce6 photosensitizer was mostly inserted into the polymer membrane and encapsulated within the vesicle.



Morphological changes of Ce6-loaded polymersomes induced by UV irradiation



Giant polymersomes loaded with Ce6 were continuously irradiated using the mercury lamp of the microscope and a 360 nm-excitation filter. They were simultaneously imaged in bright-field using the halogen lamp of the microscope. Fluorescence emitted by Ce6 was cut off by using an appropriate filter. Fig. 3 displays a typical time sequence of morphological changes that occurred in polymersomes which were previously incubated in 100 µM Ce6 solution for 24 h (see also movie S1). In the first image taken prior to UV light exposure, the vesicle appears floppy, as expected from a slight osmolarity mismatch (20 mOsm) between internal and external solutions. Then, in the first few seconds of irradiation, vesicles displayed transient morphological changes, as evidenced by the formation of dimples (3rd snapshot). The initial spherical shape of the vesicle was recovered within the next few seconds (4th snapshot). At longer times, of the order of 1 min, the polymersome was observed to significantly increase in diameter. Vesicle swelling was accompanied with loss of optical contrast, which was initially due to the asymmetry of sugar composition between the interior and exterior of the vesicle. Finally, a sudden deflation of the polymersome occurred, which led to the formation of a smaller vesicle. Quite remarkably, although smaller than the initial vesicle, the irradiated polymersome
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seemed relatively tense, as suggested by its spherical shape without any visible thermal undulations. At this stage, for the sake of clarity, we will arbitrarily decompose the observed sequence of events in 4 phases. Phases I to IV correspond to membrane area increase, membrane area decrease, vesicle swelling and final state after deflation respectively.



Quantitative monitoring of polymersomes photosensitization by micropipette manipulation



From the abovementioned qualitative observations, we may draw two preliminary conclusions. First, Ce6-loaded polymersomes undergo a complex series of shape changes upon UV light exposure. Second, these morphological changes involve both membrane area and vesicle volume variations. Further, the dynamics of the reported shape and size changes suggests that the time scales for vesicle area and volume variations are separated: the fast and reversible surface area increase seems to precede slower osmotic swelling. To gain quantitative insight into the process of polymersomes photosensitization, we have used the micropipette aspiration technique. The advantage of this technique is that pressurization of the vesicles ensures a simple geometry where the membrane is composed of spherical and cylindrical parts which can be accurately measured. Concretely, Ce6-loaded polymersomes were hold in a micropipette (of about 3 µm in radius) at a given suction pressure (typically, ∆P=3 cm of water). Exposure to UV light was performed in the same experimental conditions as for free-floating vesicles. However, in order to improve the detection of rapid membrane projection length changes, video sequences were acquired by superimposing the bright-field images and the fluorescence images using a long pass emission filter (λ>520 nm). Fig. 4a shows typical snapshots taken during UV illumination of a Ce6-loaded polymersome (see also movie S2) and marks phases I to IV as suggested above. The temporal variation of the measured projection length Lp and vesicle radius Rv are displayed in Fig. 4b. Time 0 was taken when irradiation started. Initially, the tongue length of the aspirated vesicle was much smaller than the pipette radius, and could not be measured optically. At t=0, we thus consider that Lp=0, and Rv=Rv,0. These pipette experiments
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support the conclusions reported in the previous paragraph and reveal some additional characteristic material behaviour of the irradiated vesicle. Three main features arise and are summarized hereafter.



i) Membrane area variations (Phases I and II) Under our experimental conditions of UV light power and chlorine concentration, the first two phases in the process of photosensitization typically spanned the first 10 seconds of irradiation. The corresponding snapshots revealed very fast photobleaching of chlorine, both within the membrane and in the vesicle. However, more importantly, the length of the vesicle tongue quickly increased to a maximal value, which was reached within about tI≈2.5 s, before it decreases back to undetectable length within a similar amount of time. Let us also note tII the time which marks the end of Phase II, i.e. when the tongue length reached back its initial value (here, tII≈6s). In its most widely used mode, micropipette aspiration permits to vary the tension of a vesicle and to derive the changes in membrane area from the direct measurements of Rv an Lp25. This tension-area relationship relies on the assumption that the vesicle volume remains constant. Here, the aspiration pressure was set at a constant value. The membrane tension was thus fixed, as long as i) the vesicle radius remained roughly contant, and ii) the radius of curvature of the aspirated membrane was set by the radius of the pipette. In practice, the latter assumption is strictly valid for Lp≥Rp. For a given tension, variations in Lp indicated that UV illumination triggered a photoreaction within the polymer membrane, which in turn induced changes in membrane area. Since the duration of these first two phases was very short, we may assume that the volume encapsulated by this photosensitized membrane was roughly constant from t=0 to t=tII. . This hypothesis will be experimentally checked later. We then derive the temporal variation of the increase in membrane area ∆A from simple geometric considerations: R p ∆L p ( t )  ∆R v ( t )  ∆A ( t )  = ⋅ + 1 +  A0 2R v , 0 R v, 0 R v,0  
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(1),



