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Abstract 

Photosynthetic reactions in plants, algae and cyanobacteria are driven by photosystem I and II 
complexes, which specifically reduce or oxidize partner redox biomolecules. Photosynthetic 
complexes can also bind synthetic organic molecules, which inhibit their photoactivity and can 
be used both to study the electron transport chain, and as herbicides and algicides. Thus, their 
development, characterization and sensing bears fundamental and applied interest. Substantial 
efforts have been devoted to developing photosensors based on photosystem II to detect 
compounds that bind to the plastoquinone sites of the complex. In comparison, photosystem I 
based sensors have received less attention and could be used to identify novel substances 
displaying phytotoxic effects, including those obtained from natural product extracts. We have 
developed a robust procedure to functionalize gold electrodes with photo- and redox-active 
photosystem I complexes based on transparent gold and a thiolate self-assembled monolayer, 
and we have obtained reproducible electrochemical photoresponses. Chronoamperometric 
recordings with millisecond resolution have allowed to measure photocurrents in the presence 
of the viologen derivative paraquat. We have modeled their time course to identify the main 
electrochemical processes and limiting steps in the electron transport chain. Our results allow 
isolating the contributions from photosystem I and the redox mediator, and evaluating 
photocurrent features (spectral and power dependence, fast transient kinetics) that could be 
used as a sensing signal to detect other inhibitors and modulators of photosystem I activity.  

1. Introduction   

In nature, photosynthetic reactions are driven by two multi-protein complexes: Photosystem I 
(PSI) and Photosystem II (PSII). Both photosynthetic complexes have oxidoreductase functions 
capable of specifically reducing or oxidizing partner biomolecules. Despite their high specificity 



   

 

   

 

towards natural redox biomolecules like cytochromes, plastocyanin and plastoquinone, both PSI 
and PSII can also bind synthetic organic molecules, which inhibit their photoactivity [REF1]. 
These compounds can be used both to dissect the photosynthetic electron transport chain, and 
as herbicides and algicides, and thus their development, characterization and sensing bears 
fundamental and applied interest. In the case of PSII, herbicides compete for the binding sites 
of the plastoquinone (QA and QB). The binding of compounds such as triazine, triazinone, 
pyridazinone, benzothiadiazinone, nitrile, phenylpyridazine, and phenol derivatives at the QB 
site, inhibits the electron transfer between primary quinone site QA (D2 subunit) and QB site in 
the D1 subunit [REF2]. Due to this affinity between PSII and this type of herbicides, many studies 
have been focused on developing PSII-based photosensors for the detection of this type of 
herbicides.  

Synthetic compounds that interact with PSI have also been developed and used as herbicides. 
They are generally referred to as PSI electron diverters. These molecules bind at the PsaC subunit 
of PSI, competing with the physiological redox partner ferredoxin (Fd) to uptake the 
photogenerated electrons from the FB cluster, thereby preventing the generation of reducing 
power (NADPH) that is necessary to maintain normal cell function. Bipyridillium compounds of 
the Quat family (Paraquat, PQ; Diquat, DQ, and Ciperquat CQ) are viologen derivatives that can 
interact with PSI and prevent its normal oxidation via Fd [REF3-4]. In particular, PQ (methyl 
viologen) has been extensively used in bioelectrochemical studies and in biohybrid devices as an 
artificial electron acceptor (redox mediator) of PSI photoactivated electrons. 

In PSI, the structural basis of photo-generation and separation of electron-hole pairs is relatively 
well understood [REF5-6]. It acts as a photodiode that upon illumination shuttles electrons in 
one direction through its embedding membrane. Photo-excited electrons occupy high energy 
states at the chlorophyll special pair site (P700), where the separation from the vacancy states 
(holes) is initiated by means of a fast (10-8–10-7 s) electron transfer (ET) cascade[REF7]. The 
process involves an electron transport chain of several protein cofactors, from P700 located at 
the luminal side of the complex towards the terminal iron sulfur cluster FB at the stromal surface, 
which is the electron donor site to Fd and PQ. The state resulting from electron photoexcitation, 
P700+/FB

- has a recombination rate orders of magnitude smaller than charge transfer rates 
through protein’s electron transport chain, making of PSI a very efficient photo-conversion 
system with a quantum yield near 100% [REF8]. As such, the PSI photoconversion capacity can 
be exploited to and act as photoactive material in a photoelectrochemical (PEC) sensors [REF9] 
if proper electrode functionalization can be achieved.  

