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Abstract 

Conversion of solar energy into electrical current by photosynthetic organisms has the potential 

to produce clean energy. Previously reported living-organism based bio-photoelectrochemical 

cells (BPECs) have utilized unicellular photosynthetic microorganisms. In this study, we 

describe for the first time BPECs that utilize intact live marine macroalgae (seaweeds) in saline 

buffer or natural seawater. The BPECs produce photoelectrical currents of > 50 mA/cm2, with 

a dark current reduced by only 50%, values that are significantly greater than the current 

densities reported for single-cell microorganisms. The photocurrent is inhibited by the 

Photosystem II inhibitor DCMU, indicating that the source of light-driven electrons is from the 

oxygen evolution reaction. We show here that intact seaweed cultures can be used in a large-
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scale BPEC containing seawater that produces bias-free photocurrent. The ability to produce 

bioelectricity from intact seaweeds may pave the way to development of new live tissue based 

BPECs and establishment of future low-cost energy technologies. 

 

Photosynthesis is the process in which light energy is converted into storable chemical energy 

in the form of polycarbonic compounds, occurring in organisms that thrive in almost all 

environments that are accessible to light. These organisms belong to three of the seven 

evolutionary kingdoms, Bacteria, Chromista and Plantae 1. Marine macroalgae, also known as 

seaweeds, constitute one important group of Plantae. They have key ecological roles and are 

important primary producers in marine ecosystems. Seaweeds are taxonomically classified into 

3 main groups: green (Chlorophyta), red (Rhodophyta) and brown (Ochrophyta)2. While all 

seaweeds contain chloroplasts, they differ in their size, morphology, pigment types and light 

harvesting complexes3,4. Seaweeds possess structures resembling “roots” (holdfasts), stipe-like 

structures and “blades” which are located mostly close to the water surface4. Many seaweeds 

have a leaf-like sheet (thallus) or they may be filamentous or branched4. Many of these seaweed 

species have molecular mechanisms that enable them to change the locations of their 

chloroplasts within the cells3. Chloroplasts can move from near the cell wall to the anticlinal 

walls, when the light intensity changes from low to high, respectively. This movement changes 

the transmittance of the light through the thallus by e.g. 12.5 % 3.  

The unique conditions of the marine environment have led to evolution of several adaptation 

mechanisms that are specific to marine algae. These include different light harvesting 

pigments, inorganic carbon concentration mechanisms (CCMs), and an elevated ratio of 

complete photosynthetic systems to overall tissue weight. Seaweeds are estimated to contribute 

up to 1 Pg C per year to global primary productivity5. The photosynthetic efficiency of aquatic 

biomass is on average 6 to 8 % higher than that of the average photosynthetic efficiency of 1.8 
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to 2.2 % of terrestrial biomass6. Seaweeds are slight halophiles as their seawater environment 

contains approximately 600mM salts (primarily NaCl). 

The green seaweed Ulva sp. (Chlorophyta) is abundant worldwide and proliferates seasonally 

along the Israeli Mediterranean sea intertidal and rocky shores7. In cultivation, Ulva species 

are reported to possess high growth rate of about 20% biomass gain per day8,9. This high growth 

rate is correlated with high photosynthetic efficiency potential and electron transfer rate (ETR) 

10,11. The photosynthetic efficiency of Ulva may be attributed to its large surfaces to volume 

ratio, the coexistence of C3 and C4-like photosynthetic pathways12 and the CCM based on 

HCO3
- uptake13. The fast growth rate and tissue simplicity allows to easily obtain large amounts 

of plant biomass from marine seaweeds. In recent decades, attempts to utilize algal biomass as 

a source of bioenergy have been made. These include extraction of algal oils for biodiesel 

production, conversion of carbohydrates to hydrogen, bioethanol and biogas by means of 

hydrolyzation and fermentation14–16. Yet attempts to use macroalgae as an efficient source of 

renewable and clean energy in a non-destructive manner have not yet been reported.  

