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ABSTRACT 

Strategies of renewable energy production from photosynthetic microorganisms are gaining great 

scientific interest as eco-sustainable alternatives to fossil fuel depletion. Green microalgae have 

been thoroughly investigated as living components to convert solar energy into photocurrent in 

biophotovoltaic (BPV) cells. Conversely, suitability of diatoms in BPV cells has been almost 

completely unexplored so far, in spite of being the most abundant class of photosynthetic 

microorganisms in phytoplankton and of their good adaptability and resistance to harsh 

environmental conditions, including dehydration, high salinity, nutrient starvation, temperature, or 

pH changes. Here we demonstrate the suitability of a series of diatom species (Phaeodactylum 

tricornutum, Thalassiosira weissflogii, Fistulifera pelliculosa and Cylindrotheca closterium), to 

act as biophotoconverter, coating the surface of indium tin oxide photoanodes in a model BPV 

cell. Effects of light intensity, cells density, total chlorophyll content, and concentration of the 

electrochemical mediator on photocurrent generation efficiency were investigated. Noteworthy, 

biophotoanodes coated with Thalassiosira w. diatoms are still photoactive after fifteen days of 

dehydration and four rewetting cycles, contrary to analogue electrodes coated with the model green 

microalga Dunaliella tertiolecta. These results provide the first evidence that diatoms are suitable 

photosynthetic microorganisms for building up highly desiccation-resistant biophotoanodes for 

durable BPV devices. 



 3 

 

 

 

INTRODUCTION 

The worldwide energy demand is continuously increasing over the last decades, with a trend 

expected to rise in the next future.1 Despite the current huge global efforts, technologies for 

sustainable energy production from renewable sources are still at an early stage, and green-energy 

supply is far from the levels achieved by non-renewable sources.2 Solar panels, wind turbines, or 

geothermal stations are beneficial alternatives to fossil fuel-based energy platforms, reducing the 

exhaust gases release responsible for climate change. Nevertheless, low recyclability and lifespan 

of materials used for such technologies currently limit their integration into a circular economy 

approach.3 In the last two decades, Microbial Fuel Cells (MFCs) have emerged as alternative bio-

based platforms for green energy or fuel production. MFCs are electrochemical systems powered 

by redox reactions catalyzed by living organisms that interact with an abiotic interface.4 Although 

artificial materials are still needed to fabricate the electrical and conductive elements of these 

devices, the photochemical reactions leading to solar energy conversion are carried out by living 

microorganisms, that represent intrinsically renewable biomaterials optimized by Nature, and 

available at large scale and low cost. 

MFCs based on photosynthetic organisms are also known as bio-photoelectrochemical cells 

(BPECs), and they avail of whole photosynthetic microorganisms, intact parts such as organelles, 

or just isolated photosynthetic proteins as the bioactive components.5   BPECs based on oxygenic 

photosynthetic microorganisms, defined as biophotovoltaic (BPV) cells, feature the major 
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advantage versus other MFCs of electrical power generation through water photolysis, in the 

absence of exogenous supply of organic nutrients and with concomitant removal of CO2 from the 

external environment. The use of intact photosynthetic microorganisms has several advantages, 

such as enhanced stability or self-replication, but also the drawback of difficult interaction between 

the biological catalyst and the abiotic electrode interfaces. Hence, BPVs’ sustainability and 

efficiency are strictly dependent on the choice of appropriate microorganisms, and in particular on 

their electrogenic capacity, affinity with the electrode material, resilience and compatibility with 

the device working conditions.6 Representative examples of organisms used in BPVs include 

cyanobacteria,7 eukaryotic microalgae,8 and more recently even macroalgae.9 

BPVs based on diatom microalgae are currently underrepresented, with very rare investigations 

reported so far in the literature ,10,11 despite their interesting characteristics. In fact, diatoms are 

unicellular photosynthetic microorganisms that represent the most abundant species of 

phytoplankton. They live in suspension (planktonic diatoms) or adhering to substrates (benthonic 

diatoms), both in freshwater and marine habitats.12 With respect to green and red microalgae, 

diatoms better adapt and survive to environmental changes of salinity,13 pH and temperature,14 due 

in part to the presence of nanostructured biosilica shells (frustules) that protect cells protoplasm 

from mechanical, biological, and radiative stress factors, while allowing the free exchange of 

nutrients and other elements.15 Being mainly autotrophic, they easily grow even in low-nutrient 

environments.14 The broad availability of diatoms in all marine ecosystems also enables them to 

