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In the past years, many strategies were implemented to take benefits from oxygenic photosynthesis to harvest photosynthetic electrons and produce a significant photocurrent. Therefore, electrochemical tools were considered and globally relied on the electron transfer(s) between the photosynthetic chain and a collecting electrode. In this context, we recently reported the implementation of an electrochemical set-up at the preparative scale to produce photocurrents from a Chlamydomonas reinhardtii algae suspension with an appropriate mediator (2,6-DCBQ) and a carbon gauze as the working electrode. In the present work, we wish to describe a mathematical modeling of the recorded photocurrents to better understand the effects of the experimental conditions on the photosynthetic electrons extraction. In that way, we established a general model of an electrocatalytic mechanism at the preparative scale (i.e. assuming a homogenous bulk solution at any time and a constant diffusion layer, both assumptions are being valid under forced convection) in which the chemical step involves a Michaelis-Menten like behavior. Dependences of transient and steady-state corresponding currents were analyzed as a function of different parameters by the mean of zone diagrams. Such a model was tested to our experimental data related to photosynthesis. The corresponding results suggest that competitive pathways beyond the only photosynthetic harvesting should be taken into account.

Introduction

Over the past ten years, many efforts were taken to implement electrochemical tools to harvest photosynthetic electrons and produce bioelectricity from oxygenic photosynthesis. [1][2][3][4] Most of the strategies focused on the collecting electrode and the biological target, both issues being closely connected. First of all, isolated photosynthetic units like Photosystems I and II can be considered, thus needing to graft them on the collecting electrode surface. [5][6][7] Such a strategy undoubtedly favours interactions between the electron donor (PSI/II) and acceptor (the electrode) but raises the question of the stability of the system at long illumination times. 8 In this way, isolated thylakoid membranes can also be involved and immobilized at the working electrode. [9][10][11][12][13] A long-term approach is obviously to work with intact photosynthetic organisms (algae, cyanobacteria...). [14][START_REF] De Caprariis | Scarsella in Exoelectrogenic Activity of a Green Microalgae, Chlorella vulgaris, in a Bio-Photovoltaic Cells (BPVs)[END_REF][START_REF] Hasan | [END_REF] In this case, culture and proliferation of the photosynthetic cells is expected and ensure the stability of the bioelectricity production. 17 However, the restricted access to the photosynthetic chain could limit the efficiency of the electrons harvesting. In order to solve this issue, nanoelectrodes can be used on living organisms and directly inserted within one or multiple cells in parallel. 18,19 Furthermore, mediators can be involved and act as electron carriers from the photosystems to the extracellular electrodes. Such mediators can be grafted at the electrode (redox polymers, nanoparticles or nanotubes) or solubilised in the physiological medium bathing the cells. 10,20,21 In the latter case, exogenous quinones are a promising electron relay due to their PSII acceptor behaviour. 22 Of note, all the strategies described above can be used together to enhance the electrons extraction. [23][24][25] In this context, we recently benchmarked the ability of several exogenous quinones to harvest photosynthetic electrons from the green unicellular algae Chlamydomonas reinhardtii. 26 Furthermore, a modeling was established and evidenced that the extraction corresponds to Michaelis-Menten like kinetics. 27 Such results were used to extract photosynthetic electrons from an algae suspension at the preparative scale (with a centimetersized carbon gauze as the collecting electrode) that favours a current production for longer timeframes. 28,29 However, the reproducibility of a preparative scale needs to control and understand as much as possible the experimental conditions and parameters. This is why a modeling of the recorded photocurrents in electrolysis conditions is needed. However, this issue goes beyond simply the photosynthetic electrons harvesting. Indeed, it is related on an electrocatalytic mechanism under electrolysis conditions in which the chemical step involves Michaelis-Menten kinetics. The present work is thus aimed to build the corresponding modelling. Because it can be possibly extended it to other cases beyond photosynthesis, this modeling (steady-state and dynamics) will be progressively described and commented at a general level by the mean of zone diagrams. Experimental photocurrents from algae suspension with quinones will be finally considered.

