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Controlled Electrodissolution of Polyelectrolyte Multilayers:A Platform Technology Towards the Surface-Initiated Delivery of Drugs**

A novel method for the electrochemical dissolution of polyelectrolyte multilayers from the surface of an electrode for applications in controlled drug delivery is reported. Biodegradable and biocompatible multilayer films based on poly(L-lysine) and heparin have been selected as a model system, and have been built on an indium tin oxide semiconductor substrate. The buildup and dissolution processes of the multilayers is followed by electrochemical optical waveguide light mode spectroscopy. The formation and stability of the polyelectrolyte multilayers have been found to depend on the applied potential and the ionic strength of the buffer. The application of potentials above a threshold of 1.8 V induces dissolution, which follows single-exponential kinetics, of the polyelectrolyte multilayer film. The rate of this process can be varied by an on-off profile of the potential, leading to the controlled release of heparin into the bulk. Atomic force microscopy investigations show that the electrodissolution of the polyelectrolyte multilayers is a local phenomenon that leads to the formation of nanoporous films.

Introduction

The deposition of polyelectrolyte multilayers [1][2][3] by the layer-by-layer (LbL) method has stimulated a large number of studies aimed at understanding the physicochemical mechanisms [4][5][6][7][8] responsible for their self-assembly, and at developing numerous applications. [9][10][11] The build up of polyelectrolyte multilayers occurs by the alternate dipping of a substrate into polyanionic and polycationic solutions, and is a consequence of a charge overcompensation of the substrate during adsorption of the previous polyelectrolyte layer. [12,13] Simple to construct, polyelectrolyte multilayers can easily be functionalized with biologically active molecules. In fact, this can be performed through the biomolecules themselves acting as the materials from which the films are built, [14][15][16] or through embedding them into the polyelectrolyte films. [17][18][19][20] This technique allows, in particular, the preparation of supramolecular nanoarchitectures exhibiting specific properties in terms of cell-activation control, [9,[21][22][23] which could benefit the development of local drug-delivery systems. tial (i.e., 1.8 V) in situ. The poly(L-lysine)/heparin (PLL/HEP) system has been selected as a biocompatible model system to validate this novel technology dedicated to the precisely controlled local delivery of drugs. PLL is a polypeptide (Fig. 1a) with a pK a (pK of association) value of 10.5 [42] due to its amino groups. HEP is a polysaccharide widely used as an effective anticoagulant for the prevention and treatment of coagulation disorders. The sulfate monoesters and the sulfamido groups of HEP (Fig. 1b) are both highly acidic, with pK a values ranging from 0.5 to 1.5, [43] and the carboxylate groups have a pK a between 2.8 and 3.1. [43,44] In the present study, the multilayers were built on an ITOcoated substrate, which served as the working electrode in a three-electrode setup. Electrochemical optical waveguide light mode spectroscopy (EC-OWLS), introduced and developed recently, [45][46][47][48] was used to follow, in situ, the build up and dissolution of the multilayers under an applied potential (see Experimental section, Fig. 1c). Atomic force microscopy (AFM) was used to study the topography of the multilayer films after the dissolution process.

Results and Discussion

Multilayer Build Up

The exponential growth of (PLL/HEP) 9 multilayers, measured by EC-OWLS in 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) supplemented by 0.15 M sodium chloride (hereafter referred to as HEPES150) and at an electric potential of 0 V, is shown in Figure 2. Two different mechanisms have been suggested to explain the observed exponential growth. The first mechanism is based on the charge mismatch between the polycation and the polyanion, which increases the surface roughness and, consequently, increases the surface area for the deposition of material. [49][50][51] The second mechanism suggests the diffusion into and out of the entire film of at least one of the polyelectrolytes, which will result in a thickness-de-pendent growth of the multilayer. [START_REF] Picart | Proc. Natl. Acad. Sci[END_REF][START_REF] Picart | [END_REF][54] We can compare the system used here with PLL/hyaluronic acid (PLL/HA) multilayers, which exhibit exponential growth due to the diffusion of PLL into and out of the film. [START_REF] Picart | Proc. Natl. Acad. Sci[END_REF][START_REF] Picart | [END_REF] Indeed, HA is also a polysaccharide with only one anionic charge per disaccharide monomer (due to the presence of a carboxylic group) compared to HEP, which has four anionic charges (due to the presence of one carboxylic group and three sulfate-derived groups). HEP is more charged than HA, and can be considered as a strong polysaccharide, given that the pK a s of the sulfate monoesters and the sulfamido groups are below 2. [43] Because of these similarities, it is reasonable to assume that the diffusion of at least one of the polyelectrolytes within the PLL/HEP film is responsible for the observed exponential growth. However, the thickness of the (PLL/HEP) 9 film is only about 100 nm (as determined by scratching and imaging the film by AFM), which is less than the 1 lm thickness reported for (PLL/HA) 9 films. [START_REF] Picart | [END_REF] C 

