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Solar cells using living micro-organisms often require the help of a redox mediator, a small molecule which
carries the electrons from inside the organisms to the electrode. Ideally the mediator is able to cross
biological membranes to access the source of electrons, without causing damage. The diffusion rate
across membranes, reduction rate inside the micro-organism, and the absence of toxicity are key
parameters. Here we use modeling, fit of fluorescence and electrochemical experimental data, and
simulation to quantify the reaction rates of the main processes involved in the case of the micro-alga
Chlamydomonas reinhardltii, in interaction with the redox mediator 2,6-dichloro-1,4-benzoquinone. We
found that the photo-induced reduction inside algae is not the limiting process, but in contrast 10 times
faster than the process of electron consumption at the electrode. The maximum current limitation is due
to the slow outflow of the mediator out of algae: the molecule has a tendency to get trapped inside
because of its lipophilicity. Additionally, it has an important toxicity, and we find that its mode of action is
likely to cause a quasi-exponential decay of the number of active photosynthetic chains. This is
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Introduction

In the current energetic landscape, new energy sources, especially
eco-friendly ones, are welcome. This is why oxygenic photosyn-
thesis has been extensively studied as a promising way to produce
bioelectricity for more than ten years. Many strategies rely on the
use of the photosynthetic chain as a light converter in terms of
isolated photosystems, thylakoid membranes or photosynthetic
organisms."® In this context, microbial solar cells are promising
alternatives, especially because they involve living photosynthetic
organisms, which have been naturally selected for their ability to
harvest solar energy. Moreover, using living organisms is ex-
pected to provide robust biosystems for long-term approaches in
order to reach photovoltaics performances in the future.® In this
case, one of the key points to enhance the electricity production is
the use of a redox (soluble or immobilized) mediator to shuttle
the photosynthetic electrons from the photosynthetic organism
to the collecting electrode.>® To date, one of the most used
exogenous redox carriers belongs to the family of quinones,
because it may compete with endogenous plastoquinones
involved in the electron transfer steps within the thylakoid
membranes.'™ It thus raises the question of the structure-
activity relationship of quinones, i.e. the compromise between an
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consistent with known side effects of quinones (oxidative stress, electrophilic behaviour).

electron harvesting behavior and no unwanted damage. In this
way, we previously focused our work on the control case
composed of the living micro-alga Chlamydomonas reinhardtii, in
interaction with the redox mediator 2,6-dichloro-1,4-
benzoquinone (shortly called “Q” in this document).”*** This
small molecule diffuses through biological membranes and can
be reduced inside an illuminated alga, when in contact with
a photosynthetic chain.”'* The reduced molecule (shortly called
“QH,”) eventually diffuses back to the solution and is re-oxidized
at the surface of a polarized electrode, producing an electrical
current (see Fig. 1). As mentioned above, such a system could
theoretically work by itself for long periods of time, but there is
currently a major limitation: the toxicity of the mediator."**
Efficient molecules are indeed toxic for living organisms, which
may result in a drastic drop of current in less than an hour.” To
understand the mechanism of this toxicity is crucial, for being
able to further develop sustainable microbial solar cells. In order
to better analyze this lack of performances, we recently imple-
mented a fluoroelectrochemical coupling to correlate the
production of current and the status of photosynthetic chains. As
a result, very relevant complementary data were recorded like the
photochemical PSII yield or the “non-photochemical quenching”
(NPQ, that reflects thermal losses, in opposition to the electron
transfer along the photosynthetic chain which is sometimes
called “photochemical quenching”). In this paper, we wish to use
such coupled data to investigate and model the most commonly
supposed mechanisms related to the current drop (quinones
sequestered within cell compartments, photosynthetic chain
degradation and screening-like effect due to quinone quenching).

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Model of the studied system, and associated set of kinetic
reactions. An oxidized mediator molecule Q in solution enters an alga
with the reaction rate k;, (opposite reaction rate ko). Inside the alga,
the molecule is renamed Qa for more clarity. In the presence of light,
Qa is reduced in QH,a by the process of photosynthetic electron
extraction, with the reaction rate k,g (we set kg = O in the dark or in
the presence of a chemical inhibitor of photosynthesis, such as
DCMU). The reduced molecule QH,a travels out of the alga with the
reaction rate ko (Opposite reaction rate k). Once outside alga, the
reduced molecule is called QH, for more clarity. In the continuously
stirred bulk solution, QH, is re-oxidized at the electrode with the first
order constant rate ke, leading to the electrical current under elec-
trolysis conditions.

