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Abstract 

The bacterial photosynthetic reaction centre (RC) is a membrane spanning protein that, upon 

illumination, promotes the reduction of a ubiquinone molecule withdrawing electrons from 

cytochrome c2. This photo-activated reaction has been often exploited, in suitably designed 

photoelectrochemical cells, to generate photocurrents sustained by the reduction at the 

working electrode of the photo-oxidised electron donor or by the oxidation of the electron 

acceptor. In this work we have explored in more detail the factors affecting the photocurrent 

generation in commercially available screen-printed electrochemical cells containing an 

electrolyte solution where RC proteins and suitable mediators are solubilized. In particular, 

the role of the applied potential and the influence of concentration and structure of acceptor 
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and donor molecules have been assessed. We show that efficient generation of cathodic 

photocurrents in a three electrode configuration occurs at an applied potential of 0.0 V 

versus quasi-ref Ag (the open circuit potential of the system measured in the dark) in 

presence of ferrocenemethanol and decylubiquinone, which proved to guarantee high 

performances as electron donor and acceptor respectively. Moreover, we employed a set of 

differential equations, describing reaction and diffusion processes, for modelling with high 

accuracy the chronoamperometry profiles recorded at variable RC concentrations. This 

model allowed us to estimate the kinetic parameters relevant to the chemical and 

electrochemical reactions triggered by light and to get a snapshot of the electrolyte 

composition in the bulk and electrode surroundings at different times from the light 

exposure. The characteristic time course of the photocurrent, showing a fast rise to a peak 

value followed by a slower decay, has been therefore explained as the result of the strict 

interconnection between the dynamical processes involved. 

 

Keywords: photosynthetic reaction centre, Rhodobacter sphaeroides, quinone, 

photoelectrochemical cell, photocurrent, screen-printed electrode, photocycle, redox 

mediators. 

1 Introduction 

The reaction centre (RC) from the photosynthetic bacterium Rhodobacter sphaeroides is a 

membrane-spanning specialized pigment-protein complex where the primary processes of 

photosynthesis take place. This protein is relatively simple to isolate and sufficiently stable 

to allow its employment in photovoltaics or biosensing applications [1-4]. 

The protein has a weight of 100 kDa and consists of three subunits called H, L and M. Eight 

cofactors are non-covalently bound to the protein scaffold: a dimer (D) of 

bacteriochlorophylls (BChl) which acts as the primary electron donor, two accessory BChl, 
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two bacteriopheophytins (BPh) and two ubiquinones-10 (UQ10). A non-heme Fe2+ is bound 

covalently to four histidine and one glutamate residues of the L and M protein chains. All 

cofactors are arranged in two symmetrical branches called A and B. As a consequence of 

light absorption, one electron is transferred from the singlet excited state of D, through the 

series of cofactors, to the UQ10 located in the A-branch pocket (QA) and finally to the 

ubiquinone in the B-branch pocket (QB). In vivo, the protein performs a photocycle in which 

the absorption of two photons triggers the reduction of the UQ10 sitting in QB to ubiquinol in 

a two-step fashion with the simultaneous oxidation of two cytochrome proteins and the 

uptake of two protons. The RC can be isolated from readily available bacterial biomass and 

is particularly stable against denaturation, which makes this protein advantageous compared 

with photosynthetic material extracted from plants [5]. Therefore, it is suitable for use in 

photoelectrochemical cells (PECs) to promote the conversion of visible light energy into 

electrical energy. 

A number of PECs employing the bacterial RC as photoactive component have been 

developed in the last decade [6]. Much effort has been devoted to the optimization of 

protein/electrode electrical communication by suitable protein immobilization strategies [7]. 

Several ways to interface RCs to electrodes have been described, including immobilization 

by Layer-by-Layer [8] and Langmuir-Blodgett [9, 10] techniques, by encapsulation in 

nanoporous and nanostructured materials [11-13], by entrapment in sol-gel media [8], and 

by employment of suitable electrode/protein linkers [14, 15]. Moreover, the efficient 

physisorption-based immobilization of RC by laser printing technology has been recently 

reported, resulting in direct photo-induced electron transfer from the working electrode to 

the protein [16]. 

Despite the huge amount of investigations driven in recent years on bio-photovoltaic devices 

based on immobilized RCs [6] and relevant models describing their behaviour [17-20], the 

scientific literature is relatively poor of reports focused on photocurrent generation by means 
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of photoactive proteins dissolved in the electrolyte solution [21, 22]. Photocurrent 

generation in these RC-based PECs occurs when RC photocycle is sustained by light in the 

presence of suitable electron donors and acceptors, which in turn perform the function of 

electron shuttles between protein and electrode surfaces. The protein acts as a photocatalyst 

able to promote the transfer of electrons from the donor to the acceptor, thus modifying the 

bulk concentrations of their different redox forms and the redox potential of the solution, 

according to the Nernst equation. In a three electrode system, no current flows in the 

external circuit if the working electrode (WE) potential is set at the open circuit potential 

(OCP). Nevertheless, a current will be detected at this potential under illumination as a 

consequence of RC-mediated equilibrium displacement. The current can be anodic or 

cathodic depending on the favourite reaction occurring at the WE: it is cathodic in the case 

of the electrochemical reduction of the donor or anodic in the case of the electrochemical 

oxidation of the acceptor. Setting the WE potential at a value other than OCP, the current 

already detected in the dark undergoes a change under light due to the photocatalytic action 

of the reaction centre. In this case the photocurrent is defined as the difference between light 

and dark currents. Of course, in such system the electrochemical reaction driven by the free 

energy of photons competes with the direct chemical reaction (short circuit or back reaction) 

between donor and acceptor, which reduces the efficiency of the photoelectrochemical 

device. The optimization of this RC-based transduction system requires therefore a careful 

evaluation of both thermodynamic and kinetic factors. 