Dissolution of PLL/HEP Multilayers

Figure 3 shows the evolution of the adsorbed mass as a function of time (measured by EC-OWLS) during the build up of the (PLL/HEP) 9 multilayer at an electric potential of 0 V, and its dissolution at 1.8 V. During build-up of the film, the mass increases when the film is brought into contact with a new polyelectrolyte solution (Fig. 2). When buildup of the film is finished, increasing the voltage from 0 to 1.8 V induces a rapid decrease in the mass, following an exponential decay function. Table 1 summarizes the parameters obtained when the evolution of mass at 1.8 V is fitted to an exponential-decay function. Knowing that the optical properties of the ITO-coated waveguides remain stable for days under the application of a few volts of applied external potential, [45] we can calculate the remaining mass of the film using the baseline obtained at 0 V in buffer at the beginning of the experiment (Fig. 3). After applying 1.8 V for three hours, only 10 % of the film remained on the substrate.

At the beginning of the experiment, the substrate (working electrode) was tested by applying an electric-potential cycle from 0 to 1.8 V. The observed increase in mass, related to an increase in the effective refractive index, is due to the reversible accumulation of ions at the interface (Fig. 3, inset). [46][47][48] At the same time, there was an increase in the current above an applied voltage of 1.5 V, which is due to water electrolysis. [46] After the build up of the multilayers, the same increase in mass, around 150 ng cm -2 , was obtained when the applied voltage was increased from 0 to 1.8 V. The reversibility of this process was clearly demonstrated by the loss of mass at the end of the experiment, when the potential was decreased from 1.8 to 0 V.

Influence of the Applied Voltage on PLL/HEP Multilayers: Build Up and Dissolution

In an attempt to understand the effect of the local ionic strength in the presence of an external potential on the formation and stability of the polyelectrolyte multilayers, we studied the influence of the ionic strength on the PLL/HEP system. We have followed the build-up and dissolution processes of multilayer films built at 1.5 V in HEPES150 and at 0 V in HEPES supplemented by 1 M sodium chloride (hereafter referred to as HEPES1000) compared to films built at 0 V in HEPES150. Figure 2 shows the evolution of adsorbed mass for these three cases. By increasing the salt concentration and maintaining the electric potential at 0 V, the amount of adsorbed PLL and HEP decreased. This result is similar to those of the study done by Dubas and Schlenoff [55] on a PDADMAC/poly(acrylic acid) (PAA) system. They have shown that the thickness of such polyelectrolyte films is maximum at a salt concentration of 0.15 M. On the other hand, the build up of a PLL/ HEP film at 1.5 V and at a constant concentration of 0.15 M NaCl led to less adsorbed mass of PLL and HEP. This suggests that an applied external potential has an effect similar to that of an increase in the salt concentration of the buffer. The dissolution processes of the above-mentioned films are compared in Figure 4. The dissolution of the film built at 0 V in HEPES1000 is similar to that of the one built at 1.5 V in HEPES150. Indeed, the fitted time constants of the exponential-decay functions are very close (s = 55 min for 1.5 V/HEPES150 and s = 52 min for 0 V/HEPES1000; Table 1). This similarity might be explained by the local increase in the ionic strength and pH in the vicinity of the electrodes (termed "diffuse double layer") induced by the application of the 1.8 V external potential. -2 ] (measured in situ by EC-OWLS) as a function of time during the alternate deposition of PLL and HEP layers at an electric potential of 0 V in HEPES150. Black and gray arrows correspond to the injection of PLL and HEP, respectively. Vertical bars represent the application of electric potentials of 1.8 and 0 V. The inset shows the evolution of the adsorbed mass, induced on the bare substrate, as a function of time when the electric potential was switched between 0 and 1.8 V.