be cultured under mild conditions and at a large scale, thus envisaging their application as 

biofactories of high added-value products such as pigments, oils, biofuel,16 and nanostructured 

biosilica-based materials for medicine,17 photonics,18 optoelectronics,19 and environmental 

bioremediation.20 Diatoms also bear profitable features for application in BPEC solar energy 
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conversion technologies because benthonic microalgae can generate biofilms adhering to a variety 

of materials,21 such as electrodes’ surfaces, thus allowing their spontaneous colonization. Their 

biofilms are also rich in bioactive molecules and proteins,22,23 with unexplored electron-transfer 

potential. In principle, chemical modification of diatoms with tailored materials with conductive 

properties may be also a powerful tool to face one of the most important challenges in BPV design 

i. e. favoring electrical communication between the biotic (microalgae) and abiotic (electrode) 

elements.24 Moreover, due to their ability to withstand extreme conditions like water starvation 

and desiccation,25,26 diatoms are promising candidates for BPVs. In fact, whether the bioanode 

preparation includes a desiccation step, they would not need protection into hydrogels or other 

encapsulating materials that are conversely essential for dryness suffering species.27 Moreover, 

persistent light irradiation or aqueous medium evaporation are common issues expected for BPVs 

working under practical uncontrollable conditions, making crucial the choice of very resistant 

photosynthetic microorganisms.28 For example, desiccation-resistance of microalgae could enable 

easy transport and dry state storage. In this way, BPVs could be activated by adding electrolyte, 

as well as they could be switched-on/off providing or withholding moisture. 

Diatoms are expected to have significant electrogenic capacity,10 since their membrane 

oxidoreductases enzymes are highly expressed.29 These proteins have important roles in signaling, 

growth and even interaction of microalgae with other microorganisms. Membrane oxidoreductases 

with ferrireductase (FR) activity play an important role in electrogenic capacity, being related to 

the photosynthetic electron transport.30 Moreover, NADPH oxidases are supposed to produce 

superoxide species outside the cell via plasma membrane electron transport.31 Literature also 

reports that the enhancement of membrane NADPH oxidase activity in Phaeodactylum 

tricornutum diatoms leads to increased photocurrent production in BPVs working with 
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ferricyanide as an exogenous soluble mediator.10 On this ground, the high electrogenic capacity 

and resistance of diatoms to stress conditions are significant features motivating the need of an in-

depth investigation of the suitability of these microorganisms as bioactive components in BPVs, 

these aspects being not yet systematically studied with respect to other microalgae candidates. 

Herein we provide a systematic investigation of the performance of diatom-based BPV cells with 

three-electrode configuration, where an ITO working electrode is coated with a series of diatom 

species, namely Phaeodactylum tricornutum, Thalassiosira weissflogii, Fistulifera pelliculosa and 

Cylindrotheca closterium. The effects of the electrode coating procedure, deposited cells density, 

electrochemical mediator concentration, light intensity, and electrochemical potential on the 

biophotoanode performance have been evaluated to set the best experimental working conditions 

of the BPV.  

To the best of our knowledge, this study provides the first evidence that the biophotoanodes 

prepared with the model diatom Thalassiosira weissflogii keep their photoactivity in BPV cells, 

resisting to a series of desiccation/rewetting cycles and repeated photocurrent extraction much 

better than biophotoanodes from the model green Dunaliella tertiolecta microalga. 

EXPERIMENTAL SECTION 

Materials and Reagents 

All chemicals were used as received without further purification. Ultrapure grade acetone, ethanol, 

ferricyanide, K2HPO4, KH2PO4, K3[Fe(CN)6] (K-ferricyanide),  K4[Fe(CN)6] (K-ferrocyanide), 

N,N-Dimethylformamide (DMF), F/2 Guillard concentrate 50x, HellmanexTM III solution and 

fluorescein diacetate (FDA), were purchased from Sigma Aldrich (Germany). All aqueous 
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solutions were prepared using deionized water obtained by Milli-Q Gradient A-10 system 

(Millipore, 18.2 MΩ cm, organic carbon content ≤ 4 µg L−1). Indium tin oxide (ITO) glass slides 

of 1.8 × 0.8 cm2 area, 0.7 mm thickness, ~ 60 Ω sq−1 surface resistivity and a transmittance > 85% 

were used for the preparation of bioelectrodes. 

