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Electricity Generation Using a Microbial 3D Bio-anode Embedded 
Bio-photovoltaic Cell in a Microfluidic Chamber 
Zülal Muganlı a,b, ‡, İsmail Bütün a,b ‡, Ghazaleh Gharib a,b,c, d, *, Ali Koşar a,b,c,e,*

New-generation sustainable energy systems serve as major tools to mitigate the greenhouse gas emissions and effects of 
climate change. Biophotovoltaics (BPVs) presents an eco-friendly approach by employing solar energy to ensure self-
sustainable bioelectricity. In contrast to other microbial fuel cells (MFCs), carbon feedstock is not essential for generating 
electricity with BPVs. However, the low power outputs (µWcm-2) obtained from the current systems limit their practical 
applications. In this study, a new generation Polydimethylsiloxane (PDMS) based BPV cell unit was developed by a 3D 
hydrogel scaffold-based bio-anode to enable microbial biofilm formation for substantial electron capturing and extracellular 
electron transfer. Moreover, the fabricated device was supported by an air-cathode electrode to elevate the gas exchange, 
thereby enabling optimum photosynthesis.  Synechocystis sp. PCC 6803 seeded the 3D bio-anode embedded BPV cell, whose 
analysis of electrical characteristics was made under the illumination of white light as day/night cycles with continuous 
feeding by the microchannel. For the first five days, the results indicated that the maximum power densities were 0.0534 
W.m-2 for dark hours and 0.03911 W.m-2 for light hours without causing any effect on the cellular morphology of the 
cyanobacteria.  As a result, the developed hydrogel scaffold-based bio-anode embedded BPV cell led to higher power 
densities via enabling a simple, self-sustainable, biocompatible, and eco-friendly energy harvesting platform with a possible 
capability in the applications of power lab-on-a-chip (LOC), point-of-care (POC), and small-scale portable electronic devices.

1. Introduction
The quick escalation in global energy consumption relying on 
fossil fuels leads to the emission of greenhouse gases (GHGs), 
which triggers climate change 1. The development of clean and 
renewable energy production systems substituting fossil fuel-
based energy systems is crucial for overcoming the global issue 
of CO2 emissions and energy source deficiency 2. Nowadays, 
microorganisms including bacteria, fungi, and algae have a key 
role in sustainable bioelectricity and biofuel generation 3. 
Biodiesel, bioethanol, bio-butanol, and bio-hydrogen could be 
produced as biofuel whereas microbial fuel cells (MFCs) and 
Bio-photovoltaics (BPVs) could be involved in bioelectricity 
generation towards green energy via biomass and metabolism 
of microorganisms 4-7. The type of microorganism is critical to 
obtain higher power densities in MFCs 8. Furthermore, the 
diversity of microorganism sources such as wastewater, 
freshwater, and soil make MFCs advantageous in the generation 
of efficient bioenergy while having great potential in the 
regulation of waste management. 

BPVs, also known as bio-solar cells or biological photovoltaics, 

were invented to generate bioenergy 9. They offer an 
environmentally friendly approach for harnessing solar energy 
to convert it into electricity. Cyanobacteria, which are the best 
choice for the BPVs’ main energy generator, are commonly 
considered the preferred source in this approach due to their 
possession of chlorophyll, which allows them to harvest solar 
energy for efficient electricity generation 10-12. The mechanism 
regarding BPVs involves splitting the water molecule by utilizing 
the incoming light which produces electrons and protons and is 
eventually collected with a bio-electrochemical system 13.  The 
operation of BPVs does not require any carbon feedstock. Only 
water and light are essential for generating electricity in 
contrast to microbial fuel cells (MFCs) 14, 15. However, the anodic 
layer of bio-solar cells is a crucial parameter in capturing 
photons and affects the electricity generation capacity 
according to the type of material used as an anode layer 16. The 
low power outputs (µWcm-2), a critical limitation of BPVs, 
suggest the implementation and combination of novel 
technologies 17. Numerous studies have been performed to 
modify the electrode layer of BPVs and to boost the 
electrochemical interaction between electrons and living cells 
12, 18-21.

Microfluidics involves fluid manipulation in small diameter 
channels 22 and paves the way for applications such as drug 
screening 23, 24, environmental monitoring 25, and biomedical 
applications 26, 27. Furthermore, microfluidics has been also 
employed in microalgae studies regarding cultivation and 
biofuel production 27-29. In microalgae cultivation, microfluidics 
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offers time-efficient and cost-effective techniques with efficient 
cell/reagent controlling abilities and precise and high-
throughput assays in an automated platform compared to the 
conventionally used bulky, labor-intensive cell culturing 
techniques 30. Besides, microfluidic systems could overcome 
low power output and sustainability problems while the 
miniaturization of BPVs could result in a reduction in the 
internal resistance and in advancing mass transport 10 and could 
cause a significant enhancement in harvested energy. In 
comparison to larger-scale ones, small-unit bio-solar cells have 
the potential to have greater power density, and the efficiency 
of the obtained power can be increased by combining small-
scale units 16. Culture conditions such as nutrient supply, light 
diffusion, pH, and fluidic conditions could be easily monitored 
and mediated by microfluidic platforms to achieve optimum 
microalgal cell growth 31, 32.  

Cyanobacteria are unique prokaryotes that are able to capture 
sunlight as a source of energy to metabolize water as an 
electron donor and air as a carbon resource 33. Their significant 
role in biofuel production of harnessing light energy and 
converting CO2 into various products stems from their ability to 
utilize photosynthesis for energy generation 34. For a long while, 
they have been preferred in wastewater treatment due to their 
advantageous features, including the absence of the need for 
organic carbon sources, the ability to reduce sludge formation, 
the improvement in reducing CO2 emissions associated with 
wastewater treatment facilities, and cost-effectiveness 35. In 
current studies, cyanobacteria have been exploited to produce 
proteins, carotenoids, lipids, biofuel, and bioelectricity 36-40. 
However, culturing conditions of cyanobacteria are critical for 
their growth and consequently, biomass production, which will 
be utilized for biofuel generation and production of electricity. 
Important parameters such as pH, nutrients ability and 
temperature affecting the growth should be perfectly arranged 
to obtain a healthy growth of cyanobacteria and efficient 
biomass production and CO2 capturing 41.

Several cultivation strategies have been developed to improve 
the growth of cyanobacteria for distinctive purposes such as the 
generation of protein-based techno-functional food ingredients 
42, biofertilization of plants 43, and development of 
photobioreactor cultivation strategies 44. Traditional BPV 
systems are utilized in a liquid environment of photosynthetic 
bacteria or algae which limits the interaction between the 
anode and microorganisms while handling a large volume and 
high mass of the culture 21. The essential issue in the design of 
BPVs lies in the preparation of a solid anode compartment using 
a biocompatible and conductive material, eligible for the 
growth of microorganisms during electron transfer. In this 
regard, the hydrogel structure, which allows for the 
transmission of electrons and protons through the cathode 
compartment, is a common biomaterial promoting the rapid 
growth of the cyanobacterial culture.