Results and discussion

The electrons extraction corresponds to a mediated electron transfer achieved in chronoamperometry according to the following equations (Q and QH2 are the oxidized and reduced forms of the exogenous quinone respectively) :

Algae, 2 solution : Q QH C k   → (1) - + 2 electrode : QH Q+2e +2H el k  → (2) 
The photoactivated water oxidation within the photosynthetic chain in algae suspension is thus mediated by quinones. 29 The solution is still under stirring, thus leading to a homogenous concentration and a constant diffusion layer. The steady-state and transient phases (rise before reaching the steady-state) will be both considered. The mediated electron transfer corresponds to an oxidation at the electrode surface, i.e with only the oxidized form of the quinone at t = 0.

All the results reported would apply for the reduction case as well.

General case: first order chemical reaction

Firstly, the frontiers between analytical and preparative scales have to be figured out. In this context, we firstly describe a basic case with a first order chemical reaction between a given reactant and the mediator (whose concentration C is assumed to be constant). kel is the rate constant of the electrochemical reoxidation (s -1 ) with kel = AD/δV (A = electrode surface area (m 2 ); D = mediator diffusion coefficient (m 2 .s -1 ), δ = steady diffusion layer thickness (m) and V = sample volume (m 3 )). kC is the homogenous mediator reduction rate constant (s -1 ). C corresponds to the total mediator concentration (mol.m -3 ).

Under steady-state conditions, the mediator reduction and reoxidation rates are equal. α being the proportion of the steady-state oxidized form of mediator, the following equation can be written:

(1 )

el C k C k C α α -= (3) 
Therefore, one has:

el el C k k k α = + (4) 
So we now consider the transient case. Defining o(t) as the proportion of oxidized form of mediator at a given time t, its reaction rate will be given by :

d (1 ) d el C o k o k o t = -- (5) 
If considering a dimensionless time τ = tkC, (5) becomes:

d ( ) ( ) d 1 1 o o τ α τ τ α α = - - - (6) 
Which leads to:

/(1 ) ( ) (1 )e o τ α τ α α -- = + - (7) 
Furthermore, the corresponding electrochemical current (in A) is:

(1 ( )) nFAD i C o τ δ = - (8) 
We thus can define a normalized current:

/(1 ) 1 ( ) (1 )(1 e ) i o nFACD τ α δ ψ τ α - - = = - = - - (9) 
Equation ( 9) thus allows us to display the ψ = f(τ, α) graph (Figure 1). Below the bottom blue line, electrochemistry taken alone does not act on the bulk reactant redox state: it will be only an analytical tool. Conversely, above the top blue line, experimental conditions correspond to an almost finished preparative electrolysis.

Green ones correspond to the same definition for the chemical reaction (completed on the top and not significant at the bottom). The tiny dashed blue and green lines are conditions where electrolysis and chemical reaction, respectively, taken alone have consumed half of the reactant.

As a consequence, Figure 1 and Table 1 give a first view of the system considered in this work in terms of rate limiting steps and transient/steady-state currents. The normalized current will reach its maximum value under steady-state conditions and for an electrochemical rate determining step. Furthermore, as shown by the numerous boundaries, this diagram evidences that the preparative scale (from an electrochemical or chemical point of view) hardly corresponds to a specific zone. A more adapted reaction rate law is thus needed to take into account other parameters like concentration, not only for our photosynthetic application but also for a more general enzymatic case.

Michaelis-Menten like kinetics: steady-state case

We have to consider now that Michaelis-Menten kinetics is involved during the "chemical" reaction between the oxidized mediator and the substrate (the oxidized form of the quinone and the algae in the case of photosynthetic electrons extraction). It can be taken into account by replacing the kCCα term in equation ( 3) by a term related to Michaelis-Menten like kinetics. While it should be applied to a general case interesting for many biochemicals applications (like an enzymatic case which involves a Michaelis-Menten kinetics), we will directly use the parameters defined from our previous studies devoted to the ability of quinones to accept photosynthetic electrons from algae: the extraction yield Φ (which includes the maximum extraction yield D∞ for the given quinone and the initial slope ρ0 (L.mol -1 ) of the Φ = f(quinone concentration) curve established elsewhere) 26,27 and the photochemical rate named vmax (in mol.s -1 ; i.e the maximal quinone reduction rate with a 100 % yield). 29 If considering firstly the steady-state behavior, the chemical reaction and electrochemical reaction rates are equal. One can therefore establish:

max 0 0 (1 ) 1 el v C k C C V D ρ α α ρ α ∞ -= + (10) 
Equation ( 10) can be written as:

(1 )

1 k b α α α -= + (11) 
With k = kelV/vmaxρ0 = AD/δvmaxρ0 and b = ρ0C/D∞. Equation ( 12) finally leads to:

2 2 ( 1) 1 ( (1 ) 1) 4 2 k b k b k b kb α --+ -+ + = (12) 
The normalized current can thus be deduced :

1 i nFACD δ ψ α = = - (13) 
Equations ( 12) and ( 13 As shown in equation (10), C determines the apparent chemical step order. For small concentrations (C → 0), the Michaelis-Menten kinetics will correspond to a first order.

Conversely, for high concentration (C → ∞), the chemical step order will be zero. The different cases lead to define nine zones (1 → 9) in Figure 2 whose features (rate determining step, chemical step order, simplification of equations ( 12) and ( 13) where relevant) are summarized in Table 2. Globally the diagram evidences that the steady-state current will reach its maximum value for conditions corresponding to an electrochemical rate determining step and a chemical first order. Furthermore, considering solid and dashed boundaries allow one to define supplementary sub-zones. Therefore a peculiar behavior appears in zones 8.1 and more strongly in zone 2, even if this last one cannot easily be reached from an experimental point of view. Indeed, the b and k values for zone 2 correspond to a low oxidized fraction of mediator (α < 0.1). It means that electrochemistry should be the rate determining step. However, in that case, due to its zero order (high b value), the chemical reaction will still control the steadystate current. In other words, zone 2 corresponds to the case for which the whole process rate is controlled by the fastest step, which is counterintuitive in usual kinetics.

Two red lines defined borderlines between zones in which the

Michaelis-Menten like kinetics: dynamic case

In the transient case, the proportion of oxidized form of mediator at any time, o(t), is described by the following equation:

max 0 0 ( ) d ( ) (1 ( )) ( ) d 1 el v Co t C o t k C o t Co t t V D ρ ρ ∞ = - - + (14) 
Using the above defined k and b parameters and τ = vmaxρ0t/V, equation ( 14) leads to:

d ( ) ( ) (1 ( )) dτ 1 ( ) o o k o bo τ τ τ τ = - - + (15) 
The dimensionless parameter τ involved here expressly corresponds to normalization by the time at which a given mediator concentration is divided by e 1 if the chemical rate constant is

vmaxρ0/V.
Equation ( 15) finally leads to (see details in supporting information):

B/A 1 A 1 2 A/B 2 ( ) Z (1 Z )(1 Z ) e ( ( ) Z ) kb o o τ τ τ - - = - - - (16) 
With:

2 2 1 2 2 2 1 4 ( 1 ) Z 2 1 4 ( 1 ) Z 2 k bk bk bk k bk k bk bk bk k bk --+ - + -- = --+ + + -- = 1 2 1 2 2 1 Z 1 A = Z Z 1+ Z B = Z Z b b - - - - o(τ)
cannot be extracted from equation ( 16) so numerical simulations were used. The results were simulated for three values of k: 5×10 -3 ; 1 and 15. In each case, the normalized current Ψ = 1-o(τ) was plotted as a function of b and τ. In all cases, the normalized current is zero at τ = 0 (the mediator is fully oxidized). An example is depicted in Figure 3 for k = 5×10 -3 (see the other cases in Supporting Information). For small k values (i.e. electrochemistry is the rate limiting step : zones 3, 5, 2), the normalized current reaches a value close to 1 for low mediator concentrations (i.e. low b values) at longer timeframes (Figure 3). With a further b value increase (i.e. high mediator concentration) the current begins to decrease (zone 8) until remaining very low (zone 1) as expected with a kinetic first order electrochemical step and a kinetic zero order chemical reaction (see Table 2 and above). The same trend is globally observed for higher k values (Figures S2 andS3). However, according to its definition, increasing k will lead to a fast electrochemical step and thus an electrocatalytic process whose rate limiting step is the chemical one (i.e. the photosynthetic electrons extraction). The normalized current value will thus strongly decrease for the same concentration and time.