Microalgae Growth 

Phaeodactylum tricornutum (CCAP strain 1055/1, Pt), Thalassiosira weissflogii (CCAP strain 

1085/18, Tw, also known as Conticribra weissflogii), Fistulifera pelliculosa (CCAP strain 1050/9, 

Fp, formerly known as Navicula pelliculosa), Cylindrotheca closterium (Nantes Cultures 

Collection, Cc), and Dunaliella tertiolecta (CCAP strain 19/24, Dt) were grown inside a vertical 

incubator with controlled temperature and relative humidity (18 ± 2 ºC, 65%) under a 

photosynthetically active radiation (PAR) of 20–40 μmol·m-2·s-1 measured by a MSC15 Spectral 

Light Meter (Gigahertz Optik, Germany), and provided by two white fluorescent tubes (6500K, 

30W) on a 16/8 h light/dark cycle. Cultures were grown in F/2 Guillard prepared with sterile 

natural seawater (28 practical salinity unit), buffered with 1 mM NaHCO3 at pH 7.8, in polystyrene  

flasks (250 mL) without stirring. Half of the culture volume was substituted with fresh medium 

every 2 weeks, and splitting was performed once a month. Cells used for bioelectrochemical 

measurements were taken between the late exponential and early stationary growth phases. 

Preparation of biophotoanodes 

ITO-coated glass slides were used to prepare the microalgae-based bioanodes. Cell density was 

determined by using a Bürker cell counting chamber. Cells were recovered at 360 × g for 12 min 

at room temperature (RT). For the preparation of each bioanode, the microalgae pellet was 

suspended in 20 μL of 90 mM phosphate buffer pH 7.8 (PB), spotted onto ITO slide covering an 
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area of 0.8 cm2 (0.8 × 1.0 cm2) prior to air dry (Figure 1a). This methodology allows to obtain 

artificial films of diatoms onto an ITO slide containing a known number of cells (106 cells per 

slide, unless stated otherwise). ITO slides were reused after a thorough washing routine (sonication 

in 5% HellmanexTM III solution, followed by sonication in deionized water, rinsing with acetone, 

and finally dried under a fume hood). A Cary 5000 UV-Vis-NIR spectrophotometer (Agilent 

Technologies Inc. – USA) was used to record the absorbance spectra of the dry biophotoanodes, 

for the calculation of the Internal Quantum Efficiency (IQE). 

Electrochemical setup 

All electrochemical measurements were performed using an Autolab potentiostat PGSTAT 10, 

using a 1 mL polystyrene open photoelectrochemical cell (1.0 × 1.0 × 1.0 cm3) with a three-

electrode configuration, using PB as the electrolyte (Figure 1b). The transparent ITO slide coated 

with the microalgal film was used as the working electrode (WE), performing the anodic reaction, 

with a submerged area of 0.8 cm2. A platinum wire with an 0.314 cm2 estimated submerged area 

(r = 0.05 cm; h = 1.00 cm) and Ag|AgCl (KCl 3 M) were used as the counter (CE) and reference 

(RE) electrodes respectively. Potassium ferricyanide was used as soluble electrochemical mediator 

at 0.5 mM concentration (unless stated differently). To ensure a sufficient overpotential to drive 

the oxidation reaction of the redox mediator, chronoamperometric measurements (CA) were 

performed at a potential 0.23 V higher than the half wave potential (E1/2) of the ferro/ferricyanide 

couple. E1/2 is evaluated by a cyclovoltammetry (20 mV·s-1 fixed speed) immediately prior every 

CA experiment, to avoid potential undesired variations that may occur upon any change of 

bioanode (Figure 1c). The system was illuminated by a white LED bulb (3000 K, from 425 to 725 

nm, with maximum emission peaks at 455 and 600 nm), with a light intensity of 54 mW·cm-2 at a 

working distance of 5.5 cm (unless stated differently), measured by a MSC15 Spectral Light Meter 
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(Gigahertz Optik, Germany). The white LED was purposefully chosen because its emission 

appropriately fits with the absorption of the microalgae photosynthetic pigments (Figure S1). 

Light/dark cycles of 300 s were applied during CA measurements. The system was unstirred, at 

20 - 25 ºC and covered by a black velvet fabric to guarantee complete darkness. All CA 

experiments were performed in triplicate under the following set conditions, unless otherwise 

stated: 1 mL PB, 0.5 mM K-ferricyanide, P = E1/2 (ferro/ferricyanide) + 0.23V, 54 mW·cm-2 white 

light intensity, 4 light cycles of 300 s, 45 min total time under applied potential, RT, unstirred. 

