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ABSTRACT 

Hybrid free-standing biomimetic materials are developed by integrating the 

VDAC36 β-barrel protein into robust and flexible three-layered polymer 

nanomembranes. The first and third layers are prepared by spin-coating a mixture of 

poly(lactic acid) (PLA) and poly(vinyl alcohol) (PVA). PVA nanofeatures are 

transformed into controlled nanoperforations by solvent-etching. The two 

nanoperforated PLA layers are separated by an electroactive layer, which is successfully 

electropolymerized by introducing a conducting sacrificial substrate under the first PLA 

nanosheet. Finally, the nanomaterial is consolidated by immobilizing the VDAC36 

protein, active as an ion channel, into the nanoperforations of the upper layer. The 

integration of the protein causes a significant reduction of the material resistance, which 

decreases from 21.9 to 3.9 k·cm
2
. Electrochemical impedance spectroscopy studies 

using inorganic ions and molecular metabolites (i.e. L-lysine and ATP) not only reveal 

that the hybrid films behave as electrochemical supercapacitors but also indicate the 

most appropriated conditions to obtain selective response against molecular ions as a 

function of their charge. The combination of polymers and proteins is promising for the 

development of new devices for engineering, biotechnological and biomedical 

applications.  
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INTRODUCTION 

Hybrid biomimetic membranes take advantage of biomolecules, which have gained 

excellence on their specificity and efficiency during millions of years, and also the 

benefits of artificial materials that load the purified biological molecules and provide 

technological properties, such as robustness, scalability and suitable nanofeatures to 

confine the biomolecules.
1-5

 Molecular sensing, water purification and desalination, 

drug delivery and DNA sequencing are some striking applications of these 2D devices.  

Porins are a class of outer membrane proteins (OMPs), which consist of -barrel 

channels and are located in gram-negative bacteria and mitochondria.
6
 -Barrels are 

typically employed for the fabrication of hybrid biomimetic membranes,
7-11

 amid other 

biomolecules and materials that have also attracted interest.
12-16

 From the perspective of 

the employed materials, the approaches used to modify artificial membranes, which can 

be free-standing or tethered onto solid supports, with biomolecules are those based on 

the utilization of amphiphilic copolymers and nanostructured polymers.  

The latter approach was successfully followed to embed an OMP, namely Omp2a,
17

 

in conducting polymer (CP) films made of poly(N-methylpyrrole) (PNMPy) supported 

on rigid stainless-steel electrodes.
9
 Electrochemical impedance spectroscopy (EIS) 

measures showed that PNMPy/Omp2a preferentially promotes the passive transport of 

K
+
 in solutions with relatively high ionic concentrations. Later, self-standing poly(lactic 

acid) (PLA) nanofilms were used as support for the Omp2a protein.
10

 These films, 

which were prepared by spin-coating an immiscible mixture of poly(vinyl alcohol) 

(PVA) and PLA,
18

 had nanoperforations (diameter: 5122 nm) resulting from the 

combination of nanophase segregation processes and selective solvent etching. EIS 

assays evidenced that, with respect to nanoperforated PLA (npPLA) nanofilms without 
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protein, those loaded with the protein showed enhanced conductivity and selectivity 

against some ions.
19

  

In a recent study, we reported a new approach for preparing free-standing films that 

combines the mechanical strength and flexibility of processed npPLA nanosheets with 

the electrochemical response of anodically polymerized CPs.
20

 More specifically, 5-

layered membranes made of three npPLA layers separated by two anodically 

polymerized poly(3,4-ethylenedioxythiophene) (PEDOT) layers were prepared and used 

as Faradaic motors able to push a huge amount of mass. More recently, we modified 

this approach by introducing the polymerization of 3-dodecylthiophene.
21

 The dodecyl 

chains allowed us to incorporate an amphiphilic environment similar to that offered by 

lipids to mimic favorable environment for OMPs immobilization. However, we 

observed that, although poly(3-dodecylthiophene) slightly enhanced the integration of 

the OMP, the conduction pathways were more effective with PEDOT. 