The production of electrical current by microbial fuel cells (MFCs) is to date far more mature17–

23. MFCs utilize the ability of bacteria to perform external electron transfer (EET) to the anode 

of an electrochemical cell 24 or to accept electrons from its cathode 24,25. A derivative of MFCs 

are bio-photoelectrochemical cells (BPECs) that produced photocurrent from photosynthetic 

systems: isolated photosystems, thylakoid membranes or from whole microorganisms such as 

cyanobacteria and microalgae 26–34. One advantage of using photosynthetic microorganisms as 

a source of energy is their ability to remove atmospheric CO2 during photosynthesis, which 

makes them a less expensive and a potential clean source of energy that is beneficial to the 

environment. The power and stability of such BPECs depend on the photosynthetic material 

and the components of the electrochemical cell, including the need to add molecules that 

perform mediated electron transfer (MET). Untreated live cyanobacteria and microalgae have 
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been shown to produce up to 10 µA/cm2/(mg chl)35, while gentle treatment with a 

microfluidizer increased the current to 40 µA/cm2.   Addition of quinones to live cells was 

shown to increase the photocurrent up to 60 µA/cm2 36.  A similar current increase was obtained 

by addition of the PSII inhibitor DCMU to cyanobacteria, suggesting that the main electron 

source for photocurrent production is PSI35 that receives electrons from the respiratory system 

through the mutual plastoquinone pool. Higher photocurrents of up to 500 µA/cm2 were 

obtained by utilization of isolated thylakoid membranes from spinach with the addition 

potassium ferricyanide for MET. In contrast with cyanobacteria, the addition of DCMU to these 

membranes abrogated the photocurrent indicating that the major electron source was PSII28. 

As the membranes are disconnected from internal photodamage cellular repair mechanisms, a 

decrease in current levels is apparent after 10 minutes of illumination28. Recently, we have 

discovered that the main native electron mediator in cyanobacteria is NADPH 37, and that 

addition of exogenous NADP+ can significantly enhance the photocurrent of intact cells from 

5 to 30 µA / cm2 * mg chl.  In contrast to FeCN, NADPH is not toxic and, therefore, has the 

potential to be integrated in algae cultivation pools without harming the cells. Another method 

to increase the photocurrent production in BPEC was the utilization of cyanobacterial biofilms 

38,39 which were reported to be able to perform direct electron transfer (DET) as opposed to the 

MET systems described above. Moreover, the tight arrangement in the biofilm increases the 

density of the cells to form a tissue-like structure and therefore increases the number of cells 

which may contact the interface of the electrode.  

In this work, we present for the first time a BPEC that can produce substantial electric current 

from seaweeds with promising future applications. We show that intact seaweeds can produce 

current in both dark and light as well as in a bias free macro system.  

 

Live Ulva produces electric current in a bio-photo electrochemical cell. 
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Previous studies produced photocurrent using cyanobacteria35 or isolated thylakoid 

membranes28,40 applied to the anode. The colloidal state of cells in solution physically forms a 

layer on inorganic/metallic electrodes by sedimentation or by dipping the electrodes in the 

solution. This procedure is not suitable for utilization of seaweeds in BPECs, as they tend to 

float and have poor affinity to flat electrode materials. A first attempt to produce photocurrent 

from the seaweeds was done by designing a BPEC in which the Ulva is attached to different 

anode materials with a cover glass. The ability of carbon cloth, indium tin oxide, aluminium 

and stainless steel to function as anode and produce photocurrent was evaluated. The highest 

photocurrent was obtained using stainless steel (Supplementary Fig. 1).  

Similar to previous work with thylakoids and cyanobacterial BPECs28,40, photocurrent requires 

physical attachment between Ulva and the anode. However, the smooth texture of the thallus 

and their tendency to slide away (exacerbated by the oxygen bubbles that are released during 

photosynthesis), decreased contact between the Ulva and the anode. We thus improved BPEC 

connectivity by using a standard stainless-steel clip that holds the Ulva tightly within the 

electrolyte solution. The metal clip is covered by plastic sheathing except for the surface in 

contact with the thallus. The interface area of the clip (both sides) between the clip and the 

Ulva was 0.08cm2. Platinum was used as the cathode and Ag/AgCl 3M KCl as the reference 

electrode. The illuminated area of the thallus was 0.5 cm2, as shown in in Fig. 1a and 

Supplementary Fig. 2.  