The physiological electron donor to the RC chlorophyll dimer is the water-soluble 

cytochrome c2, a heme-protein having a midpoint potential of +345 mV vs NHE [23]. The 

mitochondrial analogue cytochrome c has been widely used in PECs with immobilized RCs 

[9, 10, 13, 24-27]. However, being a protein, cytochrome c suffers of the well-known 

disadvantages of instability and cost. Synthetic electron donors are also available, the most 

commonly used being the class of ferrocenes. Ferrocene itself (Fcn) has been well 
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characterized as an RC donor [28] and used to efficiently reduce D+ due to its high 

bimolecular donation rate constant (10.1×106 M−1s−1) [29] and its suitable electrochemical 

potential (Em  ≈ +400 mV vs NHE) [30]. However, the maximum pseudo first-order rate 

constant of electron transfer from Fcn to dimer is limited to ~ 430 s−1 being the water 

solubility of ferrocene below 80 µM [28]. With a similar midpoint potential, 

ferrocenemethanol (FcnMeOH) presents a different behaviour showing a lower bimolecular 

donation rate constant (2.1×106 M−1s−1) but a much higher water solubility (>1 mM). 

Therefore, the same donation rates achieved with Fcn can likewise be attained with 

FcnMeOH using suitably higher concentrations and the donation rates can be even improved 

further increasing the concentration.  

On the other side, a number of electron acceptors can be used such as 2,3,5,6-

tetramethylphenylenediamine (TMPD)[22, 31, 32] and the class of ubiquinones [29, 33-

36](UQ10 being the physiological one). Among these, the most promising seems to be 

decylubiquinone (dQ), a synthetic hydrophobic quinone having a 10-carbon saturated side 

chain. It has been widely used as a substrate for various quinone-binding enzymes [37, 38] 

and recently employed for increasing mitochondrial function in synaptosomes [39]. 

The miniaturized photoelectrochemical transduction system described in this work is 

represented by a screen-printed electrochemical cell dipped in a suitable unstirred electrolyte 

solution where RC enzymes, extracted from R. sphaeroides, are dissolved. Screen-printing 

technology in electrochemical applications allows running a large number of 

electrochemical (bio-)assays at low cost. Intrinsic characteristics and reproducibility of 

screen-printed electrodes (SPEs) make them extremely versatile in the development of a 

wide range of electrochemical devices [40]. SPE-based devices containing photosynthetic 

proteins can find application in the sensing of herbicides and other environmental pollutants 

[16, 41, 42] able to inhibit selectively the photoactive component. The main advantage of 

using bulk-dissolved RCs in a PEC is the possibility of controlling the photocatalyst 
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concentration, enabling to finely modulate redox and binding reactions occurring in the 

aqueous homogeneous system. Hence, a theoretical model has been developed to predict the 

experimental photochronoamperometry profiles recorded at controlled WE potential and at 

variable RC concentration, allowing to obtain the concentration of all involved species as a 

function of time, both in the bulk and in proximity of the electrodes surface, during and after 

the irradiation with visible light. In this way, valuable information on the factors limiting (or 

enhancing) the photoresponse has been gained.  

The interest of this work lies not only on the optimization of a specific transduction system 

for advanced sensing applications, but also in general on the elucidation of physico-chemical 

factors affecting the light conversion efficiency in RC-based devices, for applications in bio-

photovoltaics.  On the other side, the thermodynamic and kinetic properties of redox 

mediators, together with mass diffusion processes, discussed in this work, play a key role 

also in RC-based PECs where the protein is present in immobilized form.  

2 Materials and methods 

2.1 Chemicals 

All chemicals were purchased at the highest purity available and were used without further 

purification. Ubiquinone-0 (UQ0), Ubiquinone-1 (UQ1), Ubiquinone-10 (UQ10), 

decylubiquinone (dQ), ferrocene (Fcn), ferrocenemethanol (FcnMeOH), Triton X-100 (TX), 

tris(hydroxymethyl)aminomethane (Tris), diethylethanolamine (DEAE)-sephacel, 

ammonium sulfate, ethylenediaminetetraacetic acid (EDTA) and the reagent grade salts for 

the preparation of buffer solutions were purchased from Sigma. Lauryl dimethyl amino N-

oxide (LDAO) was from Fluka. All aqueous solutions were prepared by using water 

obtained by Milli-Q Gradient A-10 system (Millipore, 18.2 MΩ cm, organic carbon content 

≤4 µg/L). 

2.2 Cell cultivation and RC preparation 
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Carotenoid-less strain R. sphaeroides R-26 cells were grown photoheterotrophically under 

anaerobic conditions in medium supplemented with potassium succinate [43]. 

Chromatophores and RCs were prepared as previously described [44]. RCs were solubilized 

by LDAO and purified by ammonium sulfate precipitation, followed by DEAE-Sephacel 

anion-exchange chromatography. The fractions showing OD280/OD802 ratio below 1.4 were 

collected, concentrated to OD802 = 13, dialyzed against Tris 15 mM, EDTA 1 mM, LDAO 

0.025% pH 8.0 and stored at -20°C for later use. 

The aqueous medium used for photoelectrochemical measurements was K-Phosphate 10 

mM, KCl 180 mM, TX 0.03% v/v, pH 7.0, I=0.2 (PBST buffer). 

2.3 Electrochemical measurements  

All electrochemical experiments were carried out in a three electrode configuration by 

means of a µStat400 portable electrochemical sensor interface workstation (DropSens, 

Spain) controlled by computer. Screen-printed electrodes DRP-220AT with a gold WE and 

relevant connectors were also from DropSens. The SPEs ceramic support is L33 x W10 x 

H0.5 mm; the round-shaped WE (0.12 cm2) is partially surrounded by a silver quasi-

reference electrode, while the gold counter electrode (CE) is the outermost ring of the 

device. The potential of the quasi-ref Ag electrode has been estimated to be +210 mV vs 

NHE.  