Hydrogels are polymeric chains having three-dimensional (3D) 
structures that absorb and store a large amount of water with 

their hydrophilic functional groups 45. Various natural, 
synthetic, and hybrid materials can be utilized to produce 
hydrogels including, hyaluronic acid and cellulose as natural 
hydrogel, polyethylene glycol (PEG) and polyethylene oxide 
(PEO) as synthetic hydrogel, collagen acrylate and alginate-
acrylate as hybrid hydrogels 46. Alfaro-Sayes et al. indicated that 
sodium-alginate hydrogel immobilization provided the growth 
of cyanobacteria 47.  However, the application of alginate is 
limited due to its low mechanical strength 48. Cellulose can be 
derived from various sources, such as bacteria, algae, plant cell 
walls, and tunicates 49. It can appear in different forms, 
including nanofibrils or microfibrils, fibers, and nanocrystals or 
microcrystals, each differing in shape, size, and physical 
characteristics 49. Cellulose Nanofiber (CNF), a particular 
structure of cellulose, stands out due to its promising properties 
such as exceptional mechanical strength, large surface area, and 
excellent oxygen barrier capabilities. Due to their transparent, 
biodegradable, renewable, biocompatible, and stable 
conductivity, cellulose-based hydrogels have attracted 
significant attention. The ionic conductivity of cellulose-based 
hydrogels and its utilization as a scaffold material opens a new 
avenue for applications in energy and sensing 50. Furthermore, 
several studies reported that cellulose could be employed as a 
fuel to be degraded by microorganisms for current production 
in MFC applications 51-53. 

Figure 1. Schematic of 3D hydrogel-based bio-anode embedded BPV cell unit for 
energy harvesting. (a) Schematic of 3D hydrogel-based bio-anode embedded BPV 
cell unit (b) Components of the 3D hydrogel-based bio-anode structure.

In the present study, we developed a new generation 
Polydimethylsiloxane (PDMS) based microfluidic chamber 
integrated with a BPV cell which is a pioneering attempt to 
establish a 3D biofilm formation by hydrogel scaffold-based 
BPV. It was aimed to achieve four essential objectives to reach 
higher power outputs for long-term energy generation: 1) 
presenting a simple preparation of 3D solid bio-anode structure 
2) developing a biocompatible 3D hydrogel-based scaffold that 
enables photosynthesis of the cyanobacteria, 3) having a 3D 
cyanobacterial biofilm formation to reach an infinite source of 
energy, 4) ensuring microfluidic feeding of the cyanobacteria for 
self-sustainable BPV cell. In one of the previous studies, the 
maximum power density was recorded as 43.8 μW.cm−2, which 
was not sufficient to power electronic devices 18. For this 
purpose, a circular-shaped BPV cell mechanism was developed 
thanks to the fabrication of a 3D hydrogel-based solid bio-anode 
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compartment and air cathode inside a microfluidic system. They 
offer supportive microenvironment, encompassing mechanical 
reinforcement, as well as physical and biochemical cues 
essential for facilitating optimal cellular proliferation and 
functionality 54. Besides, 3D microenvironments have a critical 
role in biofilm formation which cyanobacteria tend to have  in 
nature 55. The 3D scaffolds present an ambient that promotes 
the dynamic growth of biofilms in both horizontal and vertical 
directions as in naturally occurring biofilms 56. Therefore, a 3D 
environment is required to mimic the natural biofilm formation 
of the Synechocystis sp. PCC 6803 via promoting their 
proliferation. The CNF and alginate were utilized as the main 
scaffold materials to support the 3D biofilm formation of 
cyanobacteria Synechocystis sp. PCC 6803. The 3D biofilm 
formation offers an infinite source of power generation since 
the CNF hydrogel is transparent, which is crucial in transmitting 
light through cyanobacteria for activating the photosynthesis 
process, and is hydrophilic as well, which is vital for transmitting 
water in cultivation. 

Therefore, CNF/alginate including scaffolds could provide the 
required environment to initiate the photosynthesis of 
cyanobacteria. CNF not only procures photosynthesis, but its 
conductive nature also provides the transfer of produced 
electrons and protons through the cathode compartment by 
increasing the mechanical strength of alginate hydrogel. 
Furthermore, increasing the air exchange between the BPV cell 
and the environment is essential to have the optimum 
conditions for photosynthesis. The utilized air-cathode in the 
current study is composed of a mixture of carbon black (CB), 
activated carbon (AC), and polyvinylidene fluoride (PVDF) on 
stainless steel mesh. The mesh structure helps to improve the 
gas exchange between the environment and the BPV unit. 
Furthermore, several studies have shown that air cathode 
integration through MFCs is a great tool to elevate the power 
outputs 57. The utilization of air cathodes serves to increase the 
presence of dissolved oxygen in close proximity to the cathode 
while diminishing the cathodic resistance 58. In addition, having 
a large cathode surface area on air-cathodes is significant to 
increase the power density 59. Therefore, an air cathode, which 
consists of CB, AC, and PVDF was fabricated in this study. The 
developed electrodes were integrated into the BPV cell system. 
After assembling all the components, the evaluation of 
electrical properties was made. We focused on examining the 
electrical characteristics of a bacterial culture growing inside 
the 3D bio-anode, which was continuously fed with a flow rate 
of 40uL/min and was subjected to 16.7 W.m-2 white light for 12 
hours, followed by 12 hours of darkness. The obtained data 
revealed an open circuit voltage (OCV) value of approximately 
150mV when the effects of photocatalysis were ignored. 
Notably, there was a difference of around 240mV in the open 
circuit voltage measurements between dark and light 
environments. As a result, a simple, self-sustainable, 
biocompatible, and eco-friendly energy-harvesting 3D bio-
anode embedded BPV cell device was developed using 
CNF/alginate scaffold and had high power outputs relative to 
similar studies (Table 1). This innovative approach leads to the 

generation of bioenergy with the potential of causing a 
substantial impact on futuristic energy-generation systems, 
which could serve as a viable alternative for eco-friendly energy 
systems for Point-of-care (POC) diagnostics and portable 
electronics. POC diagnostics are critical for detecting several 
diseases rapidly and efficiently both in developed and low-
income countries. However, energizing them sufficiently in low-
income countries is a main obstacle since the electricity grid is 
not well-established, and battery usage is not cost-effective 60. 
Hence, self-sustainable power sources such as cyanobacteria-
based BPVs that can be integrable to lab-on-a-chip have a 
crucial role in POC diagnostics to operate them autonomously 
under challenging environmental conditions 18. In addition, 
these power systems can be utilized as portable electronic 
devices by connecting several 3D bio-anode scaffolds in serial 
and parallel to increase the power output to energize electronic 
devices. Thus, this innovative approach leads to the generation 
of bioenergy with the potential of causing a substantial impact 
on futuristic energy-generation systems, which could serve as a 
viable alternative for eco-friendly energy systems.

2. Materials and Methods
2.1. Materials

Chemicals used in this study were purchased from Sigma Aldrich 
(USA), Nanografi (Türkiye), Alfa Aesar (USA), and Krayden (USA). 
Synechocystis sp. PCC 6803 Strain (original isolation from 
Berkeley, California) was purchased from Phycotec, Türkiye. BG-
11 broth (100x concentrate), Hydrazine Hydrate, Nafion 117, 
Dimethylacetamide (DMAc), and Polyvinylidene fluoride (PVDF) 
powder were acquired from Sigma Aldrich. Cellulose Nanofiber 
(CNF), Graphene Oxide water dispersion (8mg/ml), and 
Conductive Carbon Powder (30nm) were obtained from 
Nanogafi.  Polydimethylsiloxane (PDMS), PDMS Curing Agent, 
and Poly (methyl methacrylate) (PMMA) were obtained from 
Krayden, while Activated Carbon (AC) powder was acquired 
from Kimyalab, Türkiye. Additionally, Indium Tin Oxide (ITO) 
electrodes, which cover the bottom and the top surfaces of the 
3D bioanode, were used to determine the internal resistance. 
They were purchased from Ossila with the following 
specifications: 100 nm thickness, resistivity of 20 Ω/□, and 
surface roughness is 1.8 nm RMS (by AFM).