These modeling studies will help us quantify the kinetics of the
different steps involved during the production of current (medi-
ator diffusion, oxidation at the electrode surface, quinone
reduction by the photosynthetic chain) and give a first overview of
the possible reasons of current evolution in such bio-
photoelectrochemical systems.

Modeling of the system

A previous study demonstrated how to access, by coupling
chronoamperometry with chlorophyll fluorescence measure-
ments, information about the metabolic state of algae during
electrical current delivery.” One of these additional pieces of
information is the level of quenching experienced by the algal
chlorophylls. A redox mediator such as Q indeed has quenching
properties, and the NPQ it produces on chlorophylls can be
monitored over time by fluorescence.'®**** Remarkably, the
oxidized form Q is a quencher, but not its reduced form QH,.
Inside algae Q is responsible for NPQ. Once reduced in QH, and
after diffusion out of the alga, it is responsible for electrical
current (see Fig. 1). Both these signals can be monitored over
time. By fitting such coupled data with the help of a model, we
can extract the reaction rates of the different processes involved.
A simple kinetic model of the system is presented in Fig. 1. All
reactions are assumed to be first order, with associated reaction
rates k. For inward and outward transport (ki, and ko), the
validity of this hypothesis relies on the assumption that the
traveling molecules in the membrane correspond to a single
transition state.”” Regarding the mediator molecule, we use the
subscript “a” (which stands for “algae”) to differentiate

This journal is © The Royal Society of Chemistry 2020
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molecules located inside algae, from those located outside (in
the bulk solution). This highlights the phenomenon of diffu-
sion across biological membranes, for which we will compare
efficiency with the two other main phenomena. First of all, the
reduction inside illuminated algae is characterized by its
apparent reaction rate k,, that takes into account the ability of
the photosynthetic chain to be oxidized by the mediator (the
value of k,; depends on the available catalytic PSII sites, see
below). Secondly, it is worth mentioning that the bio-
photoelectrochemical system considered here corresponds to
electrolysis conditions, i.e. a quite large collecting electrode (4 ~
1 cm?) for a low volume (2 mL) under continuous stirring.'* In
this specific case, the re-oxidation at the electrode surface can
be characterized by its reaction rate ke."”*

Transport across membranes is due to concentration gradi-
ents, but to consider more complex phenomena than just pure
diffusion in the outer membrane, we assume specifically that k;;,
and ko are a priori independent (which would not be the case if
there was pure diffusion, see ESI eqn (11)t). This gives the
model the possibility to take into account the lipophilic
behavior of the mediator. If lipophilic, we expect the molecule
to more easily enter algae, than leave them, because algae are
rich in internal lipid membranes. But we do not discriminate
between Q and QH, in terms of lipophilicity (they both have the
same set of k;, and k., values). This is a reasonable assumption
regarding the values of the partition coefficient “P”. P is the
concentration ratio of a given molecule in a mixture of immis-
cible hydrophobic solvent (1-octanol for instance) and water. It
somehow reflects the lipophilicity of the molecule, and experi-
mental or calculated values of log P for Q and QH, are in the
same order of magnitude (see ESI{).>*

Taking into account the balance equations of Fig. 1, one can
write the time evolution equations for the concentrations of the
four species:

I i+ ;k [Qa) + kg [QHS] (1)
I ia + ;k Q) — kue[Qal 2)
AT o] + (Ot - KalQH ()
AL 4 uQrzal + ;k [QH,] + kueQa],  (4)

where V, is the cumulative internal volume of all algae, and V;
the volume of the bathing solution. The presence of volume
ratios arises due to the fact that the diffusion of the molecule
across membranes implies a drastic change in the “reaction
compartment” volume, which is unusual with kinetic reactions.
In our case it is very important to take it into account, as the
volume of algae is 100 times smaller than the volume of the
solution (see ESIT).