The screen printed cell was immersed in a L5 x W10 x H20 mm plastic vessel filled with 0.8 

mL unstirred solution. Photochronoamperometry measurements were conducted at 

controlled WE potential, alternating darkness and light periods. The light source was a light-

emitting diode (LED) with maximum intensity centred at λ = 860 nm, with full width at half 

maximum of 30 nm, providing a light intensity of 25 mW/cm2 at the surface of the WE of 

the electrochemical cell. 

2.4 Computational analysis  
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The program for the simulation of photocurrent profiles, coded in Fortran 2003 and provided 

as supplementary material consists of a few modules, the most relevant of which are: 

- dr_opt.f90, which parses the input, starts the computation and provides most of the output; 

- m_dr.f90, which contains all the code pertaining the model, included the reaction kinetics 

and the computation of photocurrents - m_rkf.f90, a Runge-Kutta implementation with 

Dormand-Prince 4/5 coefficients, containing a special adaptation of step variation for 

chemical concentration that avoids too large relative variations; 

- m_react.f90, which encodes solution of reaction rate equations for most important 

polynomial rate laws; 

- m_diff.f90, which provides a kernel based integration of the diffusion equation with 

different possible contour conditions. 

3 Results and discussion 

3.1 Role of the applied potential 

The standard electrolyte solution employed in our PEC contained FcnMeOH 300 µM, dQ 

100 µM and RC 0.1 µM in PBST buffer. In such system under light the following reaction is 

promoted: 

2
,2 2 2hv RCdQ FcnMeOH H dQH FcnMeOH+ ++ +→+        (1). 

The measured OCP of the cell in dark conditions was around 0.0 V vs quasi-ref Ag (see Fig. 

S1 in Supplementary Material). A series of photochronoamperometric experiments (dark-

light cycles) at controlled WE potential have been conducted both at the OCP and under 

negative and positive overpotentials.  

At the OCP, a cathodic current was detected under illumination (Fig. 1A and Fig. 1B, black 

trace), indicating that a reduction process at the WE is promoted by light. By applying a 

negative overpotential, light and dark currents (both cathodic) increased (Fig. 1A and Fig. 

1B, pink and blue traces). The maximum difference between light and dark current 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
(photocurrent) was registered at -100 mV, although the value was very close to the one 

recorded at the OCP.  

At +100 mV an anodic dark current was generated, whose intensity increased at +200 mV. 

Nevertheless, under positive overpotentials, the illumination did not induce any significant 

change of the dark current, which appeared only slightly perturbed by the light/dark cycles.  

In order to rationalize the observed photoresponse under different WE controlled potentials, 

the cyclic voltammetries of the single electroactive species present in the electrolyte 

medium, i.e. the redox mediators, have been recorded. The cyclic voltammetry of the sole 

FcnMeOH, acquired in the same PBST buffer, revealed a quasi-reversible electrochemical 

redox transition of the couple FcnMeOH+/ FcnMeOH with an experimental midpoint 

potential of +200 mV vs quasi-ref Ag (Fig. 1C, red trace).  Therefore, the large anodic 

currents observed in the dark above +100 mV in the chronoamperometric measurements can 

be ascribed to FcnMeOH oxidation, while the weaker cathodic currents appearing at lower 

potentials arise likely from the reduction of FcnMeOH+
, whose concentration is expectedly 

low in the dark. Under illumination, the drastic enhancement of cathodic current is nicely in 

agreement with the increase of FcnMeOH+ concentration due to its RC-mediated 

photogeneration. On the other hand, the cyclic voltammogram of decylubiquinone (Fig. 1C, 

black trace) revealed irreversible redox transitions of the dQ/dQH2 couple at the WE surface, 

showing a reduction process occurring at potentials more negative than -200mV vs quasi-ref 

Ag. This finding allows excluding a role of dQ in sustaining the observed cathodic currents, 

nor in the dark and even less in the light. The oxidation of dQH2 proved to occur at 

potentials above +100 mV. However, since the decylubiquinol is generated during the 

illumination step, it can contribute to sustain the anodic current, observed in the photo-

chronoamperometric experiments, only under illumination, whereas its contribution to the 

dark anodic current is negligible. The lack of a significant enhancement of the anodic 

current under light, despite dQH2 generation, can be explained with the simultaneous 
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depletion of reduced FcnMeOH, according to the RC photocatalytic cycle. These findings 

demonstrate that, under the experimental conditions employed, the gold screen printed WE 

functions efficiently only as photocathode. The Fig. 2 shows schematically the 

photoelectrochemical transduction mechanism, based on RC photocycle, accounting for the 

generation of cathodic photocurrents observed by applying zero or negative overpotentials. 

3.2 Role of the electron donor  

In absence of any donor in the electrolyte medium no cathodic photocurrent was detected, 

confirming that the photo-oxidized dimer is not able to withdraw electrons directly from the 

WE surface. Fig. 3 shows the dependence of photocurrent intensities on the concentration of 

FcnMeOH and Fcn at -100 mV. For both donors, a monotonic increase of the cathodic 

photocurrent density was observed by increasing the concentration, until a plateau was 

reached. For Fcn the maximum photocurrent density (around 3 µA/cm-2) was reached at 80 

µM, in agreement with attainment of the solubility limit. Interestingly, when FcnMeOH was 

employed, a plateau photocurrent of 7 µA/cm-2 was registered at concentrations ≥ 600 µM. 

The achievement of a plateau in the range 600-1000 µM, where FcnMeOH is still fully 

soluble, demonstrates that in these conditions different parameters, other than initial donor 

concentration, are involved in the rate-limiting step. 

3.3 Role of the electron acceptor  

Looking at the acceptor side, we compared the efficiency of different quinones in sustaining 

the light-activated electron flow by receiving electrons at the QB site (Table 1). The 

concentration of each tested quinone has been optimized to reach the highest photocurrent. 