 

Figure 1. (a) Preparation of the air-dried diatom bioanode from a fresh culture of diatoms. (b) 

Scheme of the photoelectrochemical cell representing the microalgae-coated ITO WE, the 
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chloroplast (CP) inside the microalgae, the membrane ferrireductase (FR), the ferro/ferricyanide 

couple in PB solution, and the platinum wire CE. The reference electrode has not been depicted 

for simplicity, and the different phases are not in scale. (c) Cyclovoltammetry performed at 20 

mV·s-1 scan rate with ITO electrode coated with 106 cells and immersed in a solution containing 

0.5 mM K-ferricyanide; the red arrow shows the overpotential of +0.23 V with respect to E1/2 of 

the ferro/ferricyanide couple applied in the CA experiments. 

Cell viability studies 

Morphology and viability of the cells in liquid cultures, as well as of the cells coating the 

bioanodes, were checked by means of epifluorescence microscopy with an Axiomat Zeiss 

microscope (Oberkochen, Germany) using a TRITC filter set, through evaluation of chlorophyll 

fluorescence of chloroplasts (λex= 568 nm, λem > 600 nm). To further evaluate the viability of 

microalgae before and after the CA measurements, the fluorescein diacetate (FDA) assay was used. 

FDA is a non-polar, non-fluorescent molecule that can passively diffuse through cellular 

membranes and accumulate inside cells. Only when in contact with living cells, it can be 

hydrolyzed by esterases to a green fluorescent derivative exclusively staining the living cells.32 

Cells were centrifuged at 360 × g for 12 min at RT and the cell pellet was suspended in 1 mL  PBS 

and a FDA acetone solution (12 μL, 5 mM) was added. The mixture was dark incubated for 1.5 h 

and transferred to a flat-bottom 96-well transparent plate. Fluorescence intensity at 511 nm was 

recorded (λex = 488 nm) by a Spark® Multimode Microplate Reader (Tecan, Switzerland) and it 

was used to evaluate and compare the viability of each sample (normalized to 106 cells) after 

subtracting the background signal from the sole buffer and normalizing the highest sample to 

100%.33 
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Total chlorophyll quantification 

For total chlorophyll quantification, fresh samples from each species were used. Cells were stirred 

in DMF (2 mL DMF/106 cells) at 4 ºC in the dark, for 24 h. Cells were then centrifuged for 12 min 

at 4000 × g. Absorption spectra of the supernatant was recorded in the 250-900 nm range using a 

Cary 5000 UV-Vis-NIR spectrophotometer (Agilent Technologies Inc. – USA). The total 

chlorophyll content was calculated as it follows: total chlorophyll (mg·L-1) = 7.74 × A664 + 23.39·× 

A630.
10 

Statistical analysis 

Statistical tests were performed using GraphPad Prism (v.6.0.1). Paired two-tailed Student t test 

was used for pairwise comparisons, while two-way ANOVA followed by Sidak multiple 

comparisons test were performed for multiple comparisons. Statistical significance was assessed 

by using p < 0.05. P values lower than 0.01 and 0.001 are marked with two and three asterisks, 

respectively. 

RESULTS AND DISCUSSION 

The BPV cell setup was assembled in accordance with a well-known configuration, selecting 

robust and standard materials that are commonly used in literature for photoelectrochemical 

systems. Likewise, for the setup optimization, Phaeodactylum tricornutum (Pt) was selected as the 

model diatom species to be deposited on the bioanode due to its well-known adaptability and 

resilience under harsh conditions.15 Indeed, Pt shows several properties desirable for BPV 

applications, such as the ability to form adhesive biofilms that can colonize the surface of an 

electrode, as well as the capacity to thrive even under low-nutrient conditions, ensuring long-
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lasting cultures.34 Setup parameters optimized using the Pt-coated bioanodes were then applied to 

all experiments carried out with different microalgal species. 

Implementation of the photoelectrochemical setup and bioanode fabrication 

The photoelectrochemical system was designed to enable the photocurrent extraction from living 

microalgae with fair efficiency and reproducibility. ITO-covered glass was chosen as the anode 

due to its good interaction and compatibility with diatom microalgae.35 Cyclovoltammetry of the 

ferro/ferricyanide couple was carried out to select the appropriate potential to be applied to the WE 

in the presence of living microalgae. Since the photosynthetic activity of microalgae is expected 

to reduce ferricyanide, the applied external potential must be selected to re-oxidize ferrocyanide 

and regenerate the mediator at the surface of the anode (ITO). For this reason, potential for CA 

was set at +0.23 V vs E1/2 of the mediator redox couple. 