Furthermore, the graphs mentioned above can be completed by a numeric parameter to estimate the dynamics to reach a steady-state current value. In this context, we can use the dimensionless time τ0.9 for which the normalized current is 0.9ψstat. The corresponding normalized current thus will be:

0.9 [ ] 0.9 stat ψ τ ψ = (17) 
Therefore, one has: 0.9 0.9 0.9

[ ] (1 ) (1 [ ]) [ ] 0.1 1 1 stat stat o o ψ ψ τ α τ τ α ψ α α - --- - = = = - - (18) 
0.9 [ ] 0.1 0.9

o τ α = + ( 19 
)
τ0.9 is estimated after two successive numerical simulation steps. In the first one, o(τ) was simulated as a function of τ from equation ( 16) for different k and b values. The corresponding results then help to extract τ0.9 values as a function of b and k (Figure 4). A whole overview of the zone diagram shows that when the system is limited by the chemical step (zone above the top red line), the time to reach steady-state conditions does not depend on b value (i.e. the concentration) but only on k. Conversely, in the case of a rate determining electrochemical step (zone below the bottom red line), τ0.9 seems to only depend on b value (and thus the concentration), meaning that the k value seems to have no influence.

Such trends can be rationalized by considering equation (15) for given zones of the diagram.

For instance, a zero order chemical step corresponds to a region with high b values (zone above the top orange line). Equation (15) will thus lead to τ0.9,order0 = -ln(0.1)/k (see Supporting Information). Furthermore, when the chemical step corresponds to a first order reaction (zone above the top orange line with small b values), τ0.9,order1 is equal toln(0,1)/(1+k). These relationships are the same when k >>1, thus leading to dynamics that do not depend on b and therefore on the concentration. When k <<1, τ0.9,order0 and τ0.9,order1 do not depend on the concentration again while they tend to some constant value for a first order chemical step (because k+1 will be close to 1) but not for the zero order case. In other words, increasing the concentration (i.e. the b value) for high k values leads to a constant τ0.9 value because it thus does not depend on the chemical reaction order. Conversely, increasing the concentration for small k values leads to an increase of τ0.9 from the first order zone to the zero order region while τ0,9 does not depend on b for a given chemical step order).

It has to be emphasized that zone 3 is not fully independent of the concentration contrary to the previous calculations. Indeed zone 3 corresponds to a first order rate limiting electrochemical step (below the bottom red and orange lines).

However, zones are designed when steady-state conditions are reached so when electrochemistry is rate limiting, the steady-state concentration is much lower than the initial one and this could yield to a change of the apparent rate chemical order. The dependence with the b value within the zone 3 is thus related to a switch from a chemical step without any apparent order to a chemical step with a final first-order.

Applications to recorded photocurrents with Chlamydomonas reinhardtii suspension

We recently evidenced that stable photocurrents can be extracted from a stirred suspension of Chlamydomonas reinhardtii mutants with an appropriate mediator (2,6-DCBQ) and a centimeter-sized carbon gauze as the collecting electrode. 29 We thus used a numerical differential equation solving of equation ( 14) in order to fit the experimental results.First of all, the current decay resulting from the light off is due to the electrochemical oxidation of the resting reduced form of the mediator. 29 The electrochemical rate constant kel can thus be determined by fitting the baseline return with an exponential decay. The kel value is thus estimated to 1.4 10 -3 s -1 . The values of ρ0 (= (2.1 ± 0.5)×10 4

L.mol -1 ) and D∞ (= 0.47 ± 0.07) were taken from independent fluorescence experiments. 26,27 Then the photochemical rate (vmax) has been adapted from mathematica numerical

simulations. An example is depicted in However, several complementary results evidenced that other parameters should be taken into account to have a comprehensive view of the system involved in such conditions. For instance, the photochemical rate vmax used for simulations is 1.05 nmole.s -1 , i.e. 5 times smaller than expected. 29 Furthermore, if considering successive light illuminations, the second photocurrent shape remains similar but with a lower magnitude that cannot be easily interpreted with the modeling alone. The modeling reported here described the electrochemical harvesting of photosynthetic electrons from an algae suspension at the preparative scale. In other words, it includes reasonable assumptions for the electrochemical (QH2 oxidation at the electrode in a homogeneous stirred solution) and biological part (Q reduction by the photosynthetic chain through a Michaelis-Menten like behavior). However, such a model does not help to fully rationalize the recorded photocurrents thus suggesting that other biological phenomena than the extraction itself may occur during the photocurrent production. It thus raises several questions on the concomitant algae photoinhibition or poisoning by quinones during the experiment.