For the hydrophobic ubiquinones dQ, UQ1 and UQ10 maximal photocurrents were obtained 

at 200 μM concentration, while for the more hydrophilic UQ0 it was necessary to raise the 

concentration up to 1 mM. Unlike what happens with the donor, in this case a weak 

photocurrent at 0.0 V was detected even without acceptor addition, indicating that the low 
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amount of UQ10 substrate present in the RC preparation is sufficient to sustain the electron 

flow across the protein and mediate the electron communication with the CE. Different 

thermodynamic and kinetic properties account for the efficiency of quinones in wiring the 

RC photo-induced electron-hole pair with the electrodes. In particular, the ideal quinone 

acceptor must present both high affinity with the QB site, where the electron withdrawal 

from QA occurs, and suitable water solubility in order to shuttle rapidly electrons across the 

aqueous medium, also interacting with electroactive water dissolved species, such as O2. 

Moreover, further factors can contribute to the different activities. For example, in our 

specific case, the produced quinol must not be oxidized quickly by its co-product 

FcnMeOH+; if this short circuit reaction proceeds rapidly, the photocurrent is suppressed. 

The relatively low photocurrent observed with the highly soluble UQ0 is in disagreement 

with a recent work by Friebe et al. [27], who reported a noteworthy activity of this electron 

acceptor in presence of cyt c as electron donor in a RC-based biophotocathode. This 

discrepancy is likely due to the employment of different experimental conditions, in 

particular the use in our work of FcnMeOH as electron donor rather than cyt c, which may 

affect the rate of UQ0H2 chemical oxidation. In this regard, it has been shown that UQ0H2 is 

oxidized by Fcn+ at pH 7 with a short circuit reaction one order of magnitude faster than the 

one involving UQ10H2 [28]. The photoresponse slightly increased in the case of UQ1, whose 

affinity with the QB site is higher. On the other hand, the natural RC substrate UQ10, 

presenting the highest binding constant at the QB site, did not show the best activity, likely 

due to its low water solubility and its strict association to TX micelles in extra-protein 

environment. It is clear that dQ outperforms all tested electron acceptors, presenting the best 

compromise between water solubility and QB site affinity. A further factor in agreement 

with the high performances of dQ in sustaining the electron flow within our PEC is the 

intrinsic rate of the quinol release from the QB site, which has been found higher for dQ than 

UQ10 [45]. This finding has been rationalized with the enhanced flexibility of the saturated 
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decyl side chain of dQ whit respect to the isoprenoid one of UQ10, allowing faster 

movements of the former once reduced [45].  

3.4 Role of the photocatalyst concentration: modelling physico-chemical processes 

promoting photocurrent generation 

A series of photochronoamperometric measurements under controlled WE potential (0.0 V 

vs quasi-ref Ag) at variable RC concentrations and constant mediators concentration 

(FcnMeOH 600 µM and dQ 200 µM) have been carried out. As shown in Fig. 4 (black 

continuous lines), the photocurrents increase with increasing the protein concentration and 

no saturation was observed within the concentration range investigated. With RC 3.2 µM we 

detected a peak photocurrent of 60 µA/cm2. Nevertheless, a clear modification of the 

photochronoamperometric profile was observed, showing a progressively enhanced decay of 

the photocurrent following the initial rise. In order to rationalize this behaviour, gaining 

valuable information about the role of different processes contributing to the overall 

photocurrents attained, the specific features of our photo-responsive device have been 

examined and a simplified, yet effective, model for the simulation of [RC]-dependent 

chronoamperometric traces has been formulated.  

Our screen printed PEC presents working and counter electrodes of comparable size, made 

of the same constituent material (Au) and in touch with the same electrolyte medium. These 

features allow assuming that: i) the CE cannot be considered an ideal non-polarizable 

auxiliary electrode and ii) WE and CE are expected to show the same equilibrium potential, 

both in dark conditions and under light, i.e. the open circuit voltage (OCV) of the cell is 

nominally zero. It is well known that, in a three electrode configuration, during 

amperometric measurements at constant WE potential, processes at the CE/solution interface 

cannot limit the electron flow across the cell, being the voltage between WE and CE suitably 

adjusted by the potentiostat. Therefore, in the photochronoamperometric measurements of 
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Fig. 4, the CE potential is expected to be the same as the WE (0.0 V vs quasi-ref Ag) at the 

beginning of the experiment (equilibrium dark conditions), whereas during the subsequent 

light/dark cycle the CE reaches a potential that is not known.  Nevertheless, processes 

occurring at the WE, which determine the intensity of the electron flow across the cell, take 

place simultaneously with redox processes at the CE, that depend on the available species in 

solution and on their reduction potentials. It is therefore reasonable to include these 

processes in the modelling of our system. A schematic representation of the PEC, showing 

the main physico-chemical processes theoretically contributing to the photo-electrical output 

of the device under application of a potential equal to the dark OCP, is proposed in Fig. 5. 

Here, the chemical (black), electrochemical (yellow) and diffusion (red) processes involving 

the redox mediators are highlighted. Under light, the photochemical process 1, followed by 

the chemical process 2, changes the composition of the solution, with depletion of 

FcnMeOH and dQ and enrichment of FcnMeOH+ and dQH2, with consequent change of the 

Nernst potential of these redox couples. We can say that, at 0.0 V vs quasi-ref Ag, process 3a 

is favoured although process 4b may occur in some extent. We can also assume that process 

3a takes place simultaneously with process 3b at the CE side, resulting in an overall 

electrochemical reaction (see eq. (9) later in the text) moving electrons in the external circuit 

in the direction of a cathodic (forward) current. On the other side, the process 4b can be 

considered coupled to process 4a at the CE, in agreement with an analogous electrochemical 

reaction this time delivering electrons in the direction of an anodic (reverse) current (see eq. 

