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ABSTRACT: 

Optimizing interfaces between photosynthetic natural photoconverters, like photosynthetic 

bacterial Reaction Centers (RCs) and electrode surfaces represents a challenge in the 

progress of bio-optoelectronic devices. The features of the surfaces may result detrimental for 

the tertiary and quaternary structures of the RC, even resulting in the denaturation of the 

enzyme. Functional surfaces possessing both confinement capability and conductive features 

able to preserve the conformation of the biomolecule and its bioelectronic behaviours are 

highly needed. In this work, the RC is adsorbed on diatomaceous silica and plasma treated 

hydrophobic silicon based materials. Both the materials are demonstrated to be able to 
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preserve and enhance the RC photoconverting activity. In particular, we evaluate the 

functioning of isolated bacterial RC interacting with flat pSi electrode through two 

nanotextured interfaces designed to address the RC: a thin conductive silicon film 

nanotextured in pillars via plasma treatment, and a cast film of nanostructured dielectric 

biosilica obtained from diatomaceous earth. The characterization of these interfaces, together 

with the RC photocurrent production measurements, pave the way to new generation RC 

based bio-devices for photocurrent investigation.  

INTRODUCTION: 

Bionanocomposites, among other biohybrid systems, exhibit features suitable 

for several applications including biosensors, integrated (opto)electronic switches, 

photoconverters and systems for molecular imaging. [1-3] Biohybrid devices can be 

based on different classes of materials, including small molecules for organic electronics, 

[4-6] organic polyconjugated semiconductors [7-10]
 

or biological and biomimetic 

components as active materials, ranging from biopolymers [11-13] up to living cells. [14-

15] 

To this purpose, the use of photosynthetic enzymes that proficiently perform 

transduction of light into charge separated states represent an appealing route to 

sustainable energy sources. The bacterial Reaction Center (RC) is a highly efficient 

photoconverter, [16] a transmembrane photoenzyme that converts photons absorbed by 

photoactive antennas into electron:hole pairs. The production of functional nanomaterials 

based on this natural photoconverter is an attractive possibility for bioelectronic 

applications. [17] RC-organic biohybrid systems of poly-conjugated antennas directly 

bonded to the RC have been proposed for increasing the light harvesting capability of 

RC. [18-20] It has been also demonstrated that RC embedded in soft structures, like lipid 

vesicles, [21] liposomes [22] or polymersomes, can maintain its activity without being 

denaturated. [23] 

Interfaces between photosynthetic RC and inorganic electrode surface of 

optoelectronic films, which are commonly made of inorganic materials devices, still 

represent an issue. The possibility to integrate RCs from various photosynthetic 

organisms into silicon, after silica coated electrodes, still presenting the structure and 

function has been demonstrated. RCs from different organisms have been integrated in 

silicon [24] and silica confinement systems, [25] preserving their structures and 

functions. Synthetic mesoporous silica has been also used. [26] Similarly, Si-based 

material consisting of conductive P-doped silicon has been successfully proposed to this 

aim, due to its easily tunable pore dimensions, large surface area, [27-28] integration in 

photonic structures [29] and its natural biodegradability. Recently, RC from Rhodobacter 

(R.) has been conjugated to porous silicon microcavities through silane-glutaraldehyde 

chemistry or via noncovalent peptide cross-linking: the resulting complex possesses 

enhanced ability to generate charge separated states and to induce redox changes on 

cytochrome c, indicating that the RC main sites were still accessible to external electron 

carriers. [30] 

The activity of RC on two different electrode surfaces able to perform a 

nanostructured confinement of the photoconverter was tested: the hydrophobicity of the 

silicon material and the nanostructure of the electrode surfaces promote the adsorption of 

the enzyme. In particular, we measured the photocurrent of RC adsorbed on different 

substrates: flat (pSi), hydrophobic plasma textured silicon (npSi:pSi) and natural 

mesoporous biosilica from microalgae casted on flat silicon (ntSilica:pSi). Mesoporous 

biosilica from algal biomass has been already used for confining drugs or biomolecules. 
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[31-32]
 
The two surfaces bid the possibility to exploit RC systems as light-activated 

element between the silica electrode and redox partners in the bulk solution. 