2.2. Methods
2.2.1. 3D Bio-anode Fabrication

The bio-anode structure was prepared by using CNF and 
alginate to constitute a 3D environment for cyanobacteria cells 
as shown in Figure 2-a. For this purpose, 4% wt of CNF and 4% 
wt of alginate powders were mixed in a 1:1 ratio by BG-11 broth. 
The cells in the exponential phase (OD750 = 1) were collected by 
centrifugation and added to the CNF/Alginate hydrogel 
structure. The prepared hydrogel and cell mixture was poured 
into a circular shaped PDMS mold (r=1 cm, h= 0.4 cm). The 
chemical crosslinking process was initiated by 1 Molar Calcium 
Chloride (CaCl2) at room temperature for 1 hour. After cross-
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linking, the excessive amount of CaCl2 was removed, and the 
scaffold was placed in the central chamber of the BPV device.

Figure 2.  The fabrication process of (a) 3D-Bioanode composed of CNF/Alginate and 
Synechocystis sp. PCC 6803. (b) air-cathode consisting of PVDF/AC/CB. (c) PDMS 
membrane.

2.2.2. Air Cathode Fabrication

Air cathode fabrication was performed to increase the gas 
exchange between the microfluidic BPV cell and the 
environment.  The procedure was prepared in the light of the 
previous study as schematized in Figure 2-b 61.  Briefly, PVDF 
powder was dissolved in N, N- dimethylacetamide (DMAc) by 
stirring at room temperature for 8 hours until the complete 
dissolution was obtained.  Then, (10%) PVDF/AC/CB (30:3:10) 
solution was prepared according to 8.8 mg cm-2 AC loading. The 
obtained mixture was spread through the stainless-steel mesh. 
To promote the phase inversion, the obtained air cathode was 
put into deionized (DI) water at room temperature for 15 
minutes, and the cathodes were dried in a laminar hood for >6 
hours and stored in DI water.

2.2.3. PDMS Membrane Preparation

The transparent and porous nature of PDMS makes it special to 
be utilized in many biological applications. The process of PDMS 
membrane preparation is displayed in Figure 2-c. Briefly, after 
the conventional cleaning procedure of the silicon wafer using 
acetone, isopropyl alcohol, and nitrogen drying, a 600 μm oxide 
layer was formed on a 4" (500 μm thick) silicon wafer using the 
plasma-enhanced chemical vapor deposition technique 
(PECVD) to easily remove the PDMS membrane after curing. 
Then, a mixture of PDMS base elastomer and curing agent 
prepared at a ratio of 10:1 was spun at 2000 rpm for 1 minute 
to spread smoothly on the SiO2-deposited wafer surface. Then, 
the wafer was vacuumed to remove the air bubbles inside the 
structure that were spread over the surface, and it was left to 
cure for 3 hours at 70 o C inside an oven to form a thin 
membrane. The resulting membrane thickness was measured 
as 20 μm, (KLA tencor surface profiler). After the curing process, 

it was gently peeled off from the wafer surface to cover the top 
of the chamber where the scaffold was located.

2.2.4. Inoculum of Synechocystis sp. PCC 6803

Synechocystis sp. PCC 6803 was inoculated at 26°C inside a 50 
ml BG-11 medium that contained 1.5 g of NaNO3, 40mg of 
K2HPO4,75 mg of MgSO4, 36 mg of CaCl2, 1 mg of EDTA, and 6 
mg of citric acid ferric ammonium citrate per 1 L of distilled 
water. During the inoculation of species, the shaker incubator 
was arranged at 120 rpm shaking under exposure to a white 
lamp for 2 weeks to procure photosynthesis. Finally, the growth 
of species was monitored by a spectrophotometer device at an 
OD750 value of 1. 

2.2.5. 3D bio-anode embedded BPV Cell Construction

In our study, the microfluidic system houses a closed chamber. 
The bottom section includes an air cathode, while a platinum 
(Pt) electrode is placed on the upper section. The electrode, 
with its diameter immersed in the 3D bioanode, is enclosed by 
a PDMS (polydimethylsiloxane) membrane at the top of the 
chamber. The design of the cylindrical microfluidic system was 
specifically tailored according to the bioanode. If the bioanode 
was shaped as a square prism or featured sharper edges, the 
excessive distortion would have occurred at the corners during 
the curing process. Moreover, fabricating molds with sharp 
edges poses greater challenges compared to cylindrical 
structures. As a result, cylindrical geometry was chosen. The 
difference in the design of the inlet and outlet microfluidic 
channels aims to facilitate a consistent fluid flow. A wide inlet 
channel paired with a narrower outlet channel would impede 
the exit of the fluid from the chamber, disrupting the desired 
flow. Conversely, a narrower inlet channel allows the fluid to 
gradually fill the chamber and then slowly exit through the 
outlet channel positioned at the top of the cylindrical chamber. 
This configuration ensures a consistent flow, supports 
systematic measurement progress, and minimizes variations in 
the experimental results. The choice of a PDMS chamber stems 
from the ease of processing, rapid production capabilities, and 
biocompatibility of PDMS compared to other materials.

A schematic of a 3D bio-anode embedded BPV cell unit is shown 
in Figure 3. The developed BPV cell is composed of the following 
parts: two thick Poly (methyl methacrylate) (PMMA) plates, 
holding the whole structure together, 3 PDMS structures peeled 
off from the molds, a polydimethylsiloxane (PDMS) gas 
permeable membrane, a 3D bio-anode structure, a proton 
exchange membrane (PEM) made of nafion membrane and an 
air cathode. We used 3D printed models as a mold to fabricate 
the PDMS microfluidic channel, which has an inlet (300μm x 
300μm), an outlet (2mm x 2mm) channel, and a large hole (with 
a 2.1mm diameter that holds the 3D bio-anode inside). The total 
thickness of each PDMS layer is 4 mm. Biocompatible structures 
were obtained by utilizing the PDMS elastomer base and curing 
agent mixed at a ratio of 10 to 1 after vacuuming and curing at 
70 oC for 3 hours. We designed the outlet channel to be larger 
than the inlet because of flow conditions and sandwiched all 

Preparation of 4% CNF
and 4% alginate

including BG11 medium.

Centrifugation of
Synechocystis sp. PCC6803.

Mixing of the cell pellet
with CNF and alginate

including BG11 medium.

CaCl2

Crosslinking of Synechocystis
sp. PCC6803 including

CNF/alginate hydrogels by
CaCl2 in PDMS mold.

3D-Bioanode Structure consisted
of CNF/Alginate and

Synechocystis sp. PCC6803 cells.
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Preparation of
PVDF/DMAc

solution.