 

Light drives increased electric current in whole Ulva. 

To study whether Ulva can produce current in either dark or light, Ulva was placed in the BPEC 

and the current harvested by the anode was measured by chronoamperometry (CA) in 50 ml of 

a 0.5 M NaCl solution, with a bias potential of 0.5 V on the anode. To serve as a control 

material, we used a bleached piece of Ulva, acquired from the same cultivation tank as the live 
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green Ulva. Under continuous illumination with the intensity of 1 Sun, a maximal current 

density of ~ 25 or ~ 40 mA / cm2 was obtained after ~10 min of measurement in dark or light, 

respectively (Fig. 1b). We hypothesized that the major reaction that occurs on the Pt cathode 

is proton reduction to hydrogen gas although other reduction reactions are possible due to the 

release of molecules from the thallus. To quantitate hydrogen production, the top of the glass 

box was sealed with a thick layer of parafilm. Immediately following the measurement, the gas 

phase above the solution was purged by a syringe and its hydrogen content was quantitated by 

GC / MS (Fig. 1b). Hydrogen quantities of ~ 0.15 or ~ 0.25 µmol H2 were obtained after ~10 

min in dark or light, respectively. It should be noted that the section in contact with the anode 

is not accessible to the light, indicating that the electron mediating molecules are transported 

within the Ulva thallus and released due to operation of the BPEC potential. A similar 

behaviour has been measured when unicellular cyanobacterial cells were used in a BPEC. The 

current that was harvested from the Ulva thallus in low salinity and without the addition of 

exogenous electron mediators is about a factor of 1000 times greater than what was previously 

obtained by cyanobacterial based BPECs.  

 

Higher salinity increases the Ulva photocurrent.  

Increasing the ionic strength of a BPEC solution promotes increased conductivity of the 

electrolyte 41. For most other photosynthetic organisms (or their isolated components), a highly 

saline buffer cannot be used, as it induces severe chemical stress on these systems whose native 

habitat is fresh water. Since Ulva grows in seawater, the buffer’s ionic strength can be increased 

without harm.  CA of Ulva under illumination was measured at increasing NaCl concentrations 

of 1 mM, 10 mM, 100 mM, 500 mM and natural seawater (~600mM). The measured 

photocurrent significantly increased as a function of the NaCl concentration reaching maximal 

photocurrents of ~2, 10, 30, 40 and 50 mA / cm2 respectively (Fig. 2). The possible influence 
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of pH on the photocurrent production was also assessed. For this purpose, CA of Ulva was 

measured in MES buffer with different pH values of 5, 6, 7 and 8 under illumination. A 

maximal photocurrent of ~ 45 mA / cm2 was obtained for pH = 5. However, the differences in 

the photocurrent productions between all pH values was not significant as shown in 

Supplementary Fig. 3. 

 

Potassium ferricyanide mediates electrons between Ulva and the anode and increases the 

photocurrent. 

Many studies about bioelectricity production from photosynthetic and non – photosynthetic 

microorganisms utilized FeCN as a soluble electron mediator for MET between the 

microorganisms and the anode42–47. CA of Ulva in water containing 0.5 M NaCl was measured 

in the presence of 1 mM FeCN. Addition of FeCN increased the measured photocurrent 2-fold 

after 10 min (Fig. 3a). We determined that the role of FeCN is as an exterior mediator as Ulva, 

incubated for 30 min in the presence or absence of 5 mM FeCN in DDW, did not show the 

presence of internalized FeCN (Fig. 3b).  

 

Bias free photocurrent production of Ulva. 

The ability to produce current in the native habitat of Ulva is a significant advantage for clean 

energy production as it allows the organisms to simultaneously grow and produce current and 

benefit from the high electrolyte conductivity of the seawater. Typically, BPEC technologies 

utilize a potential bias on the anode to improve the current production. Such process entails an 

extra investment of energy which in some cases is higher than the energy produced by the 

BPEC itself. To examine whether photocurrent can be produced in the absence of an external 

application of electrical potential, the CA of Ulva was measured for 10 min in seawater using 
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the potentiostat in 2-electrode mode without application of electrical potential bias. A maximal 

photocurrent of 1 µA / cm2 was obtained (Supplementary Fig. 4).  