Table 1. Parameters of the exponential-decay function that was used to fit the dissolution curves (measured by EC-OWLS) of the PLL/HEP multilayers shown in Figure 4, and of PDAD-MAC/PSS (PSS: poly(styrene sulfonic acid)) and PAH/PAA (PAA: poly(acrylic acid)) multilayers built at 0 V using HEPES150. The amount of residual material after three hours of dissolution is also shown, in percent of the mass of the film prior to the start of the dissolution. The mass values were calculated with the baseline recorded at the potential of the build up. The coefficient of determination (R 2 ) was higher than 0.99 for all fitted curves.
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Dissolution Process of Different Multilayer Systems

In order to evaluate the influence of the pH and ionic strength on the dissolution process, we chose to study a system composed of strong polyelectrolytes, PDADMAC/PSS (which is only sensitive to ionic strength [5,56,57] and not to pH), as well as a system composed of weak polyelectrolytes, poly(allylamine)/PAA (PAH/PAA; sensitive to both pH and ionic strength). [8,9] The multilayers were built at 0 V in HEPES150 and the same conditions of the PLL/HEP dissolution process were applied (application of 1.8 V for three hours, data not shown). Whereas a regular multilayer formation was observed for the PDADMAC/PSS system at 0 V, the PAH/PAA system exhibits a cyclic behavior of the adsorbed mass after three bilayers (data not shown). Indeed, the mass increased on injection of PAH, but decreased on injection of PAA. Such an effect seems to be a result of partial film dissolution similar to that observed by Kovacevic et al. [58,59] at low ionic strengths for different systems. We suppose that this partial dissolution at each injection of PAA is induced by the loose interactions between PAH and PAA in the film. The time constant of the dissolution process is higher for the strong polyelectrolytes (PDADMAC/ PSS) and lower for the weak polyelectrolytes (PAH/PAA) when compared to the time constant of the PLL/HEP multilayers (see Table 1). Moreover, the residual mass of the PDADMAC/PSS films is about 41 % after three hours of dissolution, compared to less than 10 % for the PLL/HEP or PAH/ PAA system.

Besides the fact that PDADMAC/PSS multilayers are not sensitive to pH, these multilayers are known to be less permeable to ions than multilayers composed of weak polyelectrolytes, such as PAH/PAA. [60,61] It seems that the more permeable the multilayers are, the faster they are dissolved. Moreover, PDADMAC/PSS multilayers are stable in up to 3.5 M NaCl. [55,57] This could also explain the slower dissolution of PDADMAC/PSS multilayers, which can be dissolved only at high ionic strengths, compared to systems composed of at least one weak polyelectrolyte.

Topography of the Multilayers

AFM was used to gain information about the topographical changes of the multilayers during the dissolution process. The multilayers were built on ITO-coated wafers that had a rootmean-square (RMS) roughness of 1 nm, measured on 3 lm × 3 lm images (Figs. 5a,b).

Figure 6a shows a typical in-situ AFM image obtained for (PLL/HEP) 9 multilayers built at 0 V in HEPES150. The corresponding typical cross-section profile is given in Figure 6b. The (PLL/HEP) 9 -coated ITO substrate has an RMS roughness of about 8 nm (measured on an area of 3 lm × 3 lm) and the outer surface consists of regularly distributed small grains with characteristic lateral dimensions ranging from 100 to 150 nm and a height measuring between 5 and 30 nm. A few isolated large spikes also appear, with characteristic sizes ranging from 250 to 350 nm and heights lying between 20 and 35 nm. The thickness of the film, measured by AFM after scratching the film, is about 100 nm. A comparison between the film thickness and the cross-sectional profile (Fig. 6b) indicates that the surface is fully coated with polyelectrolytes.

After one hour of the dissolution process (Fig. 6c), the topography of the film with dispersed granules did not really change; however, the amplitude of the maximum height increased to about 100 nm. In addition to the grains, the presence of holes, with depths of 20-40 nm (Fig. 6d), can also be noticed on the surface of the film (Fig. 6c). The thickness of the film, determined by AFM after scratching, remained the same as before (about 100 nm). The cross-sectional profiles show that holes do not penetrate the entire film, but the RMS roughness of the film was increased to about 14 nm.