(10) later in the text). Therefore, we can assume that, given the composition change induced 

by light, the applied potential is responsible for an unbalance between the rates of the 

electrochemical reactions associated to forward and reverse currents. Hence, the rate 

constants of these electrochemical reactions depend on the applied potential. Moreover, the 

asymmetry of the system under light results in the appearing of different concentration 

gradients at the two electrode/solution interfaces, which in turn activate diffusion processes 
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and affect the local rates of reactions 1 and 2. The details of the theoretical model employed 

for predicting the experimental traces of Fig. 4 are described in the following paragraph.    

3.4.1 Model description 

The model cell consisted of two parallel electrodes with a large area allowing to represent 

the electrolyte solution between them as a one-dimensional system, whose chemical 

composition can vary only along a z axis normal to the electrode surfaces (see Fig. 5). 

Moreover, the distance between the electrodes is much larger than the diffusion layer, 

enabling to apply the semi-infinite boundary conditions for mass transfer. Though the actual 

cell geometry is greatly different, the model geometry can be justified in consideration of 

two observations: 

• the experiment time is about 10 s and the diffusion coefficients are certainly lower than 

10−4 cm2/s, therefore, according to the mean squared displacement formula (
2

2Dtz = ), 

only a layer of solution less than 0. 5 mm thick is effectively involved in the electrode 

reactions; 

• in the extreme case, i.e. for the largest RC concentration, the total amount of substance 

discharged at each electrode is about 3 µA × 10 s /F ≈ 3 × 10−10 eq., that is the FcnMeOH+ 

amount contained in 0.5 mm3 of solution, once again the volume of a thin layer in touch with 

the electrode. 

The large distance between the electrodes, compared to the  diffusion layer, makes therefore 

irrelevant that the electrode surfaces are  effectively parallel as in the model or not. 

The z axis was divided in a suitable number of segments to ensure a good representation of 

the concentration variations. The electrodes are far enough to ensure that the species 

generated at one electrode cannot diffuse to reach the other one in the time of the 

experiment, i.e. part of the system is in bulk conditions. On the other side the establishment 
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of concentration gradients at the electrode/solution interfaces allows to identify two 

concentration gradient zones (see Fig.5) whose thickness varies with time.   

In this space, the following processes were simulated: 

A. the binding reaction between RC and dQ; 

B. the redox reaction activated by light, generating dQH2 and FcnMeOH+  involving as 

reactant only the quinone bound to the RC;  

C. the redox reaction between the photogenerated dQH2 and FcnMeOH+ (short circuit or 

back reaction; 

D. the oxidation of dQH2 mediated by dissolved molecular oxygen;  

E. the electrochemical reactions driving the electron flow across the external circuit in 

both directions, according to coupling of processes 3a-3b and 4a-4b depicted in Fig.5. 

These processes occur at the two electrode/solution interfaces and their reaction rate 

provides the intensity of the electron flow, i.e. the generated current; 

F. the diffusion of all the species from the electrodes to the bulk and vice versa, except 

for RC which has a uniform distribution, since it does not react at the electrodes. 

Processes A, B, C and D occur everywhere in the aqueous medium, i.e. along the whole z-

axis. The quinone binding reaction can be written as: 

in

out

k

k
RC dQ RC dQ→+ ⋅←       (2), 

where RC·dQ represents the RC-bound decylubiquinone. The RC was supposed to 

equilibrate with dQ very fast with a binding constant of 105 M [46], therefore it can be 

considered completely bound in most reasonable conditions. The photo-activated redox 

reaction, involving only RC-bound dQ molecules, is described by the following equation: 

22 2 2hFcnMeOH RC dQ H FcnMeOH RC dQHν+ ++ ⋅ + → + ⋅      (3). 

The dissociation reaction of dQH2 from the QB pocket:  

2 2RC dQH RC dQH⋅ → +     (4) 
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can be considered a very fast process [45], thus allowing to assume that the dQH2 

photochemical production rate (rph) depends solely on the rate of the reaction of eq. (3). For 

this photo-activated reaction different rate laws are possible. Keeping 1 the reaction order 

for RC-bound quinone, different reaction orders were tested for FcnMeOH. A value of 2 

yielded to the best reproduction of experimental data, suggesting the following rate law: 

[ ][ ]2

ph phr k RC dQ FcnMeOH= ⋅       (5) 

The oxidation of dQH2 by FcnMeOH+ (back reaction, point C, process 2 in Fig.5), according 

to the chemical equation: 

2  2     2 2backkdQH FcnMeOH dQ FcnMeOH H+ ++ → + +     (6), 

provided the best agreement between simulated and experimental data for a third order rate 

law: 

2
2[ ][ ]back backr k dQH FcnMeOH +=        (7). 

Since the electrolyte medium of our experiments is aerobic, it is reasonable that dissolved 

oxygen plays a role in the re-oxidation of the photogenerated dQH2. The role of dissolved 

oxygen in dQH2 re-oxidation has already been highlighted in a mediator-free PEC 

configuration [16]. However, O2 may support dQH2 oxidation directly or indirectly, for 

instance by affecting the amount of FcnMeOH+ present in the dark. Although the reaction 

route is expected to be rather complex, the overall rate of the processes that support dQH2 

oxidation through O2 mediation was modelled quite simply, using a second order rate law: 

2 2[ ][ ]ox oxr k dQH O=        (8). 