Increasingly efficient PSI biohybrid photoanodes have been developed by improving protein 
complex functionalization, stability, enhancing ET between electrode and PSI with mediators 
and avoiding short-circuiting recombination processes.[REF10] Altogether these achievements 
have led to a 105-fold increase of photocurrent output from first reported photocurrents of 0.1 
nA·cm-2 and 10 µA·cm-2[REF11-12]. However, despite these achievements and notwithstanding 
that PSI has better protein stability, quantum yield, and more direct electronic coupling than 
PSII, to our knowledge the use PSI as photoactive material for PEC bionsensing has not been 
reported. 

In order to explore this possibility, we based our design on screen-printed gold transparent 
electrodes (AUTR10 Dropsens), which can be customized and coupled to a variety of 
measurement setups. In particular, we functionalized trasparent gold electrodes with a thiolated 



   

 

   

 

self-assembled monolayer (SAM) prior to depositing the purified PSI protein complexes. The 
hydroxyl-terminated film interacts preferentially with the positively-charged luminal side of PSI 
and enables to orient the PSI P700 site towards the electrode, thereby exposing the FB site to 
the bulk solution [REF López-Martínez 2019]. This arrangement allows transferring electrons 
from FB

- to acceptors in solution like PQ, which acts as a redox mediator. PQ eventually short-
circuits photo-generated charges back to the electrode, giving rise to a transient photocurrent 
characteristic of PSI-PQ-electrode ET processes [REF13-14]. The photoelectrochemical behavior 
of PQ in solid PSI-based biohybrid systems has only been characterized with a temporal 
resolution in the range of seconds. However, recording transient photoresponses with 
submillisecond resolution [in well-defined PSI monolayer arrangements] and modeling the 
underlying photoelectrochemical processes are essential steps to understand their mechanisms, 
and to determine the necessary conditions for using PSI as a biophotosensor device, as well as 
to improve its performance. Thus, the aims of this work are (1) setting up a reproducible method 
to functionalize gold electrodes with photo- and redox-active PSI complexes, (2) using fast 
chronoamperometric recordings to measure photocurrent responses in the presence of PQ, and 
(3) modeling the time course of the photoresponses as a means to identify the leading 
electrochemical processes and limiting steps in the ET chain. Our results allow evaluating 
photocurrent features (spectral and power dependence, fast transient kinetics) that could be 
used as a sensing signal to detect inhibitors and modulators of PSI activity, including viologen-
derived herbicides. We also modeled photocurrent transient signal to deconvolute contributions 
from PSI and redox mediator.  

2. Results 

2.1 System characterization: Steady photocurrent power & spectral dependence 

Upon light irradiation, PSI-SAM functionalized electrodes in buffer solution containing PQ, 
exhibit a transient photocurrent peak of several µA·cm-2 followed by a steady photocurrent of 
around 10 nA·cm-2. To characterize the photoactive layer photo-conversion performance, we 
quantify the steady photocurrent output under irradiation of a broadband Ti:Sa-Laser. Acousto-
optic modulation was employed to control excitation wavelength and power, that was measured 
in PEC location with a digital power-meter. In the investigated power range, we observe a linear 
photocurrent response with monochromatic light power (Figure 1A). The steady photocurrent 
spectrum (Figure 1B) reveals a photoconversion profile that follows PSI absorption spectra 
measured in bulk. This result suggest that PSI molecules are responsible for photoconversion 
ability of the electrode.         

    

Figure 1: PSI photocurrent responses as a function of illumination wavelength and power. (a) 
Photocurrent increases linearly response with monochromatic light power. (b) The photocurrent 



   

 

   

 

magnitude as a function of wavelength (left axis) follows a similar profile than the PSI absorption spectra 
measured in bulk solution using a spectrophotometer (right axis).  