 

Ulva secretes NAD(P)H to the external cellular media. 

We have recently reported that under illumination, NADPH is the major endogenous mediator 

which transfer electrons between cyanobacterial cells and the anode 37. There, 2D-fluorescence 

maps (2D-FM) measured the accumulation of NAD(P)H in the external cellular media (ECM). 

As we hypothesized that MET is also the major mechanism of electron transfer in macroalgae 

BPECs, CA of Ulva was performed in 0.5 M NaCl for 10 min followed by 2D-FM 

measurement of the ECM (Fig. 4). The strong peak at λmax(ex) = 350/ λmax(em) = 450 nm that 

is the major fingerprint of NAD(P)H 37,48 was clearly identified. The concentration of 

NAD(P)H in the ECM was quantified37 and determined to be  ~0.015 µM.  

 

DCMU decreases the photocurrent production of Ulva. 

Previous studies about current production from spinach thylakoid membranes reported that 

addition of the PSII inhibitor DCMU abrogated photocurrent production28, while in 

cyanobacteria, addition of DCMU increased the harvested photocurrent, indicating that source 

of electrons was from the respiratory system via PSI. In the presence of 100 μM DCMU, there 

is a significant decrease in the photocurrent obtained from Ulva (Fig. 5a) indicating that PSII 

is the major source of photocurrent. To validate the inhibition of PSII by DCMU, a dissolved 

oxygen (DO) sensor was used to measure oxygen production of Ulva in the same experimental 

setup of the CA measurements in the presence or absence of DCMU (Fig. 5b and Fig. 6).  The 

oxygen concentrations after 10 min of illumination in the presence or absence of DCMU were 

determined to be ~ 0.05 and 4 mg / mL respectively. These results imply that under illumination 

most of the current derives from the photosynthetic pathway initiated by PSII. The involvement 
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of NADPH as shown above indicates that both photosystems are involved in photocurrent 

production. 

 

Photocurrent and DO measurements of seaweeds from various taxonomic groups.  

The ability of Ulva to produce photocurrent in the BPEC raised the question whether this ability 

is unique to Ulva or exist in other seaweeds. To address this question, we collected 

environmental samples of red algal seaweeds Gracilaria and Jania, brown algal seaweeds 

Padina and Stypopodium and green seaweed Cladophora from the Eastern Mediterranean coast 

of Israel. We performed CA measurements on all species as described for Ulva. All seaweeds 

successfully produced current, with maximal values of ~ 5 – 20, ~ 15 – 45, ~ 5 – 10 mA / cm2 

in dark, light or light + DCMU, respectively. DO measurements showed a similar pattern for 

all seaweeds in which the difference DO concentration  was ~ -0.4 – 0, 0.4 – 0.6 and 0 – 0.05  

mg / L in dark, light and in light + DCMU, respectively (Fig. 6). Under illumination the green 

seaweeds Ulva, Cladophora and the red alga Jania produced photocurrents 2-2.7 times higher 

than the current produced from the brown seaweeds Stypopodium and Padina or Gracilaria. 

Despite the differences in the measured values, it is possible that other factors rather than 

photosynthetic properties influence the photocurrent production such as freshness and texture 

of the seaweeds. Ulva and Gracilaria can be successfully cultivated in tanks provided with 

continuous seawater and aeration. On the other hand, Jania, Stypopodium, Padina and 

Cladophora are very hard to cultivate. Therefore, they were collected from native coastal rocks. 

The different environments affect the physiology of the seaweeds and as a result may also 

affect their ability to produce photocurrent. Moreover, Stypopodium, Padina, and Ulva thalli 

have a smooth texture while Jania and Cladophora are composed of small fibres and are more 

adhesive. Gracilaria has a bulker smooth texture whose attachment to the anode was poorer 

than the other species.  
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Toward applicative technologies for electric current production from seaweeds 

Ulva is classically cultivated for the production of biomass used in the food and cosmetics 

industries, and more recently explored for the production of biofuel 9,49. From a practical 

perspective, we aimed this work to demonstrate the potential of integrating an electric current 

production system directly during seaweed cultivation. CA was measured on-site during 5 h 

in the Ulva cultivation tanks. The lower half part of a round aluminium plate was attached to 

the tanks and used as anode. A platinum wire was used as cathode (Supplementary Fig. 5). 