Adsorption of photosynthetic microorganisms onto the WE surface is a profitable strategy to favor 

the interaction between electrode, mediators, and living cells involved in the anodic reaction.32,36 

Indeed, this strategy allows to confine the processes leading to photocurrent next to the bioanode. 

For this aim, the model Pt diatom cells were concentrated into a small volume, drop-casted onto 

the ITO surface and air-dried at RT. The resulting bioanode coated with 106 cells yielded 

photocurrents with good signal to noise ratio, and good repeatability after the first cycle (~100 

nA/cm2 at the fourth illumination cycle) (Figure 2a, black trace). Conversely, the use of Pt cells 

in suspension produced much lower photocurrents with worse signal to noise ratio (Figure 2a, red 

trace). Time stability of the microalgal film was confirmed by observing that less than 1 % Pt cells 

detach from the bioanode after one CA measurement lasting 45 min (Figure S2). 
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The partial dehydration process used for the bioanode preparation is expected to stress cells. Bright 

field and fluorescence microscopy images of the bioanode were acquired to evaluate cell viability 

before and after CA measurements. The strong red fluorescence, upon green light excitation of 

chlorophylls, confirmed chloroplast integrity (Figure 2b),37 indicating that Pt diatoms are still 

intact after being subjected to an overall 45 min experiment of photocurrent extraction in the 

presence of ferricyanide mediator, including four photoexcitation cycles (5 min light / 5 min dark 

each). This outcome further confirms the ability of Pt diatoms to interact with ferricyanide as 

previously reported in literature.10 This result is also supported by the FDA viability test, which 

shows no significant differences in viability of Pt cells before and after the CA measurement 

(Figure 2c). 

 

Figure 2. (a) Photocurrent signals from 106 Pt cells in suspension (red), and 106 Pt cells coated 

ITO bioanode (black). (b) Images of a Pt coated ITO bioanode, from left to right: macroscopic 
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view, bright field microscopy image at 20x, fluorescence microscopy images (λex = 568 nm, λem > 

600 nm) at 20x, at 100x before CA, at 100x after CA.  (c) Mean fluorescein emission (λex = 488 

nm, λem = 511 nm) in the FDA viability assay of Pt cells performed before and after CA. 

Photocurrent dependence on living cell photosynthetic activity and setup optimization 

To demonstrate the key roles of the viable photosynthetic cells deposited onto ITO and of the 

ferricyanide mediator, a series of control experiments were performed. Upon using a bare ITO 

electrode instead of the Pt coated analogue, no photocurrent was observed (Figure 3a, blue line), 

thus excluding any contribution from the sole mediator. The same result was obtained when the 

bioanode was prepared using Pt cells thermally inactivated at 120 °C (Figure 3a, black line). 

Moreover, in the absence of ferricyanide mediator, only a small photocurrent signal was observed 

(Figure 3a, green line, inset). This indicates that the soluble mediator is the main species 

responsible for the extracellular electron transfer between diatoms and the electrode under the 

conditions studied. However, the presence of a non-negligible photoresponse from the bioanode 

without the external mediator, despite being of low intensity, suggests the presence of redox active 

metabolites suitable as endogenous mediators enabling electron transfer from cells to the electrode 

(Figure 3a, inset). Redox active biological molecules that facilitate electron transfer have been 

already described for photosynthetic microorganisms, like endogenous quinones or NADPH.24 A 

direct electron transfer from diatom cells to ITO seems unlikely since no natural conductive 

structures have been previously described for diatoms. However, the presence of endogenous 

mediators cannot be completely ruled out, since the biosilica is enfolded in a complex network of 

biomolecules, including polyphenols and NADPH, that could potentially possess some electron 

transfer capabilities.22,38 Moreover, electron transfer can occur via extracellular material secreted 

by biofilm-forming photosynthetic microorganisms like cyanobacteria,36 a property that could be 
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shared by a benthonic diatom such as Pt. Even though the bioanode used constitutes an artificial 

film and is not a natural biofilm, extracellular material is likely entrapped in the Pt pellet that 

serves as starting material for the bioanode fabrication. Therefore, despite being of low intensity, 

the photocurrent signal reported in the inset of Figure 3a is interesting, since it suggests the 

possibility to avoid the use of an external mediator if biotechnological methods are employed to 

boost production of endogenous mediators by cells. 