Experimental Section

Cell culture and preparation -Photocurrent recording Chlamydomonas reinhardtii ∆petA mutant suspension were used in presence of 2,6-DCBQ as a mediator and a carbon gauze as a collecting electrode. The detailed experimental set-up is described in references 28 and 29 .

Mathematical modeling

Modeling and data treatment were performed using OriginPro 8.1 software (OriginLabcompany, Northampton, MA 01060 USA) and Mathematica 9.0 student edition software (Wolfram Research Inc, Champaign Illinois).

Conclusions

In this work, we reported a general model devoted to describe a system under electrolysis conditions that involves an electrochemical mediator interacting with a biological target through Michaelis-Menten like kinetics. Zone diagrams were built to detail the effect of many experimental conditions (electrochemistry and chemistry kinetics, mediator concentration, dynamics and steady-state…). Such a model is expected to describe recent photocurrents recorded with a stirred algae suspension with quinones as an electron carrier. The first results are encouraging but failed to fully simulate the experimental photocurrents. This suggests that competitive pathways were not taken into account and requires supplementary investigations like the possible poisoning by quinones at long times through fluorescence measurements. 
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Finished Works in all conditions a Such a value does not mean the current is 0 but that it is much smaller than the one used for normalization. 

Chemical Step
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Eq. ( 13) None Undefined ) at a carbon gauze surface. 29 Two successive light pulses (I° = 340 µE.m -2 .s -1 ) were considered (first one in solid line, second one in dotted line). The light is turned on at 0 for each pulse and turned off at 1800 s. The theoretical photocurrent simulation is displayed in circles.

Derivation of equation (16)

The following equation needs to be solved to extract o(τ) and thus estimate the normalized

current Ψ = 1 -o(τ): d ( ) ( ) (1 ( )) d 1 ( ) o o k o bo τ τ τ τ τ = - - + (S1)
Equation (S1) can be written as:

1 ( ) d d (1 ( ))(1 ( )) ( )) bo o k o bo o τ τ τ τ τ + = - + - (S2) 1 2 1 ( ) d d ( ( ) Z )( ( ) Z ) bo o kb o o τ τ τ τ + = - - - (S3) 
With : Therefore, one has: (S8) well corresponds to equation ( 16) in the manuscript. 

Additional figures

Derivation of τ 0,9

The equation to consider is: According to the definitions of 1 -o(τ) and Ψ stat (= 1/(1+k), see Table 2), one obtains: 0.9

( 1) ( 1) 1 e 1 e 0.9 1 ( ) 0.9 

  ) thus allow us to display the ψ = f(k,b) zone diagram (Figure2). It gives now an overview of the steady-state photocurrent as a function of the rate determining step (electrochemical oxidation E or electrons extraction corresponding to a "chemical step" C) but also if the extraction step has an apparent order. Indeed, k is related to the kel/vmax ratio.It reflects that electrochemistry is the rate determining step for low k values (k → 0) and that chemistry (Michaelis-Menten) is rate determining for high k values (k → ∞). In other words, the higher k is, the more efficient the electrochemical reoxidation as a function of the chemical reduction will be. Furthermore b directly depends on the mediator concentration C.