8 hours stirring of
PVDF/DMAc solution at
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PVDF/AC/CB solution.
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of PDMS elastomer and

PDMS curing agent.
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PDMS parts to serve as a BPV unit. The thick PMMA layers, 
which were fabricated using the computer numerical control 
(CNC-controlled) laser cutting method, are the exterior 
materials that hold all structures together with the use of 
screws. It has three essential holes: inlet, outlet, and bacterial 
inoculation chamber. After the preparation of PEM and an air 
cathode, we assembled each part, including the 3D bio-anode 
structure and platinum electrode (Supplementary Information 
Section S1), and utilized the BG-11 medium as a catholyte. 

Figure 3. Layer-by-layer design for 3D Bio-anode Embedded BPV Cell Unit.

During the experiments, the distance between the electrodes was 
set to ~2mm. The total thickness of the scaffold is 5mm, and a 
platinum electrode was inserted inside the bioanode (3 mm deep) 
(This information is now included in Manuscript section 2.2.9. 
Effective Electrode Area). At the bottom, there is a planar (coated on 
meshed stainless steel) air cathode electrode, and the total gap 
between the air cathode and the Pt electrode is around 2mm.

2.2.6. Electrical Characterization of 3D Bio-anode Embedded 
BPV Cell Unit and Illumination

Power overshoot and voltage reversal issues are common 
problems in biofuel cells that cause poor performance, and the 
calculation of maximum power density is challenging 62. Thus, it 
is required to seek approaches to calculate the internal 
resistance without facing power overshoot and voltage 
reversal. One method involves the electrode potential slope 
analysis. It provides a reliable ohmic Rint value, which includes 
solution resistance, contact resistance, and cell resistance. This 
method leads to a different value of the internal resistance. For 
this reason, we applied electrochemical impedance 
spectroscopy (EIS) in closed circuit mode and 2 electrode 
techniques using a potentiostat (PARSTAT MC, Princeton 
Applied Research, USA) with a graphical user interface 
VersaStudio 2.63.3 version. However, due to the power 
overshoot and voltage reversal in the low external resistances, 
this process was managed by connecting a high-resistance load. 
Furthermore, Hybrid Pulse Power Characterization (HPPC) 
testing is a method to determine the power densities of BPV 
cells.

Temperatures higher than 27 °C induce the demise of bacteria 
so it became imperative to employ illumination at the most 
minimal feasible intensity. To achieve this objective and 
forestall heat generation within the experimental configuration 
during the characterization process, a meticulous strategy was 
devised. Specifically, the LED lamp, serving as our source of 
white light, was positioned at a distance of 12 cm above the 
bioanode. Furthermore, a stringent protocol was implemented 
to maintain the incident light on the bioanode surface at a 
precisely controlled luminance level. Then, we started to 
measure the harvested energy from the bioanode as the open 
circuit voltage using a voltmeter.

Open circuit voltage provides information about the electrical 
properties of BPVs under light and dark situations, which 
depends on the active area of the scaffold illuminated by white 
light in this study. The open circuit voltage of BPV was measured 
by a voltmeter without connecting to an external load 
(Supplementary Information Section S2). 

Cyanobacteria can initially be cultured under white light to 
accumulate sufficient biomass and then under colored light to 
increase phycobiliprotein production 63. Since white light 
encompasses various wavelengths, its use also ensures 
adequate energy generation. The intensity and duration of light 
exposure are crucial for the photosynthetic activity and energy 
generation in BPV systems. Variations in light/dark cycles can 
significantly impact photosynthesis and nitrogen fixation rates 
in cyanobacteria, thereby influencing the overall efficiency and 
power output of the system 64. At the same time, the use of 
white light is important due to the system which we developed 
and allows the use of energy directly from the sun. If we needed 
a specific wavelength and light outside that wavelength, it 
would have harmed the biota and would have required 
additional equipment and increased costs. This study suggests 
that the developed system could be integrated into small-scale 
electronic systems to power them on sunny days. 

2.2.7. Bacterial Fixation and SEM Imaging Procedure

The morphology of the 3D bio-anode compartment was 
characterized using the scanning electron microscopy (SEM) 
technique. For this purpose, a 4% glutaraldehyde solution was 
used for treating the 3D bio-anode structure at room 
temperature for two hours. After the fixation, the 3D bio-anode 
was washed with 0.1 M phosphate buffer saline (PBS) three 
times. Then, 30%, 50%, 70%, 80%, 90%, 95%, and 100% of 
ethanol solutions were prepared, and the 3D bio-anode scaffold 
was dehydrated for 5 minutes each.

2.2.8. Confocal Microscopy Imaging of 3D Bio-anode Structure

To monitor the Synechocystis sp. PCC 6803 seeded CNF/alginate 
bio-anode compartment, in micro-meter range confocal 
microscopy was implemented. Fluorescence image data were 
acquired using the Zeiss LSM 710 Laser Scanning Confocal 
Microscope to monitor cellular proliferation and morphology of 
the Synechocystis sp. PCC 6803 after 15-day cultivation. 

PDMS gas permeable membrane

Microfluidic chamber

Air cathode

PDMS backing

3D bioanode

PDMS support layer

Load

2 mm

2 mm

20 mm

21 mm

4 mm

0.3mm
0.3mm

PEM
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2.2.9. Effective Electrode Area

In the pursuit of internal resistance assessment, the 
Electrochemical Impedance Spectroscopy (EIS) method was 
executed, which entailed the strategic placement of ITO 
electrodes possessing congruous surface area and conductivity 
attributes, on both facets of the bioanode. Subsequently, these 
measurements underwent rigorous modeling via an equivalent 
circuit to determine the internal resistance value. The surface 
dimensions of the ITO electrodes remained congruent at 
precisely 314.16 mm2. However, in the context of the open-
circuit and closed-circuit evaluations, a platinum electrode was 
inserted 3 mm inside the bioanode, boasting a minuscule 
diameter of 0.5 mm, which served as its counterpart to the air 
cathode. It should be noted that the air cathode's surface area 
was 314.16 mm2, in stark contrast to the modest accessible 
surface area (9.621 mm2) of the platinum electrode. However, 
since the electrode touched both surfaces of the scaffold, and 
measurements were made in this fashion, the total effective 
area should have been twice the obtained value and was taken 
as 628.32 mm2 (0.00063 m2) in the calculations.

3. Results and Discussion
3.1. Performance Evaluation of 3D Bio-anode Embedded BPV 

Cell Unit

To assess the effectiveness of electricity-generating devices, it 
is essential to have information about fundamental parameters 
such as open circuit voltage and internal resistance in order to 
determine the generated power. 