RESULTS AND DISCUSSION: 

Preparation of substrates and SEM characterization  

For the preparation of ntSilica:pSi samples, diatomaceous earth (DE) was 

purified and casted on pSi, as reported in Materials and Methods Section.  DE was casted 

once or three times in order to produce dielectric:conductive samples with different 

thickness (referred as DE1 and DE3, respectively). The casting process was followed by 

thermal annealing to fix DE on Si surfaces. 

P-doped crystalline silicon wafer was textured using CF4 plasma for producing 

nanotextured surfaces (see Materials and Methods Section).  Two different pillars 

morphologies (Rodo1 and Rodo2) were obtained under two different treatment times of 

10 and 20 minutes.   

Diatomaceous earth (DE) dielectric nanostructured layers on the conductive pSi 

have been examined by SEM, as reported in Figure 1. In the DE1 (Figure 1a) and DE3 

(Figure 1b) of purified DE on pSi, integer or parts of frustules from pennate and centric 

species are evident together with silica rods debris, clasps, girdles. The inset focus shows 

nanotextures of the sub-structures from DE biosilica elements. This naturally 

nanotextured silica creates a confining and dielectric layer onto conductive pSi, since 

most nanofeatures can be exploited to physically entrap and protect RCs. SEM images of 

Rodo1 and Rodo2 npSi:pSi samples, obtained via CF4 plasma, are reported in figure 1c 

and 1d, respectively. The more treated plasma sample (Rodo2) showed taller and wider 

pillars, compared to the less treated one (Rodo1). In particular, an average pillar height of 

0.9 µm was obtained in the case of the 10’ plasma treatment. Doubling the treatment time 

leads to an average height of 1.7 µm. 
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Figure 1. SEM images of 1 layer (a) and 3 layer (b) of purified DE on pSi after thermal annealing. Frustules from 

pennate (*) and centric (**) species are evident. Inset focus: nanotextures or sub-structures from DE biosilica elements. 

SEM images of Rodo1 (c) and Rodo2 (d) CF4 plasma treated silicon at a tilt angle of 45° with 50Kx magnification. 

Photocurrent measurements of RC in integrated systems  

Flat pSi, npSi:pSi, and ntSilica:pSi were used as working electrodes (WE) in 

chronoamperometric measurements. A constant potential of -0.2 V was applied, as 

suggested by literature, [33] generating a cathodic current during illumination in all 

cases, indicating a light-induced reduction process at the WE. The flat pSi shows 

negligible photocurrent in the presence of the RC and redox mediators. This is likely 

associated with the lack of the RC confinement on the flat pSi that favours redox reaction 

occurrence only in solution. 

The addition of the diatomaceous nanostructured natural silica layers on the 

conductive Si electrode (Figure 2) produces a bifunctional dielectric:conductive device 

(ntSilica:pSi) that generates photocurrents. This is likely due to the establishment of RC-

electrode communication. Nevertheless, single layer nanostructured silica (DE1) shows 

higher photocurrent with respect to the 3 layered dielectric sample (DE3). This effect is 

likely due to a decreased electrode conductivity consequent to the increase of the silica 

layer thickness.  

In the case of plasma treated electrodes Rodo1 and Rodo2, the experiments 

display (Figure 2) higher photocurrents than DE1 and DE3. Electrode performance 

increases presumably because of the higher hydrophobicity of Rodo# samples, which 

stabilize the hydrophobic domains of the RC. Furthermore, a higher surface availability 

of these textured electrodes improves the RC-electrode interactions.  Notably, Rodo2 

exhibits lower photocurrent than Rodo1 conceivably associated with larger and less 

entrapping pillars coverage of the surface. The current densities on the immersed 
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electrode surface (45 mm
2
) were respectively 0.17 and 0.04 (µA/cm

2
) for DE1 and DE2, 

0.80 and 0.71 (µA/cm
2
)  for Rodo1 and  Rodo2. 