2.2 Chopped Light Voltammetry: Transient photocurrent dependence with sample potential   

The redox behaviour of PQ can be evidenced in a cyclic voltammetry (CV) experiment, in which 
potential measurements were performed with respect to the printed/built-in silver pseudo 
reference electrode (Ag/AgCl). In the CV shown figure 2A (black trace), the reduction peak (PQ2+ 
→ PQ+) can be observed at –900 mV/Ag and the corresponding oxidation peak (PQ+ → PQ2+) at 
–815 mV/Ag for an argon purged physiological buffer solution (Phophate Saline Buffer, PBS 50 
mM pH 7.4) containing 125 µM of PQ in transparent gold micro-electrode functionalized with 6-
mercapto hexanol SAM. PSI incubation, shifts the PQ’s redox peaks to –765 and –700 mV/Ag 
respectively indicating an enhanced ET with the electrode (Figure 2A, blue trace). The widening 
of the CV for PQ in SAM-PSI  compared to SAM microelectrode indicates an increased electrode 
capacity that can be atributed to PSI complexes absortion. Sample irradiation cycles with an LED 
(λ 690 nm, 375 mW) give rise to photocurrent peaks as sample potential approaches PQ redox 
potentials (Figure 2A, red trace). In Figure 2B, we display chopped light linear voltammetry 
ranging from –450 mV/Ag to –900 mV/Ag, where sample irradiation has been indicated with red 
marker. A sudden increase in current is observed upon light illumination accompanied by a 
negative peak that follows the end of the illumination cycle. Transient current amplitude and 
characteristic time is remarkably affected by sample electrode potential, vanishing around the 
redox mid-point of PQ in the sample VPQ ~ –650 mV and eventually inverting the sign of light 
switching current transients for sample potentials bellow the redox midpoint. 

   

Figure 2: PSI photocurrent responses as a function of electrode potential. (A) Cyclic voltammetry of  
Au-SAM transparent electrodes prior to (grey trace) and after incubation (blue trace) in PSI complex 
solution and wash (potential scan rate 50 mV/s).  Au-SAM-PSI irradiated LED (690 nm, 340 mW 
photoswitch rate 50 ms, red trace). (B) Linear scan voltammetry of Au-SAM-PSI irradiated LED (690 nm, 
340 mW photoswitch rate 300 ms). Illumination and dark conditions are indicated with red and black 
markers, respectively.  

2.3 Fast chronoamperometry:  Empirical characterization with double exponential function 

To further investigate the PSI-PQ system's current transient behavior under illumination, we 
perform chrono-amperometry experiments for a set of fixed sample potentials (Figure 3A). This 
operation mode allowed a higher sampling rate (100 kHz) and 30 ms LED switching cycles. We 
observed a remarkable dependence with applied sample potential in the magnitude, sign, and 
time course of the photoresponses, upon turning on and off LED. Transient photocurrents could 



   

 

   

 

be fit empirically using two exponential functions of opposite sign, yielding four fitted 
parameters for off-on (AON+, AON-, τON+, τON-)  and 4 for on-off transitions (AOFF+, AOFF-, τOFF+, τOFF-).  

j(t) = A+ · exp(-t/τ+) - A- · exp(-t/τ-)   (1) 

An example fit is presented in Figure 3B, and the obtained parameters are shown in Figure 2C 
as a function of the electrode potential. Fast off-on transition with 1/τON+ 5 ms-1 for V < VPQ   
switches to slower process with 1/τON+ ~ 1 ms-1 for V > VPQ.  A+ and A- amplitudes for both on-
off/off-on transitions have similar magnitude ranging between 1 and 8 uA and opposite sign. 
Bimodal fit behavior describes two opposite kinetic processes.   

 

 

Figure 3: PSI photoresponse kinetics and empirical fits. (A) Fast photochronoamperometry traces of PSI-
SAM-Au functionalized electrodes at different potentials (between -400 and -900 mV versus Ag electrode) 
and sampled at 100 kHz (or 10 µs resolution). Red box indicates the period of illumination with a 690 nm 
LED. (B) Each photocurrent trace could be fit (non-linear least squares method)  with the sum of two 
exponential decay functions having different amplitudes and decay times (AON+, AON-, τON+, τON-, AOFF+, 
AOFF-, τOFF+, τOFF-). Parameters obtained from fitting the traces of panel (A) as a function of the potential 
applied to the PSI-SAM electrode. 