As described above, the electrochemical processes can be conceived as the same dQH2 

oxidation reaction reported in equation (6), in this case occurring by shuttling the electrons 

across the external circuit. dQH2 is supposed to deliver electrons both at the WE surface and 

at the CE surface, whilst the reduction of FcnMeOH+ occurs simultaneously at the opposite 

electrode, according to the following processes: 
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( ) ( ) ( ) ( )2   2    2   2FkdQH CE FcnMeOH WE dQ CE FcnMeOH WE H+ ++ → + +       (9) 

( ) ( ) ( )2 ( ) 2     2   2R
k

dQH WE FcnMeOH CE dQ WE FcnMeOH CE H+ ++ → + +            (10) 

The electrons delivered by the electrochemical process can be fed into the circuit in both 

directions as a direct consequence of a solubilized photocatalyst in a membrane-free 

configuration, which does not provide for a separation of electrode compartments [47]. The 

forward (iF) and reverse (iR) currents present opposite sign and their intensities depend on 

the resulting quinol oxidation rates at CE and WE respectively. A first order rate law was 

considered for dQH2, whilst a second order rate law with respect FcnMeOH+ allowed again 

the best reproduction of experimental data: 

[ ] [ ] ( )2
2

2

CE
WECE

F F

d dQH
i k dQH FcnMeOH

dt
+ ∝ − =      (11) 

[ ] [ ] ( )2
2

2

WE
CEWE

R R

d dQH
i k dQH FcnMeOH

dt
+ ∝ − =      (12). 

In principle, the overall current flowing in the cell it at a certain time depends on the relative 

weight of forward and reverse currents: 

( )t F Ri i i= − −     (13). 

It is cathodic (negative) if the forward current overcomes the reverse one and, according to 

eq. (9) and eq. (10), its value is determined by the actual concentration of all involved redox 

species in proximity of CE and WE surfaces and by the rate constant values. 

The electrochemical rate constants are strongly affected by the potential applied at the WE, 

in particular the ratio kF/kR is expected to be higher at negative overpotentials, since in these 

conditions the process 3a is favoured with respect to process 4b, increasing the rate of 

reaction of eq. (9) with respect to reaction of eq. (10).  

The diffusion of the different species from and towards the electrode surfaces was modelled 

with the well-known second Fick law: 
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2

2

C C
D

t z

∂ ∂=
∂ ∂    (14), 

where C represents the concentration, D the diffusion coefficient and z the distance from the 

electrode. This law applies to all species except for RC whose concentration is considered 

uniform. Since both diffusion and reactions change the local concentrations simultaneously, 

any time interval was divided in 5 sub-intervals and the reactions and diffusion were 

allowed to occur in sequence. In this way the error due to the non-simultaneity of dynamical 

processes was minimized. A 6.7 × 10−6 cm2/s diffusion coefficient in water for FcnMeOH 

[48] was employed in the model as a known parameter, whilst the diffusion coefficient for 

dQ was obtained as optimized parameter. The diffusion coefficients were considered 

independent on the redox state. 

3.4.2 Model discussion 

The simulated currents, predicting the experimental data, are shown as red broken lines in 

Fig. 4. Overall, the model captures the fundamental features of the experiment. In particular, 

the dependency on RC concentration is well reproduced. The relevant optimized parameters 

are listed in Table 2. The value of the diffusion coefficient of dQ was found unexpectedly 

three times higher than that of FcnMeOH and four times higher than that of hydrophobic 

quinones in a membrane bilayer (about 5×10−6 cm2/s [49]). The high mobility of dQ in our 

micellar system can however explain the high photocurrent obtained with this quinone 

compared with the other tested, as shown in Table 1.  

The predicted value for the O2 concentration involved in dQH2 oxidation was 51 µM, which 

represents only a fraction of the expected dissolved oxygen concentration in the 

experimental conditions employed. Although our model requires this contribution for the 

effective simulation of the experimental data, the rate rox, given by eq. (8), drops to zero in 

the very first moments of the light period, after which the electron withdrawal from dQH2, 
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both in the electrolyte medium (back reaction) and via the external circuit (electrode 

reactions), proceeds only by means of photo-generated FcnMeOH+.  

The rate constant kback arising from the model corresponds to a pseudo-second order rate 

constant of ≈7×104 M−1s−1, in good agreement with a previous estimation of ≈ 2 104M−1s−1 

[29]. The computational procedure of parameter optimization led to kF/kR ≈ 10, in agreement 

with favoured cathodic processes at the WE. 

Upper and middle panels in Fig. 6 show the time course of dQH2 and FcnMeOH+ 

concentration at the WE surface, at the CE surface and far from the electrodes. In the bulk 

dQH2 and FcnMeOH+ rapidly reach a steady value which depends on the balance between 

dQH2 photogeneration and its consumption due to the back reaction. As expected, such 

steady values increase with RC concentration, as photogeneration becomes faster ([RC·dQ] 

increases). However, even at the highest RC concentration tested, the percentage of 

FcnMeOH converted in FcnMeOH+ at the steady state is 32% and the percentage of dQ 

converted in dQH2 is 35%. This finding highlights the major role played by the back 

reaction in counteracting the chemical composition change induced by light. 

The time course of the intensity of virtual currents generated by forward and reverse 

electrochemical processes for the case of [RC]=3.2 µM is shown in Fig. 7, together with the 

resulting overall current, whose intensity profile nicely reproduces the experimental one. As 

expected, both forward and reverse current intensities are larger than the resulting one and a 

maximum difference between them is observed at 0.8 s, where the experimental current 

presents a characteristic peak. In general, the electrode reactions produce the depletion of 

dQH2 and FcnMeOH+ at both the electrode/solution interfaces and the simultaneous release 

of dQ and FcnMeOH. These changes of concentration with respect to the bulk activate the 

gradient-driven diffusion processes and affect the rate of the photochemical and back 

reactions in proximity of the electrodes, according to the relevant rate laws. In the presence 

of an applied WE potential, inducing asymmetry of the system (kF/kR ≠1) and the subsequent 
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current generation, the depletion/release of reactant/product species at the electrode/solution 

interfaces occur at different rates. In particular, at 0.0 V applied potential, the decrease under 

light of FcnMeOH+ concentration is more pronounced at the WE than at the CE. The back 

reaction thus undergoes an efficiency drop more enhanced in proximity of the WE, 

according to eq. (7), causing the local accumulation of dQH2. Despite its consumption due to 

the reverse electrochemical reaction, the concentration of this species can indeed attain at the 

WE values even higher than in the bulk (see Fig. 6, upper panels). It should be mentioned 

that the photochemical reaction rate near the WE is poorly influenced by the electrochemical 

reaction process, since the regeneration of the reactant FcnMeOH is however guaranteed and 

the concentration of RC·dQ remains basically constant. Upon light switching off, the sudden 

stop of dQH2 and FcnMeOH+ photo-production causes the drastic decrease of both reverse 

and forward currents. Nevertheless, the reduced efficiency of the back reaction at the WE 

allows here the attenuation of dQH2 concentration drop, which in turn results in a slower 

collapse of the reverse current with respect to the forward one (see Fig. 7). This effect is 

responsible for the characteristic current inversion observed at RC concentrations above 0.8 

µM during the dark phase following the illumination interval (Fig. 4). 