  electrochemical or chemical extraction step is kinetically determining (beyond the right line : chemical; below the left line : electrochemical). As an example, the right side of the diagram corresponds to conditions for which the electrochemical step (mediator reoxidation) is more efficient than the chemical one (photosynthetic electrons extraction) due to a high k value. The mediator (i.e. the quinone) is accumulated in its oxidized form, thus leading to a very low steady-state current. Conversely, on the left side, the extraction step is faster than the electrochemical regeneration. The mediator is thus mainly in its reduced form, thus leading to the maximum steady-state value. The red dashed line represents the case in which chemical and electrochemical steps have the same kinetics and an oxidised/reduced quinone ratio of 0.5.The two orange lines are related to the apparent order of the "chemical" extraction step. At the bottom of the diagram (small b values), such step behaves like a first order reaction. In that case, the extraction mechanism is kinetically controlled by an elementary step involving the quinone mediator. At the top of the apex orange line, the chemical step behaves like a zero order reaction, meaning that the chemical mechanism is kinetically controlled by an elementary step that does not depend on the mediator. The dashed orange line represents the intermediary case for which the apparent order is not defined with the same kinetics for the zero and first order limiting steps.First of all, let us descrive the diagram from low b and k values. The system is in zone 3, meaning that, as shown in Table2, the chemical step (i.e. the photosynthetic electrons extraction) behaves like a first order reaction and the current is limited by the electrochemical reoxidation. If the b value is increased (by keeping the k value constant), when the bottom orange line is crossed the electrochemical reoxidation will not behave like a first order one but still not like a 0 order one either. This defines zone 5. If b is still increased, the the top orange line will be crossed, yielding to a zero order reaction rate for the chemical step, defining zone 2. As the electrochemical step is still a first order reaction unlike the chemical step, an increase of b (i.e. the concentration) will change the rate limiting step of the global system.When the left red line is crossed, both limitations become significant, defining zone 8 and when the right one is crossed the chemical step is the rate limiting step and the system is in zone 1.Starting from zone 3 again with very low b and k values, if the k value is increased, the left red line will be crossed, meaning that a limitation by the chemical step is becoming significant. With a further k value increase, the right red line will be crossed, meaning that the system is fully limited by the chemical step, i.e. the photosynthetic electrons harvesting. A more interesting behaviour is observed for intermediate b values with a small k value. A simple change in k value yields to a change of chemical step rate order, although the b value has not being changed. This is not the case when the right red line has been crossed. This is due to the fact that on the left of the left red line, the proportion of the steady-state oxidized form of the quinone (or another mediator for the general case) is very low, meaning that the concentration of the quinone is much lower than the one introduced (b value is defined with the introduced concentration). On the right of the right red line, the proportion of the steadystate oxidized form of mediator is close to one, meaning that its concentration is close to the one introduced and therefore to the one used in the b value calculation.
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 54 Figures2 and 4. Increasing the photocurrent would thus be achieved by decreasing k through the nature of the quinone (i.e. increasing vmax). Decreasing the volume of the solution should also favour the current production while it has to be a compromise since a quite high volume is needed to immerse the collecting electrode.
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 1 Figure 1. Dimensionless current (Ψ) as a function of dimensionless time (τ) and the proportion of the steady-state oxidized form of mediator (α). The six zones (I → VI) are defined by black and red solid lines. The meaning of colored (solid or dashed) lines is described in the text.

Figure 2 .

 2 Figure 2. Normalized current ψ as a function of log(b) and log(k). Nine zones are defined by orange and red solid lines. The meaning of colored (solid or dashed) lines is described in the text.

Figure 3 .

 3 Figure 3. Normalized current Ψ as a function of normalized concentration b and time τ for k = 5×10 -3 (logarithmic scale).

Figure 4 .

 4 Figure 4. Time at which 90% of the steady-state current is reached as a function of b and k parameters. The different zones correspond to those already described in Figure 2.

Figure 5 .

 5 Figure 5. Photocurrents recorded from a Chlamydomonas reinhardtii mutant algae suspension in presence of 2,6-DCBQ (CQ = 100 µmol.L -1 ) at a carbon gauze surface. 29 Two

Figure S1 .

 S1 Figure S1. Dimensionless current Ψ as a function of normalized concentration b and time τ for k = 1 (logarithmic scale).

Figure S2 .

 S2 Figure S2. Dimensionless current Ψ as a function of normalized concentration b and time τ for k = 15 (logarithmic scale).

  evidences that the zero order chemical reaction corresponds to high b values. Therefore, equation (S9) becomes: to the definitions of 1 -o(τ) and Ψ stat /bk, see Table2), one obtains: zone diagram evidences that the first order chemical reaction corresponds to small b values. Therefore, equation (S9) becomes:
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 1 For two of the three zones under steady-state, the fastest step obviously corresponds

	It gives an overview

Table 2 .

 2 Dimensionless current (Ψ) expressions under steady-state conditions for an electrochemical mediator regeneration coupled to a chemical reaction involving Michaelis-

	Menten kinetics.	
	Zone	Ψ
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