This system of four equations (1 to 4) enables us to solve for
time dependent concentrations. In particular, it leads to the
knowledge of the photocurrent given by

Sustainable Energy Fuels, 2020, 4, 6004-6010 | 6005
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1(1) = 27 Vika[QH,() (5)
where 7 is the Faraday constant.

Experimental data

Fig. 2 shows an example of experimental data obtained during
a 40 min experiment. Methods for obtaining such coupled data
are detailed in a previous study.” The experiment can be
divided into 5 phases:

e Phase 1 from ¢ = 0 to ¢ = 4.5 min: the experiment starts in
the dark, with only algae in the electrochemical cell.

e Phase 2 (orange background) from ¢ = 4.5 to ¢ = 8.5 min:
still in the dark, the mediator Q is added (100% of oxidized
form) at ¢ = 4.5 and diffuses inside algae, leading to NPQ rise.
Only negligible current is detected at this stage (“dark current”).

e Phase 3 (green) from ¢ = 8.5 to when the maximum current
intensity is reached (~11 min in Fig. 2): the light is switched ON
at t = 8.5 min and we observe a rapid current rise accompanied
by NPQ drastic drop, due to reduction of mediator molecules
into their non-quencher QH, form.

e Phase 4 from maximum current intensity to ¢ = 30.5 min:
the system is left evolving under light, and shows signs of
“fatigue” imputed to mediator toxicity.

e Phase 5 (blue) from ¢ = 30.5 min to the end of experiment:
the photosynthesis is at arrest (here by adding DCMU which is
an inhibitor of photosynthesis, but the same result is obtained
by switching OFF the light), and the electrode slowly consumes
already produced QH, that exits algae.

Phase 4 Phase 5

Phasel 2 3

— Intensity (uA)
--=- NPQ

Intensity (uA)

0 5 10 15 2

0
Time (min)
+Q (100 4M)

25 3 35 40
+DCMU (10 M)

Fig. 2 Coupled experimental data obtained during a 40 min experi-
ment. Electrical current is represented in black (left axis), and non-
photochemical quenching (NPQ) in red (right axis). Different phases
are distinguished using colored backgrounds. Phase 1: the experiment
starts in the dark (indicated by the black bar on the top), with only algae
bathing in medium solution. Phase 2 (orange background): the
mediator is added, in its oxidized form Q, leading to very little electrical
current, but a significant increase of the NPQ. Phase 3 (green back-
ground): the light is turned ON (indicated by the white bar on the top),
leading to a significant increase of electrical current, and a drastic drop
of NPQ. Phase 4: without any further action of the experimentalist, the
current starts to decrease, and the NPQ rises. Phase 5 (blue back-
ground): an inhibitor of the photosynthetic chain is added (DCMU),
leading to photosynthesis arrest, causing a more drastic drop of
current, and increase of NPQ.
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Among these different phases we emphasize phases 2, 3 and
5. They are especially interesting because they represent specific
conditions where our model can be simplified, and therefore
the kinetic equations solved. During phase 2, by neglecting the
residual “dark current”, we have a system only involving the
oxidized form of the mediator, and therefore the NPQ rise
shows the dynamics of its entry into algae. Phase 5 is also
a simplified case because k., = 0 due to the use of DCMU, but
here both oxidized and reduced forms of the mediator are
present. Phase 3 is a more complex case, but we can still neglect
the effect of toxicity at this stage, at least for explaining the rapid
changes observed.

Results and discussion

Reaction rate of diffusion across membranes: focus on phase
2

Phase 2 occurs in the dark, and therefore k,, = 0 (no photo-
synthesis). Since k,; = 0, no QH, can be produced (except for
the small “dark current” that we neglect here). Therefore, the
observed NPQ rise is representative of Q diffusion dynamics
alone: it consists of an exponential saturation with an effective
rate K = ki, + kout (See ESIT for details). NPQ is not strictly equal
to the concentration of Q inside algae, but the two are propor-
tional by a factor «. Overall the time increase of NPQ reads:

NPQ() = & x [Qul(1) = & x [Qu]™ x (1 — %) (6)
where [Q,]” is the oxidized mediator concentration inside algae
at the steady state.} One example of data fitting is presented in
Fig. 3A, and performing this fit on 6 experimental replicates
gives:

K=lkin+kou=21x102£0.1x 10725 7)

Reaction rate of re-oxidation at the electrode: focus on phase 5

Because of photosynthesis arrest at ¢ = 30.5 min, we also have
kalg = 0 during phase 5. We observe the consumption of previ-
ously produced QH,. Because the dynamics of the current
involves a true coupling between QH, and QH,a concentrations,
the dynamics is a superposition of two exponential decays: I(¢) =
cie ¥+ c_e ™" ¢, and c_ are constants linked to the boundary
conditions, while k. and k_ are rate constants of these decays.
The fast rate k. is linked to the fast consumption of QH, present
in solution while the slow rate k_ is mostly linked to the slow
release of QH,a from algae. An example of data fitting is pre-
sented in Fig. 3C. We find that k. = ki, + kout + ket and k_ = Kouyt.
The three pieces of information provided by the experimental
values K, k, and k_ enable us to solve for the three unknowns k;,,
kout and k.;. We provide in the SI the derivation as well as the
exact formulation of the numerical system to solve eqn (S23)7.
Applying this procedure to 4 experimental replicas gives:

1 Such an exponential NPQ behaviour was already observed in independent
fluorescence experiments.*®

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Analytical fits of experimental data. For each of the phases 2, 3
and 5 of Fig. 2, we have fitted the data (NPQ in red or electrical current
in black) using analytical formulae derived in the ESI.{ The fits are
displayed using dotted magenta lines. (A) Phase 2: single exponential
increase, with rate K. (C) Phase 5: sum of two exponentials with rate
constants k, and k_. (B) Phase 3: sum of three exponentials with rates
combining K, k., k_ and k,g. The knowledge of (A) and (C) enables us
to fit the last unknown k.

kin =113 £0.32 x 107 257" (8)
kouw =949 £ 0.9 x 107 s~ (9)

kg =6.02 4 0.85 x 1072s7! (10)
As expected the k. value found is high, indicating that the re-
oxidation process is faster than the diffusion across biological
membranes. The ratio of ko to ki, is interestingly low. Because the
“out” volume (V;) is 100 times bigger than the “in” volume (V,), we
out
ki
membranes. This is clearly not the case, as ko, is even smaller than
kin. This can be explained by a highly lipophilic behavior of the
molecule, that tends to get trapped inside membranes. This is

expect the ratio to be 100 in the case of free diffusion across

consistent with the quite high partition coefficient values for
substituted methyl and chloroquinones (log P = 1; see ESI{ and ref.
25), and especially for 2,6-DCBQ (log P = 1.73). Such lipophilic
behavior of the mediator plays an important role in the global
shape of the experimental curves. As shown in Fig. 4E and F,

kOUt

simulations where k;, and k., are chosen such as = 100 hardly

in
resemble the experimental data.

Reaction rate of photo-reduction inside algae: focus on phase
3

For phase 3, k,)¢ is non zero. The time evolution of the system is
more complex: it involves three different characteristic rate
constants. We show in the ESIT the mathematical links between
kaig and the three different rate constants observed. An example
of fit is shown in Fig. 3B, and fitting the data over 4 replicas
enables us to get a numerical value for k,g:

kag = 0.63 £ 0.07 s~ (11)

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Comparison between experimental replicates and simulations.
(A—C) Three experimental replicates. (D—F) Results of simulations
using different reaction rates values. (D) Simulation using the set of
reaction rates deduced from the previous section (ke = 6.1 x 1072574,
Kaig=61x 1015 kin =11 x 1025 koue=9.5 x 10 s, (Eand
F) Extreme simulations in the case of Q and QH, showing no lip-