3.1.1. Open Circuit Voltage Measurements of 3D Bio-anode 
Embedded BPV Cell Unit

In this section, we performed open circuit voltage 
measurements, which is the most common electrical 
measurement technique used for testing electricity-generating 
devices without connecting them to any load, (Supplementary 
Information Figure S3). Accordingly, cyanobacteria behaved 
differently under light, illuminated by a 16.7 W.m-2 white light 
source, and a lightless environment, which can be seen in the 
open-circuit voltage measurements in Figure 4-a. The open 
circuit voltage has negative values under light and positive 
values in the dark, which is associated with linear electron 
transfer.  According to the classical linear electron transport 
mechanism explained by Lea et al. 65, which is schematized in 
Figure 5, when chlorophyll is excited, its redox potential 
becomes highly negative (-0.6V), making it function as an 
electron donor. Once oxidized, the chlorophyll returns to its 
redox potential (+1.3V), which is positively charged, and attracts 
electrons from water. Thus, it can be stated that the initial 
uneven distribution of bacteria on the scaffold caused higher 
power generation in the absence of light. However, on the 
fourth day, the excitation of chlorophyll by light led to a 
reduction in positive voltage values and an increase in negative 
values, Figure 4-b. This indicates that the bacteria could have 

successfully reached the most mature size and are now 
uniformly distributed throughout the scaffold. The excited 
electron then passes from the reaction center through a 
sequence of cofactors until it eventually reduces plastoquinone 
(PQn), which is a type of benzoquinone serving as a primary 
electron carrier in the photosynthetic tissues of cyanobacteria. 
The electron carrier is able to move through the hydrophobic 
membrane due to its solubility in lipids. Within PSII, which 
behaves as a proton pump, two excited electrons are 
transferred to PQ, which is adequate for reducing 
plastoquinone to plastoquinol (PQH2), and the PQn takes in two 
protons from the cytoplasmic side of the thylakoid membrane. 
Upon the excitation of the reaction center four times, enough 
electrons are transferred to reduce two molecules of PQn, 
remove four protons from the cytosol, and extract four 
electrons from two water molecules, which produces O2 and 
four protons in the lumen. Hence, PSII serves as a proton pump 
with the net transition of protons through the lumen from the 
cytosol.

The electron excitation and donation in PSI to other cofactors 
have similarities to PSII. Herein, there is electron transport to 
the ferredoxin (Fd) on the cytosolic side of PSI from H2O at the 
luminal part of PSII by interchain components 66. Electrons are 
donated from Fd to NADP+ via Fd-NADP+ oxidoreductase (FNR). 
Furthermore, the flow of H+   through the thylakoid lumen due 
to the electron transport between PQ and the Cyt b6f creates a 
proton motive force, which consists of both electric field (Δψ) 
and concentration (ΔpH) gradients obtained to produce ATP by 
ATPase.

Figure 4. Long-term open circuit voltage results of the scaffold with bacteria and 
without bacteria under 12 hours of light, provided by a 16.7 W.m-2 white light 
source, and 12 hours of dark conditions. (a) The graph demonstrates two different 
measurement results; the black line indicates the open circuit voltage 
measurement result of the empty scaffold structure without bacteria (with a 
platinum wire anode and an air cathode). The cyclic blue curve shows the open 
circuit voltage measurement result of the bacterial scaffold (with a platinum wire 
anode and an air cathode). (b) Observation of the change in maximum power 
densities of the biotic scaffold over time under light and dark conditions.

There is an apparent difference when comparing the open 
circuit voltages of bacterial cultured and abiotic scaffolds in 
Figure 4. In the biotic structure, there are changes in the open 
circuit voltage due to light sensitivity. Still, in the abiotic form, 
there is no light sensitivity. However, there are instantaneous 
changes due to the liquid flow and charge transfer resistance on 
the electrode surface due to molecules inside the fluid. Thus, 
the control measurement confirms that the BPV system is 
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working properly. In open circuit voltage, there seems to be a 
stability problem within the first four days that could be related 
to the number of bacteria inside the scaffold and the adaptation 
of bacteria to the environment.  After a short time, the electrical 
measurements stabilize on both the positive and negative axes. 
Thus, the increase in the bacterial population over time also 
suggests that it behaves in accordance with the classical linear 
electron transport mechanism, which demonstrates light 
dependence on OCVs. In the control measurement, the voltage 
value is around 30 mV, which is due to the difference between 
the anode and cathode electrode potentials and molecular 
excitations inside the fluid. 

Figure 5. Mechanism of photosynthesis in chlorophyll of cyanobacteria (based on 
transport mechanism explained by Lea et al. 65)

The efficiency of microbial fuel cells (MFCs) and BPVs is affected 
by several factors such as activation overpotentials, ohmic 
losses, and concentration polarization 67. These factors are 
considered in micro-size MFCs using special electrodes with 
physically or chemically modified surfaces via specified 
materials 67. Similar to natural or artificial electron transfer 
agents that can easily participate in the redox reactions of 
biological components  67, electrodes also have different redox 
potentials which can directly contribute to the generated 
potential 68, 69. To eliminate the redox potential of materials, 
abiotic scaffold is used as reference potential to determine the 
voltage output during biotic situations. Thus, the selection of 
anode and cathode materials gains importance. The function of 
the air cathode reduces the cathodic resistance by increasing 
the amount of dissolved oxygen 58, and Pt anode material is a 
nonreactive material for the BPV system which can contribute 
to current collection mechanism and complete the circuit by 
connecting a load. 

Although Synechocystis sp. is promising because of its ability to 
perform photosynthesis, the oxygen it generates might disrupt 
the functionality of bioelectrochemical systems. The release of 
oxygen by Synechocystis sp.  during photosynthesis interferes 
with the electron uptake by the bio-anode, causing decreased 
effectiveness in electron harvesting and diminished power 
output which occurs due to the natural tendency of 
Synechocystis sp. to utilize  electrons for their own metabolic 
processes 70. This problem poses a considerable obstacle in the 
optimization of bioelectrochemical systems that leverage 

photosynthetic microorganisms. In addition, the release of 
oxygen by Synechocystis sp. might lead to the generation of 
reactive oxygen species (ROS), potentially triggering damage to 
both the biological and electrochemical components within the 
system 71. Therefore, current studies aim to advance various 
strategies to improve the electron capture efficiency in BPVs 
such as developing genetically modified strains of Synechocystis 
sp. to boost their electron transfer capabilities, optimizing the 
particular electrode materials and refining the design of  
bioreactors to increase the light absorption and energy 
conversion efficiency 16, 70, 72.

Another difference between the 3D bio-anode embedded BPV 
cell and the other in the literature lies in high voltage 
measurement when considering the redox potentials of the 
cyanobacteria under light or in dark hours. The solid 3D bio-
anode structure has a larger internal resistance than 2-D 
bacterial cultures. For this reason, the calculation of internal 
resistance gains more importance. 

3.1.2. Internal resistance (Rint) determination using EIS 
Technique

The measurements of the pure internal resistance should be 
performed without incorporating the anode and cathode 
electrode resistances because they increase the internal 
resistance of the bulk structure. First, we used the open circuit 
EIS technique with fully oxidized ITO electrodes and continued 
to determine the internal resistance of the scaffold using Pt/Air 
cathode electrodes. However, we can state that the internal 
resistance should be measured using a bulk electrode, which is 
connected to the surface of the scaffold. In the Pt/Air cathode 
configuration, the platinum wire affects the conductive path 
due to insertion inside the scaffold body. Thus, the most 
effective method to determine the internal resistance for the 
open circuit EIS technique is utilizing similar electrodes for the 
anode and cathode side. First of all, the internal resistance was 
determined using the impedance data equivalent circuit model 
obtained from the open circuit EIS technique using ITO 
electrodes (Supplementary Information Section S4-A) in the 
range of 1 MHz to 100 Hz with a 10-mV signal amplitude. 
According to our results, a scaffold internal resistance of 174.4 
Ω was obtained.