In this study we synergistically join such smart strategy to the functionality of 

Voltage Dependent Anion Channels (VDACs), which are porins found in the outer 

mitochondrial membrane of all eukaryotic cells,
21

 to obtain biomimetic and free-

standing hybrid films able to respond to molecular ions. The function of VDACs is 

associated to the permeability of the mitochondria, regulating the diffusion of 

metabolites.
22,23

 Specifically, this work focusses on the utilization of VDAC from 

Solanum tuberosum, a plant (potato) model organism, hereafter named VDAC36,
24

 to 

obtain free-standing multilayered hybrid films responsive to molecular ions. As the 

diameter of the VDAC36 channel is around twice that of previously used Omp2a (i.e. 

2.0 vs 1.2 nm),
21

 the former is more suitable for the diffusion of molecular ions than the 

latter.
25

 In addition, VDACs are able to switch from an open state (high conductance) to 

a closed state (low conductance) depending on the environmental conditions, being 
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possible to modulate its diffusion activity. Consequently, we have examined the 

response of the developed films as a function of the charge of the molecular ion, the 

concentration of the molecular ion and the state of VDAC. 

The experimental methods are provided in Electronic Supporting Information (ESI), 

and this work is organized as follows. First, we present a brief description of the 

approach followed for the preparation of the functionalized 3-layered films. The next 

two sub-sections discuss the morphology of the prepared films, as well as the chemical 

and structural characterization of the immobilized VDAC36 protein. The 

electrochemical response of VDAC36-functionalized 3-layered films is analyzed using 

electrochemical impedance EIS. After this, the response of the prepared films against 

molecular metabolites is investigated as a function of the charge and the open/closed 

state of the protein channel. Conclusions are outlined in the last section. Overall, this 

work shows that npPLA/PEDOT/npPLA/VDAC free-standing films are biomimetic, 

exhibit low electrical resistance, behave as a supercapacitor and respond selectively 

against solutions with low concentration of molecular metabolites. 

 

RESULTS AND DISCUSSION 

Preparation of VDAC36-functionalized films 

In a recent study, self-standing 5-layered films were prepared and used as Faradaic 

motors for applications as artificial muscles.
20

 Nanoindentation studies showed that the 

elastic modulus of films bearing three npPLA layers is 3.4 GPa. However, the 

mechanical requirements of artificial muscles are not necessary in this work since huge 

actuation strains will not be applied. Consequently, simple 3-layered films have been 

considered to develop biomimetic membranes. More specifically, robust, flexible and 

manageable free-standing films made of two npPLA layers separated by an 



6 

 

electrochemically polymerized PEDOT layer were obtained using the procedure 

illustrated by Figure 1a.  

In brief, a poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) 

film of 173  19 nm in thickness was prepared as sacrificial layer by spin-coating a 

commercial water dispersion onto a steel electrode (Figure 1a-1). Then, a PLA:PVA 

layer was deposited onto the PEDOT:PSS film by spin-coating a PLA:PVA mixture in 

hexafluoroisopropanol (HFIP). (Figure 1a-2). As PLA and PVA are immiscible 

polymers, the resulting PLA:PVA layer displayed a phase segregation with the 

formation of PVA domains with dimensions similar to the entire film thickness (Figure 

1a-3),
26 

which is 13518 nm. Nanofeatures converted into nanoperforations by selective 

solvent etching (Figure 1a-4), and the thickness of the resulting npPLA layer was 114  

11 nm. Nanoperforations in the PLA nano-layer were responsible for the successful 

anodic polymerization of PEDOT (Figure 1a-5), allowing the monomer molecules to 

cross the entire thickness and reach the semiconducting PEDOT:PSS layer. For this 

purpose, the steel electrode coated with PEDOT:PSS and npPLA was moved to an 

electrochemical cell, containing the monomer, and used as working electrode. The 

electropolymerization was performed adjusting the polymerization charge to 90 

mC/cm
2
. The PEDOT:PSS layer allowed the immobilization of the polymerized 

PEDOT chains, forming a very cohesive system with the npPLA layer. The PEDOT 

layer exhibited a thickness of 76581 nm. Finally, the PEDOT layer was covered with a 

new nano-layer of npPLA of 16731 nm in thickness, which was obtained as previously 

described (Figure 1a-6,7,8). Experimental details and operational conditions are 

described in the Supporting Information.  