The photocurrent output of BPV cells depends on both intensity and emission spectrum profile of 

the light source.27 In our experiment a white LED (emission spectrum in Figure S1) was chosen 

since its emission  fits with the absorption of the microalgae photosynthetic pigments. By tuning 

the distance between the BPV cell and the LED, three different irradiance values (10, 30 and 54 

mW/cm2) were set according to the values commonly used for BPVs characterization.39 The 

photocurrent output upon illumination at different light intensity is shown in Figure 3b. A rough 

linear trend can be observed and no plateau was reached, this showing that light intensity is still 

sub-saturating at the highest irradiance used. This result demonstrates that photocurrent generation 

by Pt diatoms can be enhanced by increasing light intensity, without perturbing the living cells.  

The fabrication of an artificial film of diatoms enables to study the effect of cell density of the 

deposited Pt cells on the photocurrent output. When increasing cell density on the WE surface a 

significant increase of photocurrent can be observed (Figure 3c). However, doubling the cell 

density does not lead to a doubled value of photocurrent; this suggests that cells closer to the 

surface of the electrode may transfer electrons more efficiently via the soluble mediator than cells 

located in more external layers of the film. 
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Figure 3d shows the photocurrent trend versus the concentration of the ferricyanide mediator. A 

roughly linear trend is observed up to 250 μM concentration, after which a plateau is reached. The 

ferricyanide concentration of 250 μM is sensibly lower than that (1 mM) reported in literature for 

a similar setup based on the same microalgal species in suspension.10 This is a relevant advantage 

since exogenous mediators such as ferricyanide compromise cells viability if used at high 

concentration.40 

 

Figure 3. (a) Photocurrent measurements carried out: under the standard conditions reported in 

the experimental (red line); using bare ITO as WE (blue line); in the absence of ferricyanide 

mediator (green line); using Pt cells after an autoclave cycle (121 ºC, 15 psi, 20 min). Inset: detail 

of photocurrent signal from Pt in the absence of ferricyanide. Photocurrent values on the third 
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cycle of illumination at increasing (b) light intensity (10, 30 and 54 mW·cm-2), (c) cell density of 

Pt cells onto ITO surface, and (d) concentration of ferricyanide mediator. 

Photocurrent generation efficiency of different diatom species 

After setting the conditions to obtain bioanodes coated with the model Pt cells and to use them as 

WEs in BPV cells, a comparative study was carried out to evaluate photocurrent generation 

efficiencies of different diatom species that share common features suitable for their processability 

onto bioanodes but differ in lifestyle (benthonic, planktonic, or mixed), size, pigment content and 

frustule shape. Photocurrent output is expected to depend to some extent on specific cell features. 

For this aim, three further diatom species were selected as counterparts to the model Pt: the 

benthonic pinnates (i) Fistulifera pelliculosa (Fp) and (ii) Cylindrotheca closterium (Cc), the 

planktonic, centric (iii) Thalassiosira weissflogii (Tw) with sizes smaller, slightly larger, and much 

larger than Pt, respectively. Pinnate Fp and Cc were investigated versus pinnate Pt to evaluate 

possible effects of different sizes, number of chloroplasts per cell and chlorophyll overall content, 

on photocurrent. Moreover, the centric Tw was studied to compare its photoelectrochemical 

response with that of pinnate species. Tw is much larger than the other selected diatoms, showing 

a higher chlorophyll content due to its higher number of chloroplasts (~8-12 for Tw cell vs 1 for 

Fp or Pt and 2 for Cc). 

Bright field and fluorescence images (λex = 488 nm, λem = 511 nm) were acquired to observe both 

single diatom cells (Figure 4a) and their films onto electrodes (Figure S3), to evaluate their 

morphological features and viability. Individual cells and the typical red fluorescence of 

chlorophyll were observed in all cases. 



 18 

Figure 4b and 4c show the photocurrent density output recorded at the 3rd illumination cycle for 

the four different diatoms species, and the total chlorophyll amount (expressed as µg per 106 cells), 

respectively. Increasing the size of pinnate species (Fp < Pt < Cc), a clear increase of photocurrent 

density (Figure 4b) and the total chlorophyll amount (Figure 4c) can be observed, and a linear 

trend of the photocurrent density versus the total chlorophyll amount is evidenced in Figure 4d 