Another technique to obtain the internal resistance value is the 
scanning EIS technique. Here, we used Pt/Air cathode 
electrodes, commonly used in standard measurements for both 
biotic and abiotic systems, which were implemented by 
connecting BPV to various external resistances to find the total 
internal resistance (Rint) of the cell, including electrode 
resistances (Figure 6). This approach aimed to minimize 
measurement errors. The obtained results were analyzed to 
determine the internal resistance and to understand the 
influence of electrode potentials on the total system. The 
impedance spectroscopy (EIS) was conducted across a 
frequency range of 1 MHz to 100 Hz with a 10-mV signal 
amplitude. The overall internal resistance (Rint) consisting of the 
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charge transfer resistance (Rct) and solution resistance (Rs) is 
affected by the external resistance, and it exhibited a tendency 
to decrease as the external resistance decreased which agrees 
with Kim’s study 62. 

We obtained the total internal resistance as 67.7 Ω in the open 
circuit mode and 92.8 Ω when using the scanning EIS technique 
(Supplementary Information Section S4-B, C). The difference in 
the internal resistances between the open-circuit and closed-
circuit models occurs due to the length of Pt inside the scaffold 
and the resistance effect in the closed-circuit model. According 
to Kim’s approach 62, an increase in the external resistance 
results in a decrease in the current value which leads to less 
electron movement and reduces the number of ion generation 
in the whole system. This directly affects the value of the 
internal resistance, in other words, when the ion density rises, 
it leads to an increase in charge movement within the system, 
thereby boosting the conductivity and causing a reduction in 
the internal resistance.

Figure 6. Comparison of EIS measurements of abiotic systems. (a) The results of 
the tests performed with the scanning EIS technique using the Pt/Air cathode 
electrode system in the abiotic system. In this part, resistors of 2.2 kΩ, 22 kΩ, 33 
kΩ, 56 kΩ, 100 kΩ, and 560 kΩ were used, respectively. (b) Impedance 
measurements with the open circuit method using pt/Air cathode and ITO/ITO 
electrodes in the abiotic system and comparison of the results. 

As seen in Figure 6-b, abiotic scaffolds were utilized to 
determine the internal resistance. The main difference between 
the two results is the change in the solution resistance and a 
clear gap between their charge transfer resistances. The 
primary difference in the case of Pt/air cathode electrodes is 
that the platinum wire was inserted through the scaffold body. 
Since this will shorten the mean free path, which is the passage 
of ions from one electrode to the other, a decrease in the 
internal resistance might have been caused. On the other hand, 
the material properties used in the air cathode allow for the 
transfer of more ions to the structure, which can cause a 
significant increase in ion movement. For the case of ITO 
electrodes attached on both surfaces, since the electrode 
potentials will cancel each other, it will be easier to get 
information about the internal resistance of the solid scaffold 
(abiotic) structure through which the nutrient fluid flows. At the 
same time, due to the transparency of ITO, it can also be used 
under light. However, since ITO was coated on the glass surface 
with a thickness of 100 nm, it is not possible to use it in the biotic 
system as there would be no carbon dioxide and oxygen 
transition.

Figure 7. EIS results of biotic and abiotic systems in the range of 1 MHz to 100 Hz 
with 10 mV signal amplitude. (a) Daily Potenstiostatic EIS results of the biotic 
scaffold with Pt/air cathode electrodes. (b) Potenstiostatic EIS results of biotic and 
abiotic scaffolds with Pt/air cathode electrodes.

Consistent nutrient flow and stable environmental conditions 
lead to the rapid growth of the bacterial population in the 
hydrogel scaffold. Our microfluidic channels were designed to 
evenly distribute nutrients throughout the scaffold and to 
efficiently remove waste by emptying once the chamber is full, 
thereby ensuring a balanced nutrient supply. The effluent 
turned green within just a few days which marks a significant 
increase in the bacterial population and demonstrates the 
normal operation of our system. Impedance measurements 
were also made over time to monitor any change in the system. 
Here, it was foreseen that the bacterial population would 
dominate the scaffold structure over time, which would cause a 
change in the internal resistance and create a biofilm layer on 
the electrode surfaces, leading to an increase in Rint. However, 
as seen from the open circuit EIS measurements (Figure 7-a), 
the effect on the internal resistance is negligible, and a slight 
increase in the charge transfer resistance occurs over time. 
When the results are evaluated, it can be observed that the 
properties of the biotic structure preserve their stability over 
time.

There is a change in the charge transfer resistance rather than 
the internal resistance in the impedances of the biotic and 
abiotic systems (Figure 7-b) evaluated under the same 
conditions. This is because of the possibility of double-layer 
capacitance formation on the electrode surfaces originating 
from cyanobacteria, which may be due to the formation of 
biofilm on the electrode surfaces originating from bacteria. The 
characteristics of the anode surfaces hosting microbial 
communities in BPV systems impact the electrochemical charge 
transfer rate at the electrode by altering the kinetics of the 
metabolic reactions in the biotic compartment 17. The large 
surface area of the 3D scaffold-based bio-anodes can enhance 
the mass transfer of the nutrients and reaction kinetics, thereby 
maximizing the power outputs of the BPVs 73.  However, the 
charge transport to the electrode surface becomes challenging, 
and a decrease in power capacity could occur. The internal 
resistance (Supplementary Information Section 4) was 
determined using the abiotic scaffold with ITO-ITO electrodes 
as 174.4 Ω, while it was 103.7137 Ω in the biotic system with 
the Pt/Air cathode electrode configuration. It can be clearly 
seen that there is a slight change in the internal resistance due 
to the bacterial effect. At the same time, for the abiotic scaffold, 

(a) (b)

(a) (b)
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the internal resistance was found to be 67.7 Ω when the Pt/Air 
cathode electrode configuration was used in the open circuit 
mode while it was 92.8 Ω when implementing the scanning EIS 
technique. It should be noted here that in the biotic system, the 
additional resistance due to the bacteria presence must be 
included in the system. This was directly reflected as an 
increment in the internal resistance, which was obtained as 
103.7 Ω. In the evaluation of power density, we used 174.4 Ω 
for the internal resistance.

Here, it should be also noted the use of Pt wire in a Pt/Air 
cathode configuration might potentially disrupt the current 
path within the scaffold (3D bioanode) and affect the measured 
internal resistance. The platinum wire might change the 
distribution of current flow and introduce additional resistances 
or conductive pathways that were not present in the original 
configuration. Thus, it can lead to inaccuracies in measuring the 
internal resistance of the scaffold as the Pt wire itself might 
have different electrical properties compared to the scaffold 
material. However, since the Pt wire only serves as a current 
collector and has a high conductivity, it will not have any 
function other than providing the connection between the 
scaffold and measuring device. Therefore, the resistance of the 
Pt wire could be ignored when compared to the internal 
resistance of the scaffold.

We tested different configurations of electrode connections to 
determine the real internal resistance of the scaffold and 3D 
bioanode to compare the effects of the surface areas of the 
electrodes on the internal resistance. ITO surfaces completely 
cover the scaffold surface which could be the best model for 
measuring the internal resistance; however, it blocks the gas 
permeation through the scaffold and could potentially disrupt 
the biota. Regarding the use of Pt electrode and air cathode, the 
significant difference in the surface area between the platinum 
counter electrode and air cathode in biophotovoltaic systems 
arises from the reaction kinetics, material considerations, and 
optimization of the system design 74. The air cathode, which 
facilitates the oxygen reduction reaction (ORR), necessitates a 
larger surface area to maximize the efficiency. This larger area 
provides more active sites for the ORR, thereby boosting the 
overall performance and efficiency of the biophotovoltaic 
system. On the contrary, the platinum counter electrode 
primarily functions as a reference or balancing electrode to 
complete the electrical circuit. Thus, it can be stated that its role 
is less dependent on the surface area since it typically supports 
the oxidation reaction with a high-activity catalyst, even on 
smaller surfaces.