7 

 

 

Figure 1. (a) Scheme illustrating the preparation of npPLA/PEDOT/npPLA/VDAC 

free-standing biomimetic films. The (1)-to-(10) steps are described in the text. 

Experimental details and operational conditions are provided in the Supporting 

Information. (b) Photographs showing the robustness and conformability of free 

standing npPLA/PEDOT/npPLA/VDAC films. 

 

The immobilization of protein was found to be 32% higher when 3-dodecylthiophene 

was included in the CP layer due to the lipophilic environment created by the dodecyl 

side chains, which interact more favourably with the outside facing part of the VDAC36 
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β-barrel.
21

 However, the π-conjugation and electrochemical activity are higher in 

PEDOT than in poly(3-methylthiophene) and in 3,4-ethylenedioxythiophene/3-

methythiophene copolymers due to restrictions imposed by the cyclic substituent and 

the electron-donating effects of the oxygen atoms.
27

 As in this work we are focused on 

the electrochemical response of films functionalized with the protein, the priority given 

to the intrinsic properties of the film was higher than to the amount of immobilized 

protein. Accordingly, the supported npPLA/PEDOT/npPLA 3-layered film, with a 

thickness of ca. 1.2 m, was incubated with a VDAC36 solution additionally containing 

sodium dodecyl sulphate (SDS) and 2-methyl-2,4-pentanediol (MPD) for protein 

reconstitution. (Figure 1a-9). The successful immobilization of the protein onto the 

surface of the 3-layered film was proved by laser scanning confocal microscopy (see 

next section). Detachment of 3-layered films from steel substrates was achieved by 

selective elimination of the thin sacrificial layer (Figure 1a-10). Although PEDOT:PSS 

is not soluble in water, it forms a colloidal dispersion. After immersion into milli-Q 

water for 12 h, films were detached from the steel substrate and easily recovered with 

fine-point tweezers. The resulting npPLA/PEDOT/npPLA/VDAC free-standing films, 

which do not deteriorate during such process, are 1.05 m in thickness and shows 

excellent robustness and conformability, as is evidenced by Figure 1b. 

 

Morphological characterization of VDAC36-functionalized films 

Figures 2a shows atomic force microscopy (AFM) images of the first spin-coated 

PLA:PVA layer (see additional images in Figure S1a). Phase contrast images evidence 

the presence of nanofeatures, consisting of separated PVA rounded-shape domains 

within the PLA matrix (lighter and darker contrast, respectively). The transformation of 

nanofeatures into nanopores occurred after PVA water-etching (Figures 2b and S1b). 
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The abundance and uniform distribution of the nanoperforations in the npPLA layer, 

which are 89  14 nm in diameter, was confirmed by scanning electron microscopy 

(SEM; Figure 2c).  

 

Figure 2. AFM phase (5  5 m
2
) and topographic (5  5 m

2
 and 0.5  0.5 m

2
) 

images of (a) PLA:PVA and (b) npPLA films (additional 10  10 m
2
 images are 

displayed in Figure S1). Representative high resolution SEM micrograph of: (c) the first 

npPLA layer, (d) the intermediate PEDOT layer, (e) the two sides of an intentionally 

scratched npPLA/PEDOT 2-layered film, and (f) the upper layer of the 

npPLA/PEDOT/npPLA 3-layered film. 

 

On the one hand, the intermediate PEDOT layer, which exhibits the typical globular 

morphology (Figure 2d), was completely adhered to the first npPLA layer. The 
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cohesion between such npPLA and PEDOT layers is reflected in Figure 2e, which 

displays layers in an intentionally scratched film. On the other hand, the diameter of the 

nanoperforations in the second npPLA layer, 137  25 nm, was greater than in the first 

layer (Figure 2f), evidencing that the PEDOT layer behaves as a mold in the spin-

coating process.  