Intact Ulva were continuously moving in the water stream, associating with the anode, 

producing the electrical current. In order to simulate a scenario in which the BPEC is 

producing electrical current without being aided by external energy, the measurement was 

done bias free with a 2-electrode mode. Sunlight irradiance was measured at the seawater 

surface and determined to as high as 200 µE / m2 s-1. The seaweeds in the cultivation pool 

produced a maximal current of  ~0.5 mA after 5 h . CA of a seawater pool without any 

seaweeds was measured as a control. No significant current was produced in the absence of 

seaweeds (Fig. 7). The results demonstrate the possibility of integrating a BPEC system 

directly in seaweeds cultivation pools showing that a significant electrical current may be 

continuously generated in such simple systems.  

 

Possible external electron transport mechanisms in seaweeds based BPECs. 

The mechanisms of the electrochemical interactions between the seaweeds and the 

electrochemical cell are very challenging to understand. In fact, very little is known about 

their natural external electron transport mechanisms. Moreover, their association with the 

electrochemical components may modify the chemical characteristics of the Ulva surface, as 

we previously reported for cyanobacteria 37. In light of the results presented here, we suggest 
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a model with several possible options that are based on the anatomy of the seaweed Ulva, 

known metabolic reactions and previous models which were reported for BPECs that were 

based on non – photosynthetic bacteria, cyanobacteria and microalgae (Fig. 8). The thallus of 

Ulva may have different sizes and shapes which are formed by different arrangements and 

densities of its cells. However, the sheet-like structure of the thallus exposes all cells to the 

interface with the seawater and in this way allowing them to perform different trafficking 

reactions with their environment7. One possible mechanism for light dependent EET 

originates in the photosynthetic pathway which initiates in PSII which converts the sunlight 

into electric current and ends in reduction of NADP+ to NADPH by PSI. A fraction of the 

NADPH molecules may be transported to edge of the cell wall and from there to reduce the 

anode or to reduce an exogenous mediator, such as FeCN as suggested for eukaryote cells by 

Rawson et al. 50. The release of NADPH from the thallus may be enhanced when Ulva is 

associated with the anode of the electrochemical cell as previously reported for cyanobacteria 

37. Increasing the size of the thallus area that is not attached to the anode did not increase the 

current density, indicating that the diffusion of reduced molecules within the thallus is from 

the cells adjacent to the anode. As seaweeds also produce current which is not light 

dependant, there may be an alternative pathway similar to those described for non-

photosynthetic bacteria that have pili or Mtr protein complexes 27. Although these complexes 

have not been described in seaweeds, it is possible that they also have alternative conductive 

membranal complexes which can perform DET. Furthermore, lipophilic redox molecules 

may also reach the interface of the cells to reduce the anode. As Ulva and many other 

seaweeds secrete hydroxide ions in order to regulate the pH levels at their surface 51, we 

suggest that a high local concentration of hydroxide ions may also reduce the anode as occurs 

in alkaline water electrolysis 52. Little is yet known about the secretion of metabolites from 

seaweeds, however, we postulate that as for cyanobacteria37, the ECM of Ulva consist of 
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hundreds of metabolites. Some of these metabolites may react as electron donors at the 

anode, or acceptors at the cathode.  

 

Conclusions 

The potential for future clean bio(photo)energy technologies can be more easily met by 

avoiding the use of precious arable land, fresh water and fertilizers. For this reason, the use of 

seaweeds is optimal. This study shows for the first time that photocurrent can be harvested in 

a BPEC based on live seaweeds. We show that (1) seaweeds can produce biocurrent using 

simple and inexpensive metallic anodes that is more than 3 magnitudes higher than that 

obtained for microorganisms in fresh water-based buffers, (2) the biocurrent is available both 

in the dark and (enhanced) in the light, without added bias on the anode, (3) the biological 

material can continue to serve as biomass for other industries – food, chemical or energy 

(biofuels). This work paves the way for future developments of novel bio-electrochemical cells 

based on bulk photosynthetic organisms. 