A smaller counter electrode can restrict current flow and hinder 
the overall performance of the electrochemical cell 75. This 
occurs because a reduced surface area increases the internal 
resistance, which may not accurately reflect the cell behavior 
under standard conditions. Therefore, using a counter 
electrode with a sufficiently large surface area is crucial for 
precise performance measurements. However, platinum 
electrodes are not transparent and inhibit the diffusion of gases 

such as carbon dioxide and oxygen. A 3D bioanode, if fully 
closed by metal electrodes at the bottom and the top sides, will 
lack sufficient light penetration and carbon dioxide diffusion, 
impairing photosynthesis and reducing power generation. 
Consequently, further innovation is needed to design a smaller 
3D bioanode with a mesh structure that allows better system 
utilization.

3.1.3. Power density evaluation

Cyanobacteria are photosynthetic organisms capable of 
converting light energy into chemical energy through 
photosynthetic activity 39, 76. When these bacteria absorb light 
energy through chlorophyll and other pigments, electrons are 
elevated from their ground state to higher energy levels 77. 
These high-energy electrons then move through the 
photosynthetic electron transport chain 78, generating chemical 
energy in the form of ATP and NADPH 77. Additionally, some of 
the high-energy electrons are transferred to the outer 
membrane of the cell, creating electric current flow and 
producing a voltage between the electrodes of the BPV cell. This 
transfer results in power generation (Power = Voltage × 
Current). The observed voltage changes in the cells are directly 
related to the photosynthetic activity of cyanobacteria and the 
efficiency of electron transfer to the electrode. Therefore, the 
voltage combined with the current from the electron flow 
determines the actual power production in the BPV cell.

The 3D BPV system developed in this study can generate energy 
in light and dark environments. As shown in Figure 4, the change 
in the voltage values to either a positive or negative value 
depends on the environment, and the power value is provided 
for both scenarios. To assess the power densities, we first 
determined the maximum value of the voltage for every 12-
hour light and dark conditions. The voltage (V) and current 
density (J) are used to get the power density (P). The current 
density is the current per unit area, while the power density is 
calculated as the product of voltage and current density. A 
change in the voltage suggests that there is a change in the 
electric potential difference across the system, which can affect 
the current flow and power density. Here, Figure 4-a presents 
the change in the voltage outputs by the biotic system in light 
and dark environments every 12 hours. Figure 4-b includes the 
power density values calculated using the maximum value of 
the voltage obtained from Figure 4-a for every 12 hours (light 
and dark). The 3D bioanode internal resistance value was 
obtained using the internal resistance, which directly reflects 
the power density values since the impedance values are 
assumed to be constant daily. Moreover, the maximum power 
density was determined (Supplementary Information Section 
S5) by utilizing the internal resistance value of 0.1096 Ω.m2, 
which was the biotic internal resistance of the scaffold, in both 
evaluations, and the change in maximum power densities 
during days was schematized in Figure 4-b.

According to the maximum power transfer theorem 79, which is 
valid in both alternating current (AC) and direct current (DC) 
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circuits, when the impedances of the load connected to the 
source and the source's internal resistance are equal, the 
maximum power transfer from the source to a load is achieved. 
Accordingly, if a suitable load is connected to a source with a 
known internal resistance, the load will operate at the 
maximum performance. In the first days of culturing bacteria to 
the bioanode, the maximum power was calculated as 0.0534 
W.m-2 for dark hours and 0.03911 W.m-2 for light hours. The 
reason for the lower power generation under the 
photosynthesis effect in the light environment is related to a 
slight increase in the internal resistance value (Figure 7-b). 
However, the maximum open circuit voltages were higher in 
light hours than dark hours after some days, Figure 4-b, and it 
directly affects the maximum power densities. Therefore, we 
can clearly state that even though the higher power was 
obtained in the lightless environment, this situation reversed 
over time, and the power obtained in the lighted environment 
increased. Although the considerable reduction in the 
transmittance of the light through the scaffold (Supplementary 
Information Section S6) causes more open circuit voltage in the 
dark environment that occurs in the early stages of bacterial 
growth, the growth of bacteria in all parts of the scaffold over 
time indicates that not only the effect of light but also nutrition 
and ambient temperature are effective in the proliferation of 
bacteria. It can be stated that after a few days when the 
electricity generation is higher in the light environment than in 
the dark environment, the chlorophyll activation amplifies, 
contributing to the electricity generation of the bacteria. 
Although light transmittance is a disadvantage of the 3D 
scaffold-based BPVs, keeping bacteria together in a 3D 
environment and being a healthy nutrient medium are effective 
features of this structure.

Another major parameter is the efficiency of converting the 
incoming light into electrical energy, which is obtained by 
dividing the output power density by the power density of the 
entering light (Supplementary Information Section S7). The 
illuminance of the light used during the experiments was 
measured as 16.7±0.1 W.m-2 (Supplementary Information 
Section S7-a). The maximum power density of the 3D bioanode 
was calculated as 0.0534 W.m-2. The conversion efficiency was 
calculated (Supplementary Information Section S7-b) as 0.32%, 
which is high for a new generation 3D bioanode structure and 
thus will open a new lane for future power generation studies.
Identifying time constants in this process allows us to obtain 
power density values through experimentation. The PARSTAT 
PMC 1000 computer-controlled potentiostat was used to 
record polarization curves at room temperature in a two-
electrode (air cathode/Pt) electrochemical cell. Reliable results 
were obtained with ease, allowing for confident analysis and 
interpretation of data. The biotic scaffold structure was 
subjected to HPPC testing at separate times in the dark and 
under light.   Current density and power density values versus 
open circuit voltage are provided in Supplementary 
Information, Section S7-c. The absolute maximum power 
density obtained in the dark, and the maximum power density 
obtained under light had close values (0.08W/m2). The negative 

result regarding the maximum power densities in 
measurements taken under light is due to the negative open 
circuit voltage. Also, the light caused an increase in electron 
transfer, which directly led to higher negative values in the 
current density which is seen in cyclic voltammograms in 
Supplementary Information, Section S8.

Table 1. Comparison of results with the literature. Only the upper surface area of 
the scaffold structure is provided since comparisons were made with two-
dimensional systems. Although light will still penetrate the interior regions of the 
scaffold, the active site will exist solely on the surface due to bacterial activation 
and consequent color change in the structure.