(dotted line). Conversely, Tw bears an expected higher content of chlorophyll, and yet a 

photocurrent density comparable to that of Cc. Such effect may be related to a larger surface to 

volume ratio in the case of Tw, in which chloroplasts can be located far from the external cell 

membrane, limiting their contribution to the photocurrent generation. Such differences may also 

arise from other key parameters like the species-specific content of enzymes and cofactors 

involved in intracellular electron transport or in the interaction with the mediator. Hence, the 

intracellular location, chlorophyll content and number of chloroplasts may play a relevant role on 

the ability of diatoms to generate photocurrent, with pinnate diatoms bearing more dense regions 

of chloroplasts next to the external membrane performing similarly to larger centric diatoms. 
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Figure 4. (a) Bright field images of the studied diatom species at 100x on top, and chloroplast 

fluorescence images at the bottom. The number of chloroplasts per cell is visible for every single 

cell (except for Fp, which appears as a chain-like colony of single cells). Scale bar corresponds to 

20 μm. (b) Average photocurrent density at the third light cycle from the different species studied, 

normalized to the number of cells onto the bioanode. (c) Total chlorophyll content of each species. 

Tables report the pairwise tests showing the statistical differences in the chlorophyll content and 

photocurrent output for the investigated species. (d) Photocurrent values of different species of 

diatoms on the third cycle of illumination and under the set conditions, plotted versus the average 

total chlorophyll content of each species, normalized to 106 cells. A linear tendency is appreciated 

between the biofilm-forming species Fp, Pt, and Cc. 

The integrity of the films obtained from different species was evaluated by counting the number 

of cells detached from the film into the solution after a 45 min CA measurement. The average 

number of detached cells was lower than 2.5% for all species with the exception of Fp (lower than 

5.0%, Figure S2), this meaning that detachment does not significantly affect the differences in 

maximum photocurrent output between species. Therefore, Tw and Cc large species significantly 

overperform the photocurrent generation of both smaller size Pt and Fp. 

Tw displays a higher resistance to repeated photocurrent extraction than a model green 

Microalga 

Photocurrent generation efficiency of a diatom species was also compared to that of the model 

green microalgal species Dunaliella tertiolecta (Dt) already reported in the literature to produce 

biophotoanodes in BPVs.41,42 Dt was also selected as a marine microalga with well-known 

endurance to drying and  halotolerance.43 Tw has several similarities with Dt in terms of cell size 
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(Figure S4a), and marine planktonic behavior. Upon the same conditions used for diatoms (see 

Materials and Methods), a photocurrent density of 0.22 ± 0.04 μA cm-2 was detected for Dt coated 

biophotoanodes in BPVs (Figure S4, left), this being slightly lower than the values recorded for 

Cc and Tw and higher than Pt and Fp counterparts (Figure 4b). Moreover, Dt showed an overall 

chlorophyll content of ~ 3 μg ·10-6 cells-1
 (Figure S4b, right), being higher than Pt, Fp and Cc 

content and lower than the value recorded for Tw (Figure 4c). 

Two different comparative investigations were carried out for Tw and Dt coated biophotoanodes. 

In the first experiment, three sets of bioanodes were fabricated for both Tw and Dt cells (9 

electrodes per each species, to ensure the analysis in triplicate). Each set was stored in dry state at 

room temperature and indoor ambient light. Photocurrent output of the first set was evaluated 

immediately after its fabrication, while the second and the third sets of dried electrodes were tested 

three and nine days after their fabrication, respectively, to evaluate how long-term storage of 

microalgae kept under dryness can influence their photocurrent generation efficiency over time. 

Figure 5a shows that photocurrent values of both species remained almost unchanged in the period 

of time studied, with the differences in their output being not statistically significant. Therefore, 

this first experiment did not evidence a significant difference in performance of Tw diatom versus 

Dt green microalga. 

As further comparative investigation, a second experiment was carried out measuring photocurrent 

densities from two sets (3 electrodes per set for triplicate analysis) of Tw and Dt coated 

biophotoanodes subjected to a drying/wetting cycle between every CA consecutive measurement. 

In this case, each electrode was used for CA measurements over 15 days. CA was carried out 

immediately after the dryness step needed for the electrode preparation (time = 0). Then, the 



 21 

electrode was dried and stored at room temperature for three days, after which the electrode was 

rewetted by immersion into the BPV cell for the second CA. Re-drying and dry-storage was 

repeated twice for further six days, thus performing further CAs at the 9th and 15th days from the 

electrode fabrication, to evaluate the photocurrent output and resistance of cells versus prolonged 

storage time and re-use in a BPV device. 