 

Methods 

Seaweed cultivation, sampling and sample preparation 

Ulva and Gracilaria thalli stocks were cultivated in land-based culture tanks as described in 

Israel et al. 9. Jania, Stypopodium, Padina and Cladophora were collected from the intertidal 

zone in Achziv and Habonim field sites on the eastern Mediterranean Sea coast. The sheet-like 

seaweeds Ulva, Padina and Stypopodium were cut down to 1 cm in diameter discs. Jania, 

Cladophora and Gracilaria, which all have more complex structures, were cut to an equivalent 

area of ~ 0.79 cm2.  

Chronoamperometry measurements 

a. Indoor CA measurements  
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All indoor measurements were done in 4.5 cm3 rectangular transparent glass vessels. The light 

source was produced using a solar simulator (Abet, AM1.5G) placed horizontally to illuminate 

the seaweeds with a solar intensity of 1 Sun. Determination of the solar intensity at the surface 

of the seaweeds was done as function of distance from the light source in an empty vessel 

neglecting small intensity losses caused by the glass and ~ 0.5 cm of the electrolyte solution. 

bias free measurements were measured in 2 electrodes mode without application of electrical 

potential on the anode using the stainless-steel clip as WE and a Pt wire as CE in native sea 

water. All other indoor measurements were done in 3-electrode mode using the stainless-steel 

clip as WE, a Pt wire as CE and Ag/AgCl 3M NaCl as RE (in 3 M NaCl solution) (RE-1B, CH 

Instruments, USA) with an applied electric potential of 0.5 V on the anode in 0.5 M NaCl 

(except for the increasing salinity experiment described in Fig. 2 in the main text). In all 

measurements the current density was calculated based on the contact area between the WE 

and the seaweeds of 0.08 cm2. 

b. Direct CA measurements from seaweeds cultivation tanks  

CA measurements were done directly from the pools using the lower part of an aluminium 

plate as the WE, a Pt wire as the CE and Ag/AgCl 3M NaCl as the RE without added bias on 

the WE, under natural sunlight. Light intensity was measured by a light meter at the pool 

surface height.  

Dissolved oxygen measurements 

DO measurements were performed using a DO meter probe (Hanna Instruments, HI-5421 

research grade DO and BOD bench meter). The measurements were performed in the same 

experimental setup as the CA measurements. The DO probe was inserted into the electrolyte 

solution and the top of the glass container was sealed tightly with multiple layers of parafilm. 

A small magnetic bar was used to stir the electrolyte solution.  

Absorption measurements  
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Absorption spectra of Ulva were measured using a Shimadzu (UV-1800) spectrophotometer in 

1 cm pathlength square cuvettes. For Ulva measurements the cuvette was filled with DDW. A 

rectangular piece of Ulva was cut and tightly attached to the inner sidewall of the cuvette which 

closer to the detector. 

H2 determination 

The top of the BPEC was sealed with a thick layer of parafilm. CA measurements were 

conducted for 10 min. 1 mL of gas sample was taken from the glass vessel headspace using a 

syringe. Then the sample was injected into 1.8 mL glass sealed vials with screw caps suitable 

for auto-sampler injection (La-Pha-Pack). H2 production was determined by injecting a 50 µL 

sample into a gas chromatograph system with thermal conductivity detector (GC-TCD, Agilent 

8860) equipped with a 5-Å column (Agilent, 25m x 0.25mm x 30μm).  
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Figure legends 

Fig 1. Description of the system and CA and Hydrogen production measurement. a 

schematic drawing of the measurement setup which is composed of a stainless-steel clip as 

working electrode (W), platinum counter electrode counter electrode (C) and Ag/AgCl 3M 

NaCl reference electrode (R). A solar simulator is placed horizontally to illuminate a round 

Ulva leaf (diameter = 1 cm) with an intensity of 1 Sun. b CA measurements of bleached and 

green Ulva were measured in dark and light for 10 min. The onset of the light was at 0 min). 