After three hours of dissolution, large holes with characteristic diameters ranging from 300 to 500 nm (Fig. 6e) and with a depth of 10 nm (Fig. 6f) appeared on the surface of the (PLL/ HEP) 9 film. The holes became larger when the dissolution time was longer. The RMS value of the film roughness decreased to 7 nm. In addition to the holes, a large, isolated crack (Fig. 6e) 30 nm in depth (Fig. 6f) was observed. The AFM scratch test showed that the thickness of the film decreased from 100 to 45 nm after the three-hour dissolution process. Since the EC-OWLS results showed that 90 % of the mass was removed after three hours, these results suggest that the dissolved multilayer is highly inhomogeneous at the microscale, consisting of large areas where the multilayer is completely removed and small islands where the multilayer is partially removed. Moreover, the substrates used for AFM and EC-OWLS measurements are different. Indeed, the ITO coating of AFM wafers (100 nm thick) is thicker than that of waveguides (10 nm thick). This could explain why the results regarding the mass of the multilayers remaining on the substrate after a dissolution time of three hours obtained by EC-OWLS and AFM are quite different.

Mechanism of the Dissolution Process

Polyelectrolyte multilayers can be considered as "layered complexes" held together by the same interactions as soluble complexes, [5,[62][63][64][65] but exhibiting a higher segment density. [66] Owing to their high hydration and their swelling properties, they can be viewed as dense hydrogels, [67] in which the cross-linking density is controlled by the charge distribution along the chain. [60,68] In multilayers, the internal layers are electrically neutral. [5,62] The macroscopic neutrality is due to intrinsic charge compensation (i.e., a layered complex formed by an exact 1:1 stoichiometry of polycations and polyanions) on one hand and, on the other hand, to extrinsic compensation by counterions present in the multilayers.

When 1.8 V is applied to the substrate (the anode), the electrolysis of water takes place, producing H + ions such that the surface becomes positively charged and attracts counterions (e.g., OH -, Cl -) to the substrate. At the same time, co-ions (e.g., H + , Na + ) move toward the cathode. This production of H + might lead to an acidic pH near the anode (pH 2), equilibrated in deionized water or phosphate-buffered saline (PBS). [36,69] The acidic pH could then induce the neutralization of the carboxylic, sulfate, and sulfamide groups of HEP, thereby weakening the interactions between PLL and HEP, and causing the dissociation of the multilayers, as suggested by Kwon et al. [36] These effects, however, are restricted to the immediate vicinity of the surface, since the potential drops within the diffuse double layer, extending to only a few nanometers (the Debye length) from the surface at the salt concentrations used, and suggesting that the dissolution of the multilayer should happen at the surface of the electrode.

On the other hand, there is a salt-concentration dependency of the dissolution process. A high ionic strength, obtained by a high concentration of salt in the buffer, or by applying 1.5 V during the build up of PLL/HEP films, induced faster dissolution of the film. Moreover, this dissolution process was also obtained for strong polyelectrolyte multilayers, PDADMAC/PSS, which do not exhibit a pH sensitivity. Using AFM, we observed the formation of holes that became larger when the dissolution Figure 6. Typical contact-mode AFM images obtained in height mode (3 lm × 3 lm) and cross-section profiles of (PLL/HEP) 9 multilayers, built at 0 V in HEPES150. a,b) The image and cross section were obtained in HEPES150 before the application of 1.8 V with a maximum Z range of 20 nm. c,d) Image and cross section obtained after partial dissolution of the multilayer at 1.8 V over one hour with a maximum Z range of 100 nm. e,f) Image and cross section obtained after the nearly complete dissolution of the multilayer at 1.8 V over three hours, with a maximum Z range of 50 nm. For each pair of data, the cross section was measured along the line shown in the respective AFM image.

time was increased, leading to large cracks in certain cases. In the beginning of the dissolution, the holes did not penetrate the entire depth of the film. These results thus suggest that the dissolution process takes place from the top of the film, leading to nanoporous films, which are similar to the multilayers obtained after exposure to salt solution. [70,71] Although to date we have not been able to determine whether the dissolution starts from the top of the film or from the surface of the electrode, the mechanism of electrochemical dissolution of polyelectrolyte multilayers is likely to be related to the pH and ionic-strength changes in the multilayer film. This is also justified by the observation that the dissolution process is faster for the pH-sensitive system. Further investigations are being performed to facilitate better understanding of the underlying process.

Controlled HEP Release

A final part of our work addresses the potential applications for controlled dissolution, for example, in drug delivery. Here, we have investigated the on/off dissolution of PLL/HEP multilayers by turning on and off the 1.8 V external potential (see Fig. 7). The dissolution stops as soon as the voltage is decreased from 1.8 to 0 V. The sudden jumps of the mass curve upon changing the potential are due to the migration of ions near the ITO electrode. The gray line in Figure 7 represents the exponential decay function obtained by putting, one after the other, the three sections of the interrupted dissolution curve. The curve is again a single exponential decay with very similar properties as the non-interrupted dissolution curve (a time constant of about 97 min and 5.5 % of residual mass after 80 min at 1.8 V).