SEM micrographs of npPLA/PEDOT/npPLA films incubated in both protein and 

blank solutions (Figure S2) allowed the identification of superficial SDS crystals, which 

frequently form from SDS micellar solutions.
28

 As a result of its low tendency to 

associate into large hierarchical structures (i.e. cross-linking experiments showed the 

formation of dimers and tetramers only
25

), VDAC36 protein cannot be distinguished at 

the surface. However, visualization of the intrinsic protein fluorescence by confocal 

microscopy demonstrated the successful incorporation of VDAC36. Figure 3a-b 

compares the bright field images, the fluorescence images and the merged images 

recorded for 3-layered films before and after protein incubation, enabling the 

identification of the Tyr and the Trp of VDAC36 in npPLA/PEDOT/npPLA/VDAC by 

the fluorescence at 303 and 354 nm, respectively. Apparently, the protein is 

homogeneously immobilized over the entire surface, without preferential positions. This 

observation was corroborated by topographic and phase AFM images (Figure S3). 

Comparison of the images recorded for npPLA/PEDOT/npPLA films before and after 

incubation with VDAC36 evidenced that the protein was not only confined inside and 

around the nanopores of the npPLA layer but also adsorbed onto its electrochemically 

inactive surface. While only the protein immobilized in the pores is expected to 

contribute to the transport of molecular ions, regulation of the adsorption process to 

avoid the immobilization onto the surface is, unfortunately, a very difficult task.  
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Figure 3. Confocal microscopy images of (a) npPLA/PEDOT/npPLA and (b) 

npPLA/PEDOT/npPLA/VDAC. The panels at the first and second columns correspond 

to the fluorescence images at different excitation/emission wavelengths for Tyr (303 

nm) and Trp (354 nm), the panel at the third column shows the bright field images 

(DIC), and the panel at the right displays the merged images. Scale bar: 10 m. 

 

Characterization of the immobilized VDAC36 protein 

Further characterization by XPS, contact angle measures, FTIR spectroscopy and CD 

unambiguously confirmed the immobilization of the protein. The atomic compositions 

of npPLA/PEDOT/npPLA and npPLA/PEDOT/npPLA/VDAC, as obtained by XPS, are 

compared in Table 1. The penetration of X-ray radiation using the conditions described 

in Methods section is expected to be 10 nm, even though in this case the penetration is 

not accurately known due to the nanoperforations in the upper layer. The content of N 

1s, which is undetectable for npPLA/PEDOT/npPLA, is 0.19% for 

npPLA/PEDOT/npPLA/VDAC. This feature, together with the increment of O 1s 

content, supports the presence of the protein.  

Figure 4a compares the FTIR spectra from 890 to 1790 cm
-1

 of several films after 

detachment. Although the side chain bands of charged amino residues at 1631 and 
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1755 cm
-1

 are not identified because of the overlap with the bands associated to the 

thiophene ring (C=C and C–C stretching) of PEDOT,
29

 it is possible from the typical 

amide band to unambiguously conclude that VDAC36 has been successfully 

immobilized. Indeed, the amide III and II vibrational modes of the protein, which arise 

from the coupling between the N−H in-plane bending and C−N stretching modes, are 

clearly recognizable at 1230 and 1514 cm
-1

, respectively. The incorporation of the OMP 

is also supported by the peak at 970 cm
-1

, which is not detected in the spectrum of 

npPLA/PEDOT/npPLA and has been attributed to the C–N stretching vibration in 

proteins.
30 

 

Table 1. Atomic percent composition obtained by XPS for the studied 3-layered films. 

 C 1s N 1s O 1s S 2p 

npPLA/PEDOT/npPLA 72.01 0.00 27.88 0.11 

npPLA/PEDOT/npPLA/VDAC 70.87 0.19 28.88 0.06 

 

 

The immobilized protein not only remained within the free-standing 3-layered film, 

as proved by FTIR spectroscopy (Figure 4a), but it also preserved its -barrel structure. 

Figure 4b compares the CD spectra recorded for VDAC36 in four different conditions: 

(i) unfolded (negative control); (ii) refolded; (iii) after immobilization onto the 

supported 3-layered film; and (iv) after detachment of the free-standing film. All 

spectra, with the exception of the unfolded protein, exhibit a broad minimum at 218-220 

nm that is typically associated with β-stranded proteins.
31

 The spectrum of the unfolded 

protein reflects the structural modifications associated with the conformational lost.  
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Figure 4. (a) FTIR spectra of 3-layered free standing films. (b) CD spectra for the 

VDAC36 protein: unfolded, refolded, after immobilization onto supported 3-layered 

films and after detachment of the 3-layered film from the steel substrate. 