 

Figure 2. Chronoamperometric profiles in P100 pH 7.0 with redox mediators FeCN:MeOH 200μM and dQ 200μM, and 

RC 3μM, applying a potential of -0.2V, and using different substrates.  

MATERIALS AND METHODS: 

Surface Texturing of P-doped silicon  

P-doped crystalline silicon slabs were plasma treated as reported in literature, to 

produce nanotextured surfaces. [34] Two different texturing times under the CF4 plasma 

(10 minutes and 20 minutes) were used to produce 2 morphologies, referred respectively 

as Rodo1 and Rodo2 structures.  

Biosilica purification from DE and casting of biosilica nanostructures 

Based on a literature protocol, [35] an activation process of Diatomaceous 

Earth (DE) was exploited for purifying silica matrix from oxides. This method is 

commonly used for extracting living diatom biosilica [36-37] for photonics, [38] 

nanoparticles [39-40] and tissue engineering [41-42]
 
applications. After the treatment, 

casting of the DE suspension in water:acetone 1:1 v/v (DE 4 mg/mL) on pSi, followed by 

thermal annealing on heating plate at 350°C for 1 hour, were performed in order to 

produce 2 types of ntSilica:pSi surfaces (1 or 3 layered of DE on pSi, referred as DE1 

and DE3). 
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Scanning electron microscopy (SEM)  

Scanning Electron Microscopy (SEM) was carried out to analyse the 

morphologies of npSi:pSi (Rodo1 and Rodo2) and ntSi:pSi (DE1 and DE3) samples with 

a Zeiss Supra 40 equipped with a Gemini field emission gun. Analyses were carried out 

at an extraction voltage of 5 kV, at a working distance of 5mm and a tilt angle of 0° and 

45°. 

Bacterial Culture and RC purification  

The carotenoidless strain R26 of the photosynthetic bacterium R. sphaeroides 

was grown under phototrophic conditions according to previously published procedures. 

[43-44] RC photoenzyme was extracted and purified using a literature protocol. [45-46] 

Electrochemical measurements 

Photoelectrochemical measurements were conducted at room temperature in a 

three-electrode cell, adapted to a plastic cuvette (1x1 cm
2
 base and 1.5 cm height) by 

using an Autolab potentiostat PGSTAT 10. Saturated Ag/AgCl electrode was used as 

reference and a Pt wire was used as counter-electrode. The pSi wafer was the working 

electrode (WE) and 1 mL of phosphate 100 mM, Triton X-100 0.03% pH 7.0 (P100) water 

solution was the support electrolyte. The electroactive WE area was 9x10 mm
2
. 

Ferrocene methanol (FeCN:MeOH) 200 µM was set as the electron donor whilst 

decylubiquinone (dQ) 200 µM as the electron acceptor. When added in solution, the RC 

concentration was fixed to 3μM. A bias of -0.2 V (corresponding to the OCV of the cell 

in the dark) was applied between the reference and the working electrodes. For the 

photocurrent generation, the WE, with the nanostructure side facing towards the light 

source, was illuminated with a 2.6 W LED emitting at 865 nm, where the sole absorbing 

specie is the RC, with an irradiance of 25 mW/cm
2
 and a photon flux of 1.1×10

17
 

photons/s·cm
2
. Cycles of 30s and 60s of dark relaxation were used in the experiments.  

CONCLUSIONS: 

Different nanostructured interfaces have been assembled to convey 

photosynthetic bacterial RC onto coated electrodes and to investigate the generation of 

photocurrents under illumination. Photocurrent generation in conductive plasma treated 

npSi:pSi and dielectric:conductive ntSilica:pSi, bearing layers of diatomaceous earth 

silica textures, shows that coated electrodes are able to confine and fix RC within their 

texture.  

Highest photocurrents were observed using the plasma treated nanotextured 

pSi, which appears to better promote the RC-electrode interaction. This effect could be a 

combination of the RC confinement with the hydrophobicity of the ntSi:pSi electrodes 

that well fits with the hydrophobic nature of the photoenzyme.  
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