where A0 is the surface area of the spherical vesicle, Rv,0 is the initial vesicle radius, ∆Lp and ∆Rv are the variations in tongue length and vesicle radius respectively. The surface area of the vesicle was found to drastically increase by about 20%, and subsequently decrease by at least 20%. As seen in Fig. 4a, the main contribution to area changes
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originates from the variation in tongue length, which means that the absolute area change ∆A ≈ 2 πR p ⋅∆L p is independent on the initial size of the vesicle, as experimentally observed (data not shown). Note that this excess area is about the maximal area expansion of PEO-b-PBD polymersomes when lysis occurs5. However, the membrane was not strained per se, because the tension was effectively kept weak. Membrane area variations rather originate from molecular configurational changes induced by photochemistry.



ii) Osmotic swelling (Phase III) After the initial fast variations in tongue length, the vesicle was observed to swell significantly over the next 3 minutes. We note tIII the time at which the vesicle reaches its maximal volume (tIII≈200 s). This increase in vesicle volume could be caused by an osmotic gradient through the polymer bilayer, since the polymer membrane has a non-zero permeability to water. A classical way to assess the permeability of single vesicles by micropipette consists in transferring the vesicle from an isoosmotic environment to an osmotically unbalanced medium and to track the time course of water filtration from the relative change in tongue length26. Here, osmotic filtration was induced by UV illumination. Since the external solution could be considered as an infinite reservoir (400 mm3 as compared with the typical volume of a vesicle,4×10-6 mm3), the osmotic pressure across the membrane was mostly due to the production of additional molecular species inside the vesicle during the photosensitization process. We observed that the radius of the vesicle increased by up to 20%. Since the relative increase in volume is simply given by:



∆V  R v = V0  R v,0
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  −1  



(2),



∆V/V0 was found to be equal to 70 % at maximum swelling. Eq. (2) implicitly assumes that the vesicle is spherical at the onset of this second phase, i.e. Lp=0. This assumption however implies that the vesicle was not strictly maintained at constant tension: membrane tension increased in time as the surface area of the vesicle did. Yet, this approximation allows us to obtain a rough estimate of the inside-outside difference ∆c in osmolarity subsequently to vesicle photosensitization. The bilayer
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permeability is defined by the coefficient Pf, and the rate of change in vesicle volume per unit of surface area is: 1 dV ⋅ = Pf v w ∆c A dt



(3),



where vw is the molar volume of water. With c0 the initial osmolarity of the vesicle interior and exterior, we obtain a kinetic equation for the time course to the new equilibrium state by taking into account the dilution of solutes as the vesicle swells: 3 3     R v, 0     R v,0   dR v     = Pf v w c0  − 1 + ∆c      dt R R   v      v  



(4).



At this stage, three assumptions are required to derive an analytical relation for Rv(t). First, for simplicity, we may assume that the membrane permeability is constant through the whole course of osmotic swelling. Even though the Ce6-loaded polymer membrane is undoubtedly chemically modified upon UV exposure, the permeation properties of the membrane do not seem to be strongly altered at the end of the process. Second, we hypothesize that the production of solute molecules, which gives rise to the observed osmotic swelling, occurs within a time period that is much shorter than the whole swelling time course. In other words, the inside osmolarity of vesicles instantaneously surges from c0 to c0+∆c. As the rate reaction of singlet oxygen with C-C double bonds is very high (105 M-1S-1 27), the half time for reaction can be estimated to be less than one second. This hypothesis is in good agreement with our observations: the photoreaction between the polymer membrane and Ce6 is very rapid, as seen in the previous paragraph. Third, we will further neglect the term in c0 with respect to the one in ∆c in Eq. (4), which means that solute production is expected to be dominant. Finally, by noting that R v (t = t II ) ≈ R v,0 , we arrive at:



 R v  P v = 1 + 4 f w ∆c ⋅ (t − t II )   R v ,0  R v,0 



1/ 4



(5).



As seen in Fig. 4b, the maximal relative increase in vesicle radius is about 20% during swelling, which occurs within 3 min. Eq. (5) then becomes in the limit of small variations in Rv: ∆R v Pf v w = ∆c ⋅ (t − t II ) R v ,0 R v, 0



(6).
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This linear relationship was indeed experimentally observed after an initial lag time (fig. 4b). Taking Pf in the 1-10 µm/s range5 and Rv,0≈10 µm, we find that ∆c≈0.5-5 mol/l, which indicates that the cascade of chemical reactions mediated by Ce6 is very effective within the vesicle interior and/or the polymersome membrane.