 

The contact angles () measured in water (Figure S4) also provided indirect 

evidences of the successful immobilization of VDAC36. The wettability of 

npPLA/PEDOT/npPLA (=61°7°) significantly increased upon the incorporation of 

the protein (=41°10°), which has been attributed to the effect of the hydrophilic 

residues found in the loops connecting the β-strands of the protein or inside the central 

pore.  

 

Electrochemical response of non-functionalized and VDAC36-functionalized 

films 

EIS studies were conducted on npPLA/PEDOT/npPLA and 

npPLA/PEDOT/npPLA/VDAC to monitor the changes in resistance and capacitance 

caused by the 3-layered configuration containing both npPLA and PEDOT with respect 

to simple films with only one of such components. The ion transport was evaluated by 
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measuring the impedance for frequencies ranging from 10
-2

 to 10
5
 Hz, using a 0.5 M 

NaCl solution and steel electrodes. Figure 5a-b displays the recorded Nyquist and Bode 

plots. The EECs used to fit the experimental data and the corresponding parameters are 

sketched in Figure 5c, where RS is the electrolyte resistance and Rp represents the ability 

of the films to impede ion transport at the interface between the electrolyte and the film 

(i.e. the resistance of the film). The EECs also include double layer capacitances from 

both the 3-layered film and the steel electrode (CPE3L and CPEst, respectively) and a 

Warburg impedance element (W), corresponding to the diffusion of water molecules. In 

the case of npPLA/PEDOT/npPLA/VDAC, both Rp and CPE3L include the overall 

contribution of the VDAC36-integrated interface. Both CPE3L and CPEst were modelled 

using a constant phase element (CPE). The percentage error associated to each circuit 

element was lower than 5% in virtually all cases. 

 
Figure 5. (a) Nyquist and (b) Bode plots in a 0.5 M NaCl aqueous solution and (c) 

EECs used for fitting experimental data recorded for npPLA/PEDOT/npPLA and 

npPLA/PEDOT/npPLA/VDAC. In (a,b) Symbols correspond to experimental data, 

while curves are fitted according to EEC. 
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The Rp of the 3-layered film functionalized with VDAC36 is one order of magnitude 

lower than for the film without protein (i.e. 3.9 and 21.9 k·cm
2
, respectively). 

Interestingly, the resistance of the npPLA/PEDOT/npPLA/VDAC film is very similar to 

that observed for the PPy/Omp2a film (1.3 k·cm
2
),

9
 though the amount of CP 

contained was significantly higher. Similarly, the resistance reported for Omp2a protein 

supported onto lipid bilayers, which exhibited much less mechanical strength than 3-

layered films, was of 3.7 kΩ·cm
2
.
19

 These results confirm that 

npPLA/PEDOT/npPLA/VDAC films behave as smart biomimetic membranes fulfilling 

the self-standing and mechanical integrity requirements of many applications in 

different areas of the biomedical field, such as nanofluidics, biosensing and energy 

conversion. 

In addition to the heterogeneous characteristics of the electrode surface (i.e. 

roughness, porosity, reactivity), the CPE impedance is related to non-uniform diffusion 

across the interface. Accordingly, CPE is expressed as [Q·(jω)
n
]

-1
, representing an ideal 

capacitor (n = 1), a pure resistor (n = 0) or a diffusion process (n = 0.5). For films 

without and with VDAC36, the value of n obtained for the CPE associated to CPE3L is 

respectively 0.769 and 0.927, reflecting that the protein significantly improves the 

capacitive behaviour of the film. The well-known supercapacitive (i.e. 

electrochemically capacitive) response of PEDOT is typically attributed to its ability to 

promote series of fast and reversible redox reactions.
32,33

 Our results show that the 

integration of the protein enhances this behaviour. This change is justified by the 

addition of the bounded Warburg diffusion impedance (T) element, which is 

characteristic of films containing a fixed amount of electroactive material (i.e. films of 

finite thickness). The addition of T, which is usually related to the diffusion resistance 
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of ions in doped electrodes of batteries and supercapacitors,
32,35,36

 indicates that 

VDAC36 induces a fast transfer (and a subsequent adsorption) of electrolytes on the 

surface of the film. This leads to an increased CPE3L, as demonstrated by the EEC 

parameters (Figure 5c), indicating that npPLA/PEDOT/npPLA/VDAC films are 

potential candidates for the fabrication of bio-supercapacitors and -batteries for 

bioelectronics and bionics.  