On day 0, the average Tw and Dt photocurrents were similar to those recorded in the first 

experiment. On day 3, photocurrent recorded for Tw remained unchanged (98 ± 5%), while Dt 

photocurrent significantly decreased to 60 ± 3% versus the value at time 0 (Figure 5b). After 9 to 

15 days, Tw photocurrent gradually decreased to 66 ± 7% and 30 ± 3%, respectively. Conversely, 

Dt photocurrent dropped to an undetectable value already at the 9th day. This comparative result 

with respect to a well-known green microalgal species Dunaliella tertiolecta, strengthens the 

evidence that diatoms microalgae, such as Thalassiosira weissflogii, are very promising candidates 

for biophotovoltaic applications.28  

Higher resistance to drying/wetting cycles of diatoms versus green microalgae might be related to 

diatoms peculiar mesoporous biosilica shells that protect their organic protoplasm from external 

noxious factors and stress, such as exogenous viruses or aggressive chemicals, persistent or intense 

UV-blue light irradiation, and limited water availability. Further aspects that might differently 

affect the photocurrent response of the two microalgal species over time are the application of 

external potential and the presence of an exogenous soluble mediator in the BPV cell. However, 

these hypotheses require further investigation to shed light on the effective factors responsible for 

the higher resistance to dryness of Tw diatoms versus the green Dt cells. 



 22 

 

Figure 5. Photocurrent values on the third cycle of illumination under the set conditions, for (a) 

Tw and Dt biophotoanodes after a different number of storage days in dry state. (b) Tw diatoms 

and green Dt based biophotoanodes, re-used for photocurrent extraction four times over a period 

of 15 days. 

Internal Quantum Efficiency of BPVs 

The Internal Quantum Efficiency (IQE), defined as the ratio between the number of electrons 

pumped into the circuit and the number of photons transferred to the anode,44 is a common figure 

of merit for BPVs. For IQE calculation (Equations S1-S5), a monochromatic lighting source was 

required to evaluate the number of photons radiating cells.41 For this aim, a red LED emitting at 

660 nm with full width at half maximum of 40 nm was used (Figure S1). IQE values of 0.072 ± 

0.015 % and 0.026 ± 0.007 % were obtained under the standard conditions for Tw and Dt, 

respectively. This result is another proof that Tw overperforms Dt in a BPV. Moreover, the IQE 

for Tw is similar to that reported in the literature for optimized BPV devices based on 

cyanobacteria,41 and considering that our BPV setup was selected to be as simple as possible, such 

a similarity highlights the effective suitability of diatoms as candidates of election for the 

fabrication of efficient BPVs. 
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CONCLUSION 

In summary, diatoms are valuable candidates for the fabrication of biophotoanodes in BPVs, with 

photocurrent generation efficiencies depending on the microalgal species used to coat the 

electrode, as well as on the intensity of lighting source and on the cell density at the bioanode 

surface. A linear trend of photocurrent is observed increasing light intensity, this showing that the 

highest irradiance used (54 mW·cm2) is still sub-saturating and does not alter living cells. A linear 

increase of photocurrent is also observed when increasing cell density on the WE surface, with 

photocurrent values likely being more dependent on number of cells in close contact with the 

electrode. A further advantage observed for biophotoanodes based on diatoms is that BPVs require 

lower amount of mediator with respect to already reported bioanodes working with different 

photosynthetic microorganisms such as bacteria.40 

Our study also evidences that the photocurrent output of BPVs based on different diatom species 

varies depending on the total chlorophyll content per cell, with the best results recorded for 

Thalassiosira weissflogii and Cylindrotheca closterium with respect to Phaeodactilum 

tricornutum and Fistulifera pelliculosa species. 

Moreover, for the first time we have demonstrated a valuable resistance to dryness of 

biophotoanodes made with Thalassiosira weissflogii diatoms versus Dunaliella tertiolecta green 

microalgae, this paving the way for the fabrication of highly robust diatom-based biophotovoltaic 

devices whose electrodes can be stored for long time under water starvation without altering their 

efficiency after wetting. This finding is of critical relevance, since desiccation resistance and 

prolonged use are valued properties of stable living biophotoanodes, for applications ranging from 

photocurrent production to biosensing.  
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Future work will be focused on the optimization of the simple BPV configuration studied herein. 

Possible strategies to optimize device performances include the use of highly nanoporous 

electrodes to increase their available electroactive surface, the incorporation of diatoms in redox 

polymers, the selection of the best redox mediators, or even the development of methods avoiding 

mediators, as well as the use of cell culture medium as the electrolyte to promote diatoms growth 

directly inside BPVs. 
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SYNOPSIS. Biohybrid photoanodes based on living diatom microalgae onto indium thin oxide 

show high resistance to dryness and long durability over time. 

 