iii) Deflation (Phase IV) As shown in Fig. 4a, osmotic swelling was abruptly arrested by vesicle deflation at time tIII≈200 for vesicles with diameter of the order of 25 µm. Remarkably, all experiments performed in similar conditions led to the same final state: vesicles always recovered a closed and spherical shape, without loss of membrane integrity. Despite pressurization in a pipette, the vesicles resealed while the internal liquid was not fully expelled. This observation suggests that pore growth may be impeded by some intrinsic membrane properties. Subsequent aspiration of the deflated vesicle was accompanied with the appearance of membrane wrinkles (see arrow in Fig. 4a, last snapshot), which reveal a solidlike behaviour of the photosensitized vesicle. While the Ce6-loaded polymer bilayer was initially in a fluid state, UV illumination ultimately induced a two-dimensional cross-linking of the membrane. To further support that the membrane was polymerized, we have estimated the tension at which deflation occurred. Because the observed increase in vesicle size is caused by osmotic filtration, the resulting membrane tension is given by the Laplace law: σ(t ) =



(∆P + ∆π ) ⋅ R v (t )



(7),



2



where σ is the membrane tension, ∆P is the initial aspiration pressure, of the order of 300 Pa, and ∆π is the osmotic pressure exerted to the membrane. By definition, ∆π is determined by the inside-outside osmolarity difference ∆c: ∆π = RT ⋅ ∆c



(8),



with R the gas constant and T the temperature. By using ∆c≈0.5-5 mol/l estimated in paragraph (ii), we find that ∆π≈106-107 Pa=10-100 atm and σ≈5-50 N/m when deflation was observed. Such a value for the maximal tension that photosensitized polymersomes can sustain is at least 2 orders of magnitude larger than the lysis tension classically reported for fluid polymersomes1. However, it is noteworthy to mention that this value is consistent
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with previously reported lysis tensions of about 1 N/m for cross-linkable PEO-b-PBD polymersomes28. As a corollary, because osmotic filtration led to an increase in membrane area, ∆A = 8πR 2v,0 (∆R v R v,0 ) , the elastic modulus Ka of the polymer membrane in its final state can be derived from: σ = Ka



∆A ∆R v ≈ 2K a A0 R v, 0



(9).



Taking the values for membrane tension and relative increase in area at maximum swelling, prior to deflation, one obtains Ka of the order of 10-100 N/m, which is at least 2 orders of magnitude higher than for fluid polymersomes and consistent with a solid-like membrane.



Relation between chemical scenarios and mechanical response of membrane photosensitization



The detailed chemical mechanism of membrane oxidative reactions induced by irradiation of photosensitive molecules is still poorly understood29-34.It basically relies on the production of highly reactive oxygen species (ROS) and is known to affect some lipid bilayer properties35-40. However, the photochemistry involved in membrane alteration is difficult to decipher, precisely because reaction intermediates are short-lived, and because analytical in-situ assays are practically very challenging. First, we anticipated that the use of membranes made of high molecular weight macromolecules instead of lipids could enhance the effect of oxidative stress. Second, by monitoring the mechanical and morphological response of polymersomes, we aimed to indirectly dissect the main cascade of relevant oxidative reactions. Let us start with briefly summarizing the most commonly postulated sequence of reactions triggered by irradiation of photosensitive molecules in the presence of oxygen within a lipid membrane. Upon light exposure, the sensitizer produces free radicals (Type I photoperoxidation) and/or singlet oxygen 1O2 (Type II photoperoxidation). In the core of a lipid bilayer, carbon-carbon double bonds of unsaturated lipids have been shown to be privileged sites for 1O2 and radical reactions30,



41-44



, which produce lipid hydroperoxides. If the oxidative reaction proceeds further,



various degradation species like malondialdehyde (MDA), 4-hydroxynonenal and other carbonylbased molecules



41, 42, 45



, are also expected to be produced and expelled from the hydrophobic core of
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the membrane because of their increased hydrophilicity. Finally, the process is often terminated by vesicle lysis, as shown by a drop in the turbidity measurements of a suspension of small liposomes45-48. Whether we can comprehensively interpret the whole sequence of polymersome morphological and mechanical changes upon photosensitization on the basis of the latter chemical scenario is therefore the central question in the rest of the manuscript. Conversely, we will also examine whether this hypothesized sequence of oxidative reactions may be challenged by the abovementioned experiments and additional simple tests.



i) Membrane area increase (Phase I) is caused by polymer photochemical hydroperoxidation For liposomes composed of unsaturated lipids, the surface area of the membrane has been observed to increase and assigned to the reaction of singlet oxygen with C-C double bond, leading to the formation of lipid hydroperoxides LOOH, whose cross section is larger than the one of native lipids41,



49, 50



.



Remarkably, the hydrophobic moiety of the PEO-b-PBD copolymer used here is 1,4-polybutadiene of molecular weight 5000g.mol-1, which contains 92 carbon-carbon double bonds. We thus expect that the initial morphological change (Fig.3) corresponding to the fast membrane area surge (t 
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