However, the biological activity of HEP was not investigated because of the difficulty in performing a meaningful experi-ment with the low amounts released into the bulk using our current setup. Indeed, the minimum HEP concentration required to achieve thromboresistance activity is 0.2-0.7 lg mL -1 . [72] From Figure 7, we can calculate the amount of HEP released into the solution. Considering the area of the substrate (0.1 cm 2 ) and the amount lost during the first 30 min of dissolution of about 1000 ng cm -2 , the concentration of PLL/HEP complexes is about 20 ng mL -1 with the buffer flow rate at 10 mL h -1 , ten times less than the therapeutically relevant concentration of HEP. The biological activity of different biomolecules, such as neurotransmitters or DNA, is currently being investigated after their dissolution from polyelectrolyte multilayers.

Conclusions

We have investigated the influence of an electric potential on the behavior of polyelectrolyte multilayers on a conductive ITO substrate. At 1.8 V under a constant flow of buffer, the adsorbed mass of polyelectrolyte multilayers evolves as an exponential-decay function. The parameters of this exponential process, especially the time constant that characterizes the speed of dissolution, are dependent on the type of polyelectrolyte and on the salinity of the buffer. In parallel to pH changes due to the electrolysis of water, the less ion-permeable multilayers were found to dissolve more slowly, indicating that the dissolution process might be related to the migration of ions into the multilayer upon the application of the potential. AFM images revealed a local electrodissolution of PLL/HEP multilayers, leading to the formation of nanoporous films. Moreover, controlled release of heparin into the bulk solution could be obtained by turning the applied potential on and off.

The electrodissolution of polyelectrolyte multilayers described herein represents a new and powerful technology for electrical control of the delivery of small amounts of drugs. Since a wide variety of bioactive components (nanoparticles, vesicles, proteins, DNA) can be readily incorporated into the polyelectrolyte multilayer films, this technique, in combination with microelectrodes, is a promising new tool for applications requiring the precisely controlled, local delivery of drugs (e.g., the transfection of cell cultures).

Experimental

Polyelectrolyte Solutions: All the experiments were performed at pH 7.4. The buffer was prepared from 4-(2-hydroxyethyl)piperazine-1ethanesulfonic acid (HEPES) (10 mM), purchased from Fluka and supplemented by 0.15 M (HEPES150) or 1 M (HEPES1000) sodium chloride. The pH of the buffers were adjusted to 7.4 using 6 M NaOH from Fluka. All aqueous solutions were prepared using ultrapure water filtered through MilliQ Gradient A10 filters, purchased from Millipore AG, Switzerland. PLL (catalog number P-7890; molecular weight, MW = 15 700 g mol -1 ) was purchased from Sigma, and HEP (catalog number 51 543) was purchased from Fluka Biochemika. PSS (catalog number 243 051; MW = 70 000 g mol -1 ), poly(allylamine hydrochloride) (PAH, catalog number 283 215, MW = 15 000 g mol -1 ), PDADMAC (catalog number 409 030, MW = 500 000 g mol -1 ), and PAA (catalog The dissolution of the (PLL/HEP) 9 multilayer can be switched on and off by the application of 1.8 and 0 V, respectively. The film was built at 0 V (dark curve), and in-situ EC-OWLS was used to monitor the process. Vertical bars represent the application of electric potential of 1.8 and 0 V. The curve represented by the gray continuous line was obtained by putting, one after the other, the three interrupted sections of the exponentialdecay curves obtained at 1.8 V.

number 416 037, MW = 15 000 g mol -1 ) were purchased from Aldrich. PLL, PDADMAC, PAH, HEP, PSS, and PAA polyelectrolytes were used at a 1 mg mL -1 concentration in HEPES buffer solution.