Species Anode 
properties:
Material, Area

Peak Power 
Density

Reference

Synechocystis 
sp. PCC 6803

Carbon nano tube

28.4 cm 2

0.38 ± 0.07 

mW.m−2

39

Synechocystis 
sp. PCC 6803

PEDOT: PSS/DMSO

0.503 cm2

10.7 µW.cm -2 80

Synechocystis 
sp. PCC 6803

PEDOT: PSS on carbon 

cloth

0.385 cm2

43.8 µW.cm -2 18

Algal strains
CC-125 wild-
type 
mt + [137c]

Aluminum sputtered 

gold 

4.84 cm2

1914 mW.m-2 81

Synechocystis 
sp. PCC 6803

InBiSn alloy

0.03 mm2

100 mW.m-2 82

Synechococcu
s sp. WH 5701

ITO-PET

12.56 cm2

10.3 mW.m-2 83

Chlorella 
vulgaris

Carboxymethylated 

Cellulose Nanofiber-

Alginate sheet

22.4 cm2

1.9 ± 0.13 W.m-2 21

Synechocystis 
sp. PCC 6803

CNF/Alginate Hydrogel

3.14 cm2

 0.0534 W.m-2

or

53.4 mW.m-2

This Study

3.2. Image analysis 

3.2.1. Results of Scanning Electron Microscopy (SEM) 
Analysis of 3D Bio-anode Structure

Figure 8 displays the SEM images of the 3D bioanode structure 
as a reference without Synechocystis sp. PCC 6803 strain (Figure 
8-a) and proliferation of Synechocystis sp. PCC 6803 strain inside 
the 3D bioanode structure (Figure 8-b and Figure 8-c). The 
reference hydrogel scaffold having only sodium alginate and 
CNF does not show clear structures since the drying process 
affected its morphology. However, there are some fiber-like 
textures that might belong to CNF. The source of the CNF which 
is utilized for the bio-anode structure is cotton with the average 
particle size of 10-20 nm wide and 2-3 µm long. CNF is a 
hydrophilic material, and its surface contains both hydroxyl and 
carboxyl groups which enable its functionality 84. Crosslinking of 
CNF and alginate by a multivalent metal cation, CaCl2, is a 
common technique to obtain hydrogel formations and exhibits 
unique microstructures like bundles 85, 86.  The concentration of 
CaCl2 is a critical factor that affects the mechanical properties of 
a hydrogel. Besiri et al. 87 indicated that higher concentrations 
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of CaCl2 in a low volume form strong networks in a hydrogel 
whereas the lower cation concentrations at higher volumes 
result in weaker gels. Crosslinking time is another factor 
affecting the water content of the hydrogel where the calcium 
ions density in the hydrogel environment is changed 88. Herein, 
a greater abundance of calcium ions in the hydrogel network 
can promote the stability of hydrogels due to remaining less 
space for water molecules, thereby resulting in reduced 
dehydration. In the current study, the high molarity of the CaCl2 
(1M), short crosslinking time (1 hour) and low volume of the 
CaCl2 (500 µl) have a significant impact on achieving a strong 
hydrogel network. Herein, Figures 8-b and 8-c indicate that the 
strong hydrogel bio-anode structure greatly supports the 
proliferation and biofilm formation of Synechocystis sp. PCC 
6803 without affecting their spherical shape morphology.

Figure 8. Results of SEM Analysis for 3D bioanode structure (a) Reference, only sodium 
alginate, and CNF hydrogel. Scale bar - 200 nm. (b) Synechocystis sp. PCC 6803 seeded 
bioanode structure, scale bar - 20 µm. (c) Synechocystis sp. PCC 6803 seeded bioanode 
structure, scale bar - 2 µm.

3.2.2. Results of Confocal Microscopy Analysis of 3D Bio-anode 
Structure

In several studies, CNF and alginate materials have been 
employed for various applications of cyanobacteria such as 
ethylene production 89, BPVs 21, and hydrogen production 90. 
The confocal microscopy analysis results indicate that the 
developed CNF/Alginate hydrogel scaffold promotes cellular 
proliferation of Synechocystis sp. PCC 6803 (Figure 9-a). 
Morphological changes in cyanobacteria affect the electron 
transfer rates and thus electricity generation 91. In our scaffold, 
the seeded cells do not exhibit any morphological change since  
PCC 6803 in both groups, A and B,  have a spherical shape and 
average diameter of 2 µm (Figure 9-a and 9-b) which implies 
that electron transfer rates are not interrupted 92. 

Figure 9. Results of confocal microscopy analysis for (a) Synechocystis sp. PCC 6803 
culture, scale bar -20 µm. (b) Synechocystis sp. PCC 6803 seeded 3D bio-anode structure, 
scale bar - 20 µm.

Statistical Validation
This study employed a student’s t-test to assess whether the 
light/dark conditions influenced biotic and abiotic groups based on 
their peak powers gathered from the Supplementary Information 
Section S7-C. A statistically significant difference (p-value = 0.0058 < 
0.05) between group means would indicate a variation in the power 
density attributable to light or dark conditions, which is potentially 
linked to the biotic or abiotic nature of the samples. Detailed test 
results are presented in Supplementary Section S9- Statistical 
Analysis section.

Conclusion
In this study, we proposed a BPV cell unit with the capability of 
energy harvesting using a 3D hydrogel bio-anode, which 
embodies a cyanobacteria culture. The conversion of ATP into 
electricity energy was carried out in the chlorophyll of 
cyanobacteria which were seeded inside the 3D solid bio-anode 
structure where necessary conditions were provided for their 
growth and reproduction. We examined the effects of darkness 
and light on electricity generation. We utilized a white light 
source with a fixed 16.7 W.m-2 and made open circuit 
measurements. For the abiotic 3D anode, the average voltage 
value obtained under light and dark conditions was around 
30mV, which varied at low values due to electrode potentials 
and different ionic effects caused by the continuous flow. In the 
biotic structure, positive (150 mV) and negative voltages (-125 
mV) were observed under the influence of dark and light 
environments, which is due to the chlorophyll redox potential 
being negative and positive in the dark and light, respectively, 
as light stimulates chlorophyll. However, this situation reversed 
over time, and the open circuit voltage increased in the light 
environment and decreased in the dark environment. The peak 
power density (<0.08W/m2), another parameter used to assess 
the electrical characteristics of BPVs, was relatively higher 
compared to some of the other bioenergy-generating systems 
in the literature. Bacterial metabolism increases upon light 
exposure so that a biofilm forms on the electrode surfaces, 
which eventually leads to an increase in the internal resistance 
and a subsequent decrease in the power density. Concurrently, 
as elucidated in the literature, augmenting scaffold 
characteristics to diminish resistivity by incorporating organic 
and biocompatible constituents or conductive particles within a 
more streamlined structure could precipitate a concomitant 
reduction in internal resistance, thereby directly amplifying 
power generation. Moreover, optimizing the composition of the 
3D biofilm through a genetic algorithm could further enhance 
the photosynthesis efficiency and selection of superior species 
for cultivation within the scaffold could increase the 
performance. Additionally, enhancing the structural properties 
of the scaffold could improve the light penetration and nutrient 
distribution, as well as the electrical conductivity and surface 
area for biofilm growth. Lastly, refining the electrode design is 
crucial for increasing the energy-harvesting efficiency of the 3D 
biofilm. Our approach of generating bioelectricity from a 3D 
cyanobacterial biofilm, which was tested for the first time in the 

(a) (b) (c)

(a) (b)
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literature and developed as a proof-of-concept study, appears 
as a simple, efficient, and eco-friendly alternative, which paves 
the way for emerging applications such as new generation Lab-
on-a-Chip systems. Therefore, in future studies, several 3D bio-
anode compartments could be connected in serial and parallel 
configurations to increase the power output for scaling up the 
platform. In addition, the scaffold thickness must be decreased 
to reduce its internal resistance and to ensure the transfer of 
more light through the biofilm to increase the power output. At 
the same time, tests could be performed to power LEDs or small 
electronic devices, and the concept could be utilized in self-
powering for Lab-on-a-Chip applications.
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