As expected, since the z axis points from the CE towards the WE, the dQH2 gradients at the 

two electrode/solution interfaces (Fig 7, lower panel) present opposite sign. However the 

curves describing their time evolution are not symmetrical because higher gradients appear 

at the CE/solution interface. This is likely a consequence of enhanced dQH2 consumption at 

the CE due to the higher rate of the electrochemical forward reaction. After the initial 

instability, the gradients become constant as soon as dQH2 and FcnMeOH concentrations 

reach a steady value in the bulk. 

The concentration profiles of dQH2 and FcnMeOH+ along the z-axis at different 

representative times are depicted in Fig. 8. Here the effect of the electrochemical processes 

on the back reaction rate is further highlighted. It is clear that both dQH2 and FcnMeOH+ 
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accumulate at opposite electrodes reaching concentration values higher than in the bulk. The 

electrochemical FcnMeOH+ depletion at the WE induces the accumulation of dQH2 as a 

consequence of back reaction slowing down, whereas, for the same reason, the 

electrochemical depletion of dQH2 at the CE induces here the accumulation of FcnMeOH+. 

An important factor accounting for the appearing of characteristic concentration peaks at a 

small distance from the electrode surface is the diffusion of the species involved. The slow 

mass transport prevents indeed the rapid re-equilibration of the system composition 

perturbed by the electrode processes, thus allowing the chemical reaction rates to be 

significantly affected by local concentration changes. In the time of the experiment, the 

thickness of the solution layer in which fluctuations of dQH2 and FcnMeOH+ concentration 

appear is ~0.4 mm. The green traces in Fig. 8 show the spatial distribution of these species 

after stopping the photochemical reaction. As expected, an overall concentration drop 

occurs. The shape of the [FcnMeOH+] profile is however conserved, while negative [dQH2] 

gradients at the electrode interfaces appear, especially at high RC concentration. In the dark, 

far from the electrode surface, only the chemical dQH2 oxidation by FcnMeOH+ takes place, 

therefore the inhomogeneity of [dQH2] and [FcnMeOH+] profile reflects the inhomogeneity 

of the back reaction rate along the z-axis. 

4 Conclusions 

A photoelectrochemical cell based on solubilized reaction centres from the phototrophic 

bacterium Rhodobacter sphaeroides has been designed and characterized. Our miniaturized 

non-stirred SPE-based bio-hybrid device allows the generation of high S/N photocurrents 

with plateau intensities reaching 15 µA/cm2. The high solubility of FcnMeOH and its 

suitable redox potential, together with the optimal thermodynamic and kinetic properties of 

dQ, allowed to maximize the device photoresponse. The relative amounts of donor, acceptor 

and RC affect the intensity of photocurrents as well as the chronoamperometric profiles. 
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More intense photocurrents can be generated at higher RC concentrations, although in this 

case the profile becomes less regular, showing a fast current rise until a peak value, followed 

by a slower decay.  

The simulation of electrochemical, chemical, photochemical and diffusion processes, taking 

place simultaneously in the cell, allowed the calculation of physico-chemical parameters that 

shed light on the mechanisms that govern generation and time course of photocurrents 

promoted by photosynthetic proteins solubilized in the electrolyte medium, in the presence 

of redox mediators. Our model, describing the electrode processes with the same rate laws of 

homogeneous chemical reactions, proved to be very effective in predicting the electrical 

output of the cell both under light and in the dark phase immediately following the 

illumination. Interestingly, even the peculiar current inversion (from cathodic to anodic), 

observed in the post-light period at high RC concentrations, was well described by the 

model and can be rationalized on the basis of an imbalance between forward and reverse 

currents in favour of the latter one. Moreover, the model highlighted nicely the role of the 

short-circuit chemical reaction (back reaction) that, not only represents the main factor 

lowering the light/electricity conversion yield, but also affects significantly the shape of the 

chronoamperometric profile. The back reaction was found to proceed at a specific rate 

slightly lower than the photochemical one and accounts for the fast current drop upon light 

switching off. Our results demonstrate that the regeneration of redox mediators reacting at 

the electrodes by means of the RC-catalysed photochemical reaction is not sufficient to 

sustain a steady photocurrent. The electrochemical reactions induce indeed chemical 

composition changes at the electrode/solution interfaces that in turn affect chemical reaction 

rates. The resulting time-dependent concentration profiles, establishing near the electrodes, 

are therefore the outcome of chemical and mass transport processes occurring 

simultaneously.  
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This investigation represents a further contribution to the comprehension of factors that 

regulate light energy conversion in protein-based and bio-inspired photoelectrochemical 

devices. On the other side, the generated photocurrents represent a good physical observable 

for the selective detection of herbicides and specific environmental pollutants, able to inhibit 

the reaction centre photoactivity. From this applicative point of view, a herbicide biosensing 

system based on the photo-transducer here described, would be not only very easy to 

assemble and to handle, since no protein immobilization step is required, but also 

competitive for cheapness and versatility due to the employment of SPE technology. 
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Figure 1. (A) Peak currents detected in the dark (circles) and under illumination (stars) as a function 
of the applied potential, using an Au WE, with RC 0.1 µM, dQ 100 µM, FcnMeOH 300 µM. (B) 
Photocurrent profile recorded at -200 mV (pink), -100 mV (blue), 0 mV (black) and +100 mV (red) 
vs quasi-ref Ag, the illumination period is highlighted in yellow. (C) Cyclic voltammetry of 
FcnMeOH 300 µM (red) and dQ 100 µM (black) in PBST buffer at +100 mVs-1, after subtraction of 
the baseline.  