2.4 Kinetic model: Describe mediator and PSI cofactors concentration 

The bimodal results of Figure 3 can be fitted by a kinetic model describing the electronic 
exchange between the electrode and PSI cofactor P700, reduced and oxidized PQ and between 
FB cofactor and the oxidized form of the mediator PQ2+ as well as the photoexcitation and 
recombination rates for PSI. Similar kinetics models that describing PSI photocurrents have been 
published previously (REF14-15-16-17-18). These models consider diffusion, PSI excitation and 
recombination, mediator-PSI electron exchange, and mediator-electrode. In our system (SAM-
PSI-PQ) photocurrent generation is dominated by the electron exchange of the mediator with 
the electrode. Electrode’s potential determines the generation rates of oxidized/reduced PQ 
species that eventually reach a steady state of constant relative concentration. This balance is 
altered by the sudden increase in PQ+ produced by the ET from PSI to PQ2+. Transient 
photocurrents are described by a model that does not consider the mediator's diffusion (Figure 
4A and equations 1-8 in supplementary information). To assume this simplification in the model, 



   

 

   

 

the thickness of the SAM-PSI monolayer in the system should be less than the typical diffusion 
length. This diffusion length can be calculated as L = (2DT)1/2, where T is a lower bound of the 
observed characteristic time of the PSI-PQ system (1 ms). Considering a value of the PQ diffusion 
coefficient of the 10-6 cm2/s, the diffusion length obtained is 0.5 um, which is much less than the 
7 nm thickness of a reported Au-SAM-PSI monolayer [REF19]. To build the kinetic model 
(supplementary information), the same set of parameters for the constants for excitation, 
recombination, was used to adjust all the photocurrents registered for the different potentials 
evaluated. PQ-electrode constant rates PQ depend on the potential according to the equation 
described in the supplementary file. Under illumination conditions (t [0-15] ms), the excitation 
constant is an adjustable parameter of the model, while it has a null value in the absence of 
illumination (t [15-30] ms). 

The kinetic model output provides access to the relative concentrations of PQ+/PQ2+ (Figure 4B, 
top row), excited P700+/P700 and FB

-/FB (Figure 4B, middle row) and contributions to the current 
from PQ2+, PQ+, and P700+ (Figure 4B, bottom row). The PQ+/PQ2+ stationary concentration 
decreases (for t=0 and t→∞) as sample potential is increased from V < VPQ to V > VPQ modulating 
the rate constants for PQ2+ → PQ+ and PQ+ → PQ2+. We observe that while light irradiation 
(starting at t=0) increases PQ+/PQ2+ relative concentration for all potentials, light-induced PQ+ 
increment with respect to stationary concentration is more pronounced for V > VPQ. FB

-/FB PSI 
redox cofactors relative abundance is higher than P700+/P700 for V < VPQ. This effect can be due 
to low PQ2+ concentration limiting the electron uptake from FB

-. 

On the other hand, for V > VPQ, where PQ2+ is favored, higher P700+ and lower FB
- relative 

concentrations indicate that the electrons are drained from FB
- by the majority PQ2+ forming PQ+. 

Charged drained by PQ+ is, in turn, recombined in the electrode giving rise to a positive current 
that cancels out the P700+ to electrode negative current (Figure 4B, bottom row). Both currents 
are larger in magnitude than the transient currents observed in the case of V < VPQ. The redox 
mediator couple PQ2+|PQ+ shuttles electrons to the electrode, canceling out the PSI 
photogenerated charges resulting in a stationary state with a negligible current. The increased 
PQ+ generation rate produced by FB

- reduction of PQ2+ shifts the electrochemical equilibrium to 
a new stationary state. The observed transient currents are due to the shift between these 
stationary regimes. The change of regime is governed by the PQ+|PQ2+ electron exchange with 
the electrode resulting in the observed transient currents. For V < VPQ, where the e- + PQ2+ → 
PQ+ is the dominant rate, making the transient current is negative, while for V > VPQ, the favored 
process is PQ+ → PQ2+ + e- producing positive transient currents.        