CA of naturally bleached Ulva in light (BL, black), green Ulva in dark (D, red) and green Ulva 

in light (L, blue). Following the measurement, hydrogen production was quantified by GC. The 

inset shows hydrogen production after 10 min of bleached Ulva in light (BL, black), green Ulva 
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in dark (D, red) and green Ulva in light (L, blue). The error bars represent the standard deviation 

over 3 independent measurements. 

 

Fig. 2.  Ulva can produce a higher photocurrent at high salinity. CA of Ulva was measured 

in water containing increasing NaCl concentrations. a Representative CA measurements at 

increasing NaCl concentrations. 1 mM (black), 10 mM (red) and 100 mM (blue) 500 mM 

(green) and sea water (magenta) in light. b Quantitative analysis of maximal photocurrent 

production. 1 mM (black), 10 mM (red) and 100 mM (blue) 500 mM (green) and sea water 

(magenta). Error bars represent the standard deviation of three independent biological 

measurements. 

 

Fig. 3. Potassium ferricyanide mediates electrons between Ulva and the anode and 

increases the photocurrent. a CA measurement of Ulva (red), Ulva + 1mM FeCN (blue) and 

1mM FeCN without Ulva (black). The error bars in the inset represent the standard deviation 

of the maximal photocurrent over 3 independent measurements. b Absorption spectra of pure 

FeCN solution (2.5 mM) (black), Ulva after 0.5 h in DDW (red) and Ulva after 0.5 h in 5 mM 

FeCN (blue).   

 

Fig. 4 Ulva secretes NAD(P)H to the external cellular media. 2D-FM spectra of the ECM 

of Ulva. The obtained peak at (λmax (ex) = 350, λmax (em) = 450 nm) correspond to the spectral 

fingerprints of  NAD(P)H. The lines of diagonal spots that appear results from light scattering 

of the Xenon lamp and Raman scattering of the water 53.  

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 16, 2021. ; https://doi.org/10.1101/2021.04.16.440133doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.16.440133


22 
 

Fig. 5 DCMU inhibits the photocurrent production of Ulva. CA and DO of Ulva were 

measured in under illumination with and without addition of 100 µM DCMU. a CA of Ulva 

(black), CA of Ulva + 100 µM DCMU (red). b DO measurements of Ulva (black), and Ulva 

+ 100 µM DCMU (red). 

 

Fig. 6. Photocurrent and DO measurements of seaweeds from various taxonomic 

groups. CA and DO were measured for the 6 different seaweeds in dark, light and in light + 

100 µM DCMU. CA and DO measurements of a Ulva, b Jania, c Stypopodium, d 

Cladophora, e Gracilaria and f Padina. In all panels the left 3 green Y Axis represents the 

current density after 10 min and the right blue Y axis represents the DO concentration after 

10 min. The error bars represent the standard deviation over 3 independent measurements. 

The names and photos of the measured seaweeds are displayed in the panels.  

 

 

Fig. 7. Toward applicative technologies for current production from seaweeds. Bias free 

Current production of Ulva in its cultivation pool. The system is composed of a round 

Aluminium plate anode and a Platinum wire cathode which are dipped inside a cultivation pool 

with seawater and Ulva. The anode is held by a clamp and the cathode is placed in a sponge 

which is floating on the water surface.  The pool is located on the seashore and contains a 

pipeline system which continuously stream water inside and outside of the pool. An average 

sunlight intensity of ~200 µE / m2 was measured on at the pool surface. Pieces of Ulva are 

drifting in the water stream, hit the anode and produce electrical current. a a picture of the 

system. White arrows label the components of the system including the computer that operates 

the potentiostat, the potentiostat, the anode and the cathode. b a picture of the system which is 
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focused on the inner part of the cultivation pool, the anode and the cathode. White arrows label 

anode and the cathode. c Bias free CA measurements in the cultivation pool in seawater without 

Ulva under the sunlight (SW, black), with Ulva in dark (D, red) and with Ulva in under the 

sunlight (L, blue) over 5 h. The inset displays the average maximal obtained current over 5 h. 

The error bars represent the standard deviation over 3 independent measurements. 

.  