 

Figure 2. Mechanism of cathodic photocurrent generation with FcnMeOH shuttling electrons from 
the WE to the photo-oxidized RC dimer (D). QA represents UQ10 firmly bound to the QA site. Q 
represents a generic quinone acceptor that binds to the QB site, leaving the same site as a quinol 
(QH2) molecule, after double reduction and protonation. The energy diagram on the right depicts 
the spontaneous electron transfers activated by light-absorption. 
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Figure 3. (Left) Intensity of cathodic photocurrents (peak values) detected with a gold WE at the 
dark OCP (0.0 V vs quasi-ref Ag) as a function of FcnMeOH (red circles) and Fcn (green 
diamonds) concentration, with RC 0.1 µM and dQ 50 µM in PBST buffer. (Right) Relevant current 
profiles for the same FcnMeOH concentrations reported in the graph on the left. The illumination 
period is highlighted in yellow. 

 

 
Figure 4. Experimental (black continuous lines) and predicted (red broken lines) 
photochronoamperometric traces at controlled WE potential (0.0 V vs quasi-ref Ag) detected or 
calculated with RC variable from 0.1 to 3.2 µM in presence of FcnMeOH 600 µM and dQ 200 µM. 
The illumination starts at 0 s and ends at 10 s. 
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Figure 5. Schematic representation of the electrochemical cell in the three electrode configuration 
(A), with a focus on the electrolyte space between WE and CE (B) where the physico-chemical 
processes responsible for the photocurrent generation take place. The black arrows depict the redox 
transitions of the mediators due to photochemical (1) and chemical (2) processes. Although 
represented in the bulk phase, these processes occur in the whole solution, both in the bulk and in 
the concentration gradient zones. The yellow arrows indicate the redox transitions of the mediators 
due to electrochemical processes (half-reactions). The protons and the right stoichiometry of 
chemical processes are omitted. Diffusion processes to/from the electrode surfaces are denoted by 
red arrows. The overall electrochemical processes resulting from the sum of blue coloured (3a-3b) 
and orange coloured (4a-4b) half reactions move electrons in the external circuit in the direction 
(forward and reverse, respectively) depicted in (C). 
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Figure 6. Predicted concentrations of dQH2 (upper panel) and FcnMeOH+ (middle panel) at 
different times during the photocurrent generation experiments illustrated in Fig. 4 and in different 
points along the z-axis: at the WE surface (red dashed lines), at the CE surface (black lines) and far 
from the electrodes (blue broken lines). Lower panels represent the time course of dQH2 

concentration gradients at the WE (red dashed lines) and CE (black lines) surface. The illumination 
starts at 0 s and ends at 10 s. 

 

 

Figure 7. Time course of the intensity of forward (blue) and reverse (green) virtual currents as 
arising from the computational simulation for the case of [RC]=3.2 µM, [FcnMeOH]=600 µM, 
[dQ]=200 µM, WE applied potential=0.0 V vs quasi-ref Ag . The red trace represents the predicted 
current profile, obtained as the difference between forward and reverse currents (see eq. 13 in the 
text). 

 

 

Figure 8. Concentration of dQH2 (upper panel) and FcnMeOH+ (lower panel) as a function of the 
distance from the electrode surfaces at different representative times: 0.1 s (black), 0.8 s (red), 5 s 
(blue), 11 s (green), relevant to the photocurrent generation experiments illustrated in Fig. 4. The 
CE surface is at z=0 (left) and the WE surface is at z=zmax (right). Since the length of the z axis is 
arbitrary, the thickness of the bulk region has been reduced in order to emphasize the concentration 
variations near the electrodes.  
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Table 1. Optimal concentrations and relevant peak photocurrent densities detected at 0.0 mV 
vs quasi-ref Ag for different quinone acceptors with RC 0.1 µM and FcnMeOH 300 µM in 
PBST buffer. The value detected with no added electron acceptor is also reported for 
comparison.  
 

Quinone 
Optimal concentration 

(mM) 
Peak photocurrent density 

(µA/cm2) 
- - 0.3 

dQ 0.20 6.8 
UQ10 0.20 3.6 
UQ1 0.20 1.1 
UQ0 1.00 1.3 

 
 
Table 2. Optimized parameters arising from simulation of the photochronoamperometric 
profiles at variable RC concentration. 
 

Parameter  Optimized value 
DdQ Diffusion coefficient of dQ 19.6×10−6 cm2s-1 
kph Rate constant of light activated reaction (eq. 5) 5.71×108 M-2s-1 

kback Rate constant of short circuit dQH2 oxidation (eq. 7) 1.15×108 M-2s-1 
[O2]0 Concentration of O2 involved in dQH2 oxidation 51.3 µM 
kox Rate constant of dQH2 oxidation through O2 mediation (eq. 8) 2.27×104 M-1s-1 
kF Rate constant of forward electrochemical reaction (eq. 11) 2.40×108 M-2s-1 
kR Rate constant of reverse electrochemical reaction (eq. 12) 2.37×107 M-2s-1 
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Highlights 

• A photoelectrochemical transduction system based on solubilised RCs is presented  
• Ferrocenemethanol and decylubiquinone act as efficient redox mediators for RC wiring 
• The WE acts as photocathode by applying the OCP measured in the dark 
• The intensity and the time course of the photocurrent depend on the RC concentration 
• The photochronoamperometric profiles are predicted by a suitable computational model  