Va

ophilicity (free diffusion). (E) k, Ekm and (F) k,, = —kout.
v, Ve

out =

The k,, value is surprisingly 10 times bigger than k., making
the inner photo-reduction process the fastest occurring in the
studied set-up. Overall the rate constants we estimate here depend
on the experimental conditions, in particular k., depends on
parameters such as the light intensity or the algae concentration.
This high value of k,, certainly plays an important role in the rapid
current rise and NPQ decrease at the beginning of phase 3, but
interestingly we show in ESI} that the fastest rate observed in the
increase of intensity is mostly associated with the sum of the four
rate constants Kag + ket + kin + Koue-

Simulations

Rate constants deduced from the previous analytical fits allow
us to run a numerical simulation of the experiment, using the
model presented in Fig. 1. By changing the different rates and
comparing the result of the simulation with experimental data
we could gain a better understanding of the role of the
different parameters in the global dynamics of the system. In
this respect Fig. 4D shows the result of the simulation using
the rate constants previously deduced, next to three experi-
mental replicates (Fig. 4A-C), for comparison. Except for the
slow current decrease and NPQ rise that we attribute to toxicity
- for now absent from the model - the global shape of the
experimental data is well reproduced. Interestingly, this is not
true for simulations of cases where Q and QH, are not lipo-
philic molecules (cases shown in Fig. 4E and F). For these
simulations we changed the value of ko, (Fig. 4E), or kip

V.
(Fig. 4F), such as kout = Vskin, which is expected in the case of
a

free diffusion (balance of inward and outward diffusive fluxes,
see ESI eqn (11). In our experiments this prefactor is 100).
Clearly, in the case of a higher k. (Fig. 4E), the simulation is
non-realistic. All diffusion processes appear instantaneous,
and the NPQ behavior, which drops experimentally almost to

Sustainable Energy Fuels, 2020, 4, 6004-6010 | 6007
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zero when the light is turned on, is especially not well repro-
duced in this case. This highlights the role of the mediator
retention inside algae in the observed drastic drop of NPQ
during the first minutes after turning on the light. In the
second extreme case, when ki, is lower (Fig. 4F), the global
shape of the curves is not drastically changed, except for the
NPQ rise in the dark, that does not have the time to reach its
maximum plateau value before the light is turned on. Addi-
tionally to this shape discrepancy, both the current and NPQ
intensities are at least one order of magnitude lower than the
experimental data. Overall the good agreement between the
simulation using previously deduced reaction rates and the
experimental data, both in shape and intensities, validates our
basic model and methodology.

Discussion

If the simple model allows us to reproduce the global shape of
the experimental data, it does not explain the observed slow
current decrease under light. For this purpose we complexify
the model by adding two possible mechanisms:

e The trapping of mediator molecules in “inactive” cellular
compartments (compartments invisible for the experimental
set-up, such as mitochondrial membranes). This behavior was
already observed in previous studies with a similar system
where the added quinones are not all able to interact with the
photosynthetic system." This will lead to an apparent decrease
of the quantity of mediator molecules, and therefore cannot be
distinguished in our model from the case of mediator degra-
dation over time.

e The destruction of photosynthetic chains (PC) due to
mediator toxicity. This is a common observation and assump-
tion of the side effect of quinones in biological systems.***® In
our case, it will reduce the photosynthetic activity of algae, and
therefore k,; in the model.

Besides these two mechanisms, another case was also
considered but rapidly discarded: the decrease of photosyn-
thetic activity due to the quenching properties of Q (light-
screening effect of the mediator). The mediator, by its
quenching properties, could be responsible for the algae not
having enough light to properly perform the photo-reduction of
Q molecules. The mediator would therefore accumulate more in
its quencher form and would make the phenomenon even
worse. But this effect is actually very small and cannot explain
the photo-current drop (see ESI Fig. 5b¥).