 

Electrochemical response against molecular metabolites 

In general, VDACs are known to regulate the diffusion of inorganic ions, such as 

NaCl and KCl, and metabolites such as nicotinamide adenine dinucleotide hydrogen 

(NADH) and adenosine triphosphate (ATP), through the outer mitochondrial membrane 

of eukaryotic cells.
22,37

 At zero or low voltages, the channel of VDACs is open and 

exhibits a low resistance, which is consistent with a persistent flow of ions and/or 

metabolites crossing the membrane through it. At high voltages, the channel switches to 

partially closed states and the resistance increases, reflecting a reduction in the 

permeability to ions and metabolites.
37-39

 Furthermore, in the open state there is a slight 

preference towards anions over cations, while the opposite selectivity is proposed for 

the partially closed state. How these effects are tuned by the salt or metabolite 

concentration is still a matter of scientific discussion.
40-42 

In this work, the response of npPLA/PEDOT/npPLA/VDAC towards molecular ions 

was examined using EIS. For this purpose, the impedance response of functionalized 3-

layered films was evaluated considering 10, 50, 100 and 500 mM solutions of adenosine 

triphosphate (ATP) and L-lysine. Furthermore, the effect of the channel state was 

considered using unfolded (partially closed state) and folded (open state) proteins for 

the functionalization of the 3-layered films. More specifically, films functionalized with 
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unfolded VDAC36 (hereafter VDAC-u), were obtained by immobilizing the protein as 

purified, while films functionalized with folded VDAC36 (VDAC-f) involved the 

immobilization of the protein in a reconstituting environment with SDS and MPD, as 

is described above and is detailed in Methods section (ESI). 

Nyquist plots obtained using 10 and 500 mM ATP and L-lysine solutions are 

displayed in Figure 6a, while those recorded for 50 and 100 mM solutions are shown in 

Figure S5. In order to facilitate the comparison between inorganic ions and molecular 

metabolites, results obtained using NaCl solutions with identical concentrations are 

included in Figures 6 and S5. In all cases, Nyquist plots, which represents the real part 

of the impedance against the imaginary part, shows a semicircle. As it can be seen, the 

diameter of the semicircle, which corresponds to the charge transfer resistance (Rp) at 

the film/electrolyte interface, depends not only on the charge of the metabolite but also 

on the state of the channel. The Rp values measured for the 

npPLA/PEDOT/npPLA/VDAC(f) and npPLA/PEDOT/npPLA/VDAC(u) films in the 

different solutions are compared in Figure 6b and Table S1.  

As shown by the results, the Rp is much higher for L-lysine solutions than for ATP 

solutions, independently of the concentration and the state of the channel. Indeed, the 

difference between the Rp values obtained for solutions of these molecular metabolites 

at identical concentrations, Rp/Lys-ATP = Rp(L-lysine) – Rp(ATP), rapidly decreases with 

increasing metabolites concentration. For example, the value of Rp/Lys-ATP found for 

npPLA/PEDOT/npPLA/VDAC(f) is 11622, 1384, 511 and 192  for 10, 50, 100 and 

500 mM solutions, respectively (Table S1). This variation indicates that the preference 

of VDAC36 towards anions is very pronounced at low metabolite concentrations, 

becoming only slight higher at the greatest metabolite concentration. Comparison with 

the Rp/Lys-ATP values measured for npPLA/PEDOT/npPLA/VDAC(u) (6230, 1206, 495 
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and 125  for 10, 50, 100 and 500 mM solutions, respectively) evidences that the state 

of the channel is only relevant for low concentrations, as the behaviour of films 

functionalized with folded and unfolded VDAC36 is similar for concentrations higher 

than 50 mM (Table S1).  