    



   

 

   

 

Figure 4: Kinetic model fit. (A) On (red shaded area) and off kinetic model fit of transient photcurrents. 
(B) PQ+ relative concentration for V=-700 mV/Ag (blue, left), -650 mV/Ag (aquamarine, middle) and –610 
mV/Ag (light green, right) (top row). The same potentials, indicated with color boxes are applies to middle 
and bottom rows. P700+  (green trace) and FB- (red trace) relative concetrations (middles row). 
Components of modeled transient current from PQ+/PQ2+ (red),  P700+ (green), total modeled current 
(blue) and experimental data (black)(bottom row).  

2.5. Considerations for sensor design and optimization 

We have found several key advantages of transparent microelectrodes to sense PSI mediators 
like PQ: (1) they can operate with 10-100 µl of sample volume (corresponding to 1-10 nmol of 
analyte at 100 µM); (2) they produce faster photocurrent transients that require shorter 
integration time to be detected and would lead to faster responding sensors; (3) they are 
ready to use and help reducing variability in electrode preparation; (4) backside illumination is 
reproducible at the sensing surface, not subject to solution effects (absorption, scattering) and 
favors sensor robustness and compatibility with spectro-electrochemical measurements (UV-
VIS, Raman, NIR). Regarding the potential and illumination applied to the sensor surface, the 
PQ+/PQ2+ ratio is increased by light in both potential ranges: (1) for V < VPQ, the process is 
limited by regeneration rate of PQ2+, and (2) for V > VPQ, the process is limited by direct ET 
from the electrode to P700+. The excess of species (FB

- for V < VPQ and P700+ for V > VPQ) is 
regenerated when light is turned off, leading to transient current of opposite sign. This 
behavior suggests that increasing the flickering frequency and/or alternating the potential may 
provide higher detection sensitivity, accuracy, and allow testing smaller analyte volumes and 
concentrations. Current efforts in the laboratory are directed at overcoming the limitations in 
the coupling of PSI to the electrode by improving the orientation and electrical connection of 
the complex [REF10-20]. This will allow screening a diversity of analytes, including synthetic 
herbicides, analog compound libraries, redox protein partners and modulators, and most 
interestingly, extracts of natural products to evaluate their use for sustainable weed control. 
Note that the use of a natural photosynthetic complex as the sensing element also avoids toxic 
components and potentially allows regeneration of the sensing surface, as shown in 
biophotovoltaic devices based also on PSI [REF20] 

4. Conclusions   

We have prepared electrodes functionalized with a SAM and photosystem I that allow sensing 
the presence of PQ in physiological conditions using time-resolved measurements at millisecond 
resolution. We have characterized the power and steady photocurrent spectra response of the 
modified electrode at different excitation wavelengths. The photocurrent spectra's correlation 
with the PSI absorption spectrum corroborates that in our biophotoelectrochemical sensor 
system, the photoconversion process is mediated by PSI. The compact sensor setup built is 
based on transparent gold microelectrodes coated with fresh SAM, and PSI layers, with the built-
in red LED behind a transparent electrode. Taking advantage of the widely characterized redox 
interaction between PSI and the herbicide PQ, our work represents the first systematic study on 
fast photocurrent transients in the millisecond range in this type of system. The observed 
transients can be fitted with a double exponential function, which indicates that both the PSI-
mediated photoconversion process and the PQ recombination process can be clearly 
differentiated. We observe a change of behavior near the PQ redox potential. The 
characterization of the transients generated by PSI and PQ is relevant to design sensors with 
shorter integration times for electrochemical determinations. The kinetic model introduced in 



   

 

   

 

this work allows the identification and electrochemical evaluation of the different species 
involved in the detection process. This is an essential step to improve the performance of the 
photosystem I based sensor and to use it for the identification of other relevant inhibitors. 
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