The first mechanism, the trapping of Q and QH, molecules,
is implemented by considering the kinetic reactions Q — Q"*P
and QH, — QHY?P, with reaction rate kerap, and by defining
a maximum trapping capacity Ki,p in the membrane. The cor-
responding evolution of trapped molecule concentration reads:

d[Qtrap] 3 [Qtrap] + [Qthrap]
= hwlal(1- SRR

d leap trap Htl‘ap
R T I8] (AL ) R
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The second mechanism, mediator toxicity, is a well-known
fact, but its mode of action is still debated and depends on
the exact type of quinone.”?' In a previous study we showed
that the photosystem II efficiency (®psy) of Chlamydomonas
reinhardtii is drastically reduced in the presence of 2,6-DCBQ,
indicating that the toxicity of this molecule could directly target
the PC of the alga.” So we implement the PC destruction over
time, due to Q, with or without Q consumption depending on
the scenario. The first one is related to a catalytic cycle between
quinones and O, that leads to Reactive Oxygen Species (ROS)
and oxidative stress.*** The second scenario relies on the
electrophilic behaviour of quinones (“Michael acceptor”) that
makes them able to react with nucleophiles and leads to
adducts.***** Beyond the possible photosynthetic chain
impairing, such a pathway is expected to consume Q during the
PC degradation.

We present here the second order kinetics oxidative stress
mechanism although variations of this model like considering
either a first order kinetics, or a Michael mechanism would not
affect sensibly our results (see ESI Fig. 51).

The fraction of photosynthetic chains fpc will decrease as
follows:

dhe _

2 = o frclQa) (14)

where k. is a second order rate constant. This assumption
means a quasi exponential decay in the photosynthetic chain
activity. We also assume that quinones are toxic only up to
a certain asymptotic limit, such that the effective rate kgfg at
which the photo-reduction occurs cannot go below a basal level
defined as a fraction ¢, of k,j,. This assumption is based on the
natural variability of biological systems allowing a small frac-
tion of resistance to toxicity (note that ¢,, is only of the order of
a few percent). Overall, the effective rate reads

0 10 20 30
C ¢ (min)

t (min) 1

100 0 10 20 30
D t (min)

NPC

0 10 20 30 0 10 20 30
¢ (min) ¢ (min)

Fig. 5 Comparison between experimental data and different trapping
or toxicity scenarios simulated. (A) Typical experimental data. (B—E)
Results of simulations using different scenarios (commonly fitted rate
constants are the same as in Fig. 4). (B) Trapping Kyap = 1.9 x 102574,
Kiap = 30 uM. (C) PC destruction, ki = 2.5 x 10° s™* uM™%. (D) PC
destruction with remaining residual activity (¢, = 2.3%). (E) Combi-
nation of all mechanisms: Trapping + PC destruction + residual
activity.

This journal is © The Royal Society of Chemistry 2020
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kg{; = kalg(fPC + ¢ra(1 _fPC)) (15)

The results of the simulations using this complexified model
are shown in Fig. 5, on the right column (B-D). For reminder,
one experimental dataset is shown in subpanel (A).

The trapping of quinone molecules is a phenomenon which
can explain the decrease of the current as a function of time (B).
It also explains why the final value of NPQ is a bit smaller than
its maximum value. Still, this phenomenon does not explain the
slow rise of the NPQ, associated with the current intensity
shrink. The decay of active PC due to toxicity (C and D) is able to
mimic the experimentally observed mirror-effect between
current drop and NPQ rise over time, especially if algae main-
tain a basal activity different from zero (D). Without imple-
menting this basal remaining photosynthetic activity (C), the
current is already too low at the time point of DCMU injection
(or light turned-off),” and the changes can barely be noticed,
unlike in experimental data.

The remarkable symmetric pattern of NPQ rise combined
with current intensity shrink can be obtained through
toxicity (D), but the convexity of the intensity peak is altered
(it appears more concave than convex compared to the
experimental data (A)). This qualitative feature was recovered
on the trapping simulation (B). The simulation combining
the two effects gets both the symmetric effect and the right
convexity of the intensity peak (E) indicating that both
phenomena are in play.

In conclusion, we have shown that simple kinematic
modeling can capture the essence of the dynamics of mediator-
micro-organism interactions. Of note, this model only applies
for stirred algae suspension and cannot be directly extended to
immobilized systems where other equations and parameters
should be taken into account. Nevertheless, our results give
some interesting trends for future interpretations and models.
Beyond the fact that modeling is a helpful tool to discriminate
between different hypothetical scenarios, our study suggests
that the experimentally observed photo-current drop is mostly
due to a decay of the photosynthetic activity evolving over time
towards a non-zero basal level. This is consistent with the usual
mode of action of quinone toxicity.
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