Electrochemical Optical Waveguide Light Mode Spectroscopy: In-situ electrochemical optical waveguide light mode spectroscopy is an optical technique that allows access to the optical thickness and refractive index of adsorbed thin films on an ITO-coated optical waveguide. The technique has been described in more detail elsewhere [48]. The instrument (OWLS 110) and the ITO-coated waveguides (OW 2400c) are commercially available products of MicroVacuum Ltd., Hungary. The flow cell contained a three-electrode electrochemical-testing configuration, with the ITO-coated waveguide serving as a working electrode (Fig. 1c). A silver wire served as a quasireference electrode and a platinum wire served as a counter electrode. Although we do not know the exact reference voltage of the silver wire with respect to the normal hydrogen electrode (NHE), the silver wire adopts a reasonably steady potential (0.78 V) that is reproducible to within 10 to 20 mV when immersed in a halide-containing supporting electrolyte, as used in the present system [73]. The thickness and the refractive index of the adsorbed films were determined from the mode equation using a fourlayer model [74,75]. The adsorbed mass was then calculated according to de Feijter's formula [76,77]. To simplify the calculations, a refractive-index increment of 0.182 cm 3 g -1 was used for adsorbed-mass-density calculations of all the polyelectrolytes used.

Build Up of Polyelectrolyte Multilayers: The build up of the polyelectrolyte multilayers was performed in stop-flow mode using a flowthrough cell with a volume of 15 lL, which was maintained at 24 ± 0.1 °C. After the stabilization of the baseline at the chosen potential (0 or 1.5 V) in contact with the buffer solution, polyelectrolyte (500 lL) was injected and maintained in contact at rest. After 5 min of contact, the polyelectrolyte solution was replaced by buffer solution (1 mL) and left at rest for 5 min. Polycation/polyanion-adsorption steps were repeated until the multilayer film was built to the desired number of layers. After the build up of the multilayers, an external electric potential of 1.8 V was applied using a potentiostat Model 2053 (Amel Instruments, Italy) and at a constant flow (10 mL h -1 ) of buffer. This process was applied for three hours.

Atomic Force Microscopy: Multilayer samples, studied by AFM, were built on ITO-coated wafers (100 nm sputter-coated at IMT Neuchâtel, Switzerland) using the flow cell of the EC-OWLS and following the same procedure for the build up of multilayers. AFM images were obtained in contact mode in buffer with a Nanoscope IIIa from Digital Instruments (Santa Barbara, CA). Cantilevers with a spring constant of 0.58 N m -1 and with silicon nitride tips were used. We always performed several scans over a given surface area. These scans had to produce reproducible images to ascertain that there was no sample damage induced by the tip. Height-mode images were scanned at a fixed scan rate (2 Hz) with a resolution of 512 pixels × 512 pixels.
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 1 Figure 1. Chemical structures of a) poly(L-lysine) and b) heparin. c) Schematic of the electrochemical optical waveguide light mode spectroscopy (EC-OWLS) setup, comprising a three-electrode configuration within a waveguide spectrometer. The ITO-coated waveguide was the working electrode. A silver wire inserted into the cell served as the reference electrode, and a platinum wire in the export tubing served as the counter electrode.
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 2 Figure 2. Evolution of the adsorbed mass, C [ng cm -2 ], of PLL/HEP multilayers measured after deposition of each layer, measured using in-situ EC-OWLS. The symbols (᭺) refer to layer formation in HEPES150 applying an external potential of 0 V; (~), in HEPES150 applying 1.5 V; and (&), in HEPES1000 applying 0 V.
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 3 Figure 3. Evolution of the adsorbed mass, C [ng cm-2 ] (measured in situ by EC-OWLS) as a function of time during the alternate deposition of PLL and HEP layers at an electric potential of 0 V in HEPES150. Black and gray arrows correspond to the injection of PLL and HEP, respectively. Vertical bars represent the application of electric potentials of 1.8 and 0 V. The inset shows the evolution of the adsorbed mass, induced on the bare substrate, as a function of time when the electric potential was switched between 0 and 1.8 V.
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 45 Figure 4. The dissolution of (PLL/HEP) 9 multilayers, measured in situ by EC-OWLS, as a function of time during the application of a 1.8 V potential. The multilayers were built at different external potentials and in different HEPES buffers: (᭺) at 0 V in HEPES150, (~) at 1.5 V in HEPES150, and(&) at 0 V in HEPES1000. Exponential decay functions, obtained by fitting each experimental curve, are drawn (dark curves), and their parameters are summarized in Table1.
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 7 Figure 7. The dissolution of the (PLL/HEP) 9 multilayer can be switched on and off by the application of 1.8 and 0 V, respectively. The film was built at 0 V (dark curve), and in-situ EC-OWLS was used to monitor the process. Vertical bars represent the application of electric potential of 1.8 and 0 V. The curve represented by the gray continuous line was obtained by putting, one after the other, the three interrupted sections of the exponentialdecay curves obtained at 1.8 V.