 

Figure 6. (a) Nyquist plots in a 10 mM (top) and 500 mM (down) NaCl, ATP and L-

lysine aqueous solution for npPLA/PEDOT/npPLA/VDAC(f) (folded) and 

npPLA/PEDOT/npPLA/VDAC(u) (unfolded). The Nyquist plots obtained with 50 and 

100 mM electrolyte solutions are shown in Figure S5. (b) Rp values measured for the 

npPLA/PEDOT/npPLA/VDAC(f) (left) and npPLA/PEDOT/npPLA/VDAC(u) (right) 

films in the different electrolyte solutions.  
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The dependence of the response of both npPLA/PEDOT/npPLA/VDAC(f) and 

npPLA/PEDOT/npPLA/VDAC(u) on the metabolite concentration has been attributed 

to the distribution of fixed charges inside the VDAC36 channel, which creates an 

electric field that determines the preference of the protein for ATP over Lys at low 

metabolite concentration. Thus, experimental Rp/Lys-ATP values indicate that ATP 

molecules are more frequent inside VDAC36 protein, crossing its pore more frequently 

than Lys molecules. Increasing the metabolite concentration in the medium is expected 

to result in a higher concentration of ions in the VDAC36 wide pore. However, this 

event induces a large electrostatic screening of the charged residues, which is likely to 

be facilitated by the large pore size of VDAC36, promoting a less ATP selective 

channel. Thus, the channel becomes electrically neutral due to the screening of its 

charges and, consequently, the electric field responsible of the ATP attraction and Lys 

repulsion at low concentrations disappears.  

Moreover, the analysis of the Rp values obtained using ATP solutions indicates that 

for each studied concentration the resistance is slightly lower for films functionalized 

with VDAC36(f) than for those with VAD36(u). However, the difference between the 

two systems, Rp/ATP(u-f) = Rp[film with VDAC36(u)] – Rp[film with VDAC36(f)], 

decreases with increasing ATP concentration. For example, Rp/ATP(u-f) was 226, 160, 35 

and 98  for 10, 50, 100 and 500 mM ATP solutions, respectively (Table S1). These 

figures indicate that the influence of the channel state on the regulation of the molecular 

anions flow decreases with increasing concentration. We could not detect this effect for 

L-lysine.  

Finally, the results acquired for the npPLA/PEDOT/npPLA/VDAC(f) using NaCl 

and ATP solutions indicate that the performance of the membrane depends on the 
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concentration. The resistance is lower for ATP than for Cl
–
 with Rp/NaCl-ATP = Rp(NaCl) 

– Rp(ATP) = 209 , while the difference is practically zero for 50 mM. On the contrary, 

Rp/NaCl-ATP is slightly lower for Cl
–
 than for ATP for concentrations of 100 and 500 

mM (i.e. 86 and 90 , respectively). As expected and due to the steric hindrance 

associated to partially closed state, the diffusion of atomic anion in 

npPLA/PEDOT/npPLA/VDAC(u) films is favored with respect to the molecular anion .     

 

CONCLUSIONS 

In summary, we have established a methodology for the functional incorporation of 

porins in self-supported, stable, size-adaptable, conducting polymeric films made of two 

nanoperforated PLA layers separated by an intermediate PEDOT layer, which is 

produced by electrochemical polymerization. The immobilized protein preserves its -

barrel structure and increases the surface wettability of the film. The latter is particularly 

relevant for biotechnological and biomedical applications, in which aqueous 

environments are the most usual. This unprecedented combination of properties is 

accompanied by a distinctive capacitive behavior as demonstrated by electrochemical 

measurements. EIS analyses using ATP and L-lysine solutions have shown that protein 

functionalized films favors the transport of molecular anions with respect to molecular 

cations. This preference is less pronounced when the concentration of the molecular 

ions increases. It should be noted that, although all experiments in this work have been 

conducted using VDAC36, the transport properties of functionalized 3-layered films 

prepared using the proposed strategy could also be tuned by changing the protein 

nature. In addition to the usual applications of biomimetic hybrid membranes in fields 

like nanofluidics and biosensing, the functionalized films engineered in this work 
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anticipate promising electrode materials for energy storage functions, as for example 

bio-supercapacitors.  
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