 

Fig. 8 Possible external electron transport mechanisms in seaweeds based BPECs. Based 

on our findings and together with previous models which were reported for BPECs based on 

microalgae, cyanobacteria, non-photosynthetic bacteria, and thylakoid membranes, we 

propose a model for various possible EET mechanisms for the seaweeds based BPEC. The 

Ulva thallus is marked in dark green and its cells are marked with round light green shapes. 

The sunlight is marked in yellow. The anode clip is marked in grey and the Pt cathode in a 

blue rectangular shape. A connective spring between the anode and cathode is marked in 

orange. The upper 3 cells of the Ulva describe EET mechanisms which are light dependent. 

The lower 3 cells of the Ulva describe EET mechanisms which are light independent. A small 

blue cone located cylinder which is located in the lower right cell indicate a conductive 

complex. Labels indicate the different materials. Black arrows indicate the direction of 

potential electron transport. Purple dashed arrows indicate molecular secretion from the inner 

part of the Ulva cells to the ECM. A dashed red line which crosses a black arrow indicates 

the inhibition of the electron transport by DCMU.  
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 16, 2021. ; https://doi.org/10.1101/2021.04.16.440133doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.16.440133


32 
 

Supplementary Information 

 

Supplementary Fig. 1. 

 

Supplementary Fig. 1  Utilization of different anodes materials for photocurrent production from Ulva in 

a bio-photo electrochemical cell. In order to integrate Ulva in a bio-photo electrochemical system a new BPEC 

design was built in which Ulva is placed above the anode and below a cover glass. The anode is placed on a 

stage and has a small part (0.5 cm2) which is bent upward with a 900 angle. This part is connected to the 

potentiostat through a clip above the solution surface. Platinum cathode and Ag/AgCl NaCl 3M reference 

electrode are placed inside in 0.5 M NaCl solution. Illumination was done from above at intensity of 1 SUN 

(measured at the solution surface). a Schematic drawing of the system. The anode, cathode and reference 

electrodes are marked as A, C and R respectively. b Photo of the system under illumination. c 

Chronoamperometry measurements of Ulva utilizing different material as Anode : Carbon cloth (CC, black), 

Indium tin oxide (ITO, red), Aluminium (Al, blue) and stainless steel (STS, magenta). D maximal current 

production produced by the different anodes. Aluminium (Al, blue) and stainless steel (STS, magenta). The 

error bars represent the standard deviation over 3 independent measurements.  
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Supplementary Fig. 2. 

 

Supplementary Fig. 2  pictures of the BPEC setup a a photo of the system. labels and arrows point at the 

electric connections to the anode (red), cathode (black) and RE (blue). A green label and arrow point at the 

Ulva. A solar simulator label (black) shows the head of the solar simulator which illuminate the sample. b an 

enlargement of panel a which zoom at the connection between the anode and the Ulva. 
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Supplementary Fig. 3. 
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Supplementary Fig. 3  The pH of the electrolyte has a small effect on the current production. CA of Ulva 

was measured in light in solutions with increasing pH values (5 – 8). The maximal current production was 

obtained for pH = 5, however, it was not significantly higher than the solutions with pH = 6 - 8. Maximal 

current production obtained at pH = 5 (black), 6 (red), 7 (blue) and 8 (magenta). The error bars represent the 

standard deviation over 3 independent measurements.  
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Supplementary Fig. 4. 

 

Supplementary Fig. 4. Bias free photocurrent production of Ulva. To show that Ulva can produce 

photocurrent without application of electric bias, CA of Ulva was measured in a 2 electrodes mode in sea water 

with a stainless-steel clip anode and Pt wire without application of external potential bias. The error bar in the 

insert represents the standard deviation over 3 independent measurements.  

 

 

 

 

 

 

 

 

 

 

 

 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 16, 2021. ; https://doi.org/10.1101/2021.04.16.440133doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.16.440133


36 
 

Supplementary Fig. 5. 

 

Supplementary Fig. 5  a picture of the electrodes that were used for current production directly from the 

Ulva cultivation tanks. To make CA measurements directly from the Ulva cultivation pool, an Aluminium (Al) 

round disc was used as Anode and a Platinum wire as cathode. The anode and cathode are marked with black 

arrows. 

 

 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 16, 2021. ; https://doi.org/10.1101/2021.04.16.440133doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.16.440133

