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Abstract 

Exoelectrogens are known to be specialized in reducing various extracellular electron acceptors 

to form conductive nanomaterials that are integrated with their cell bodies both structurally and 

functionally. Utilizing this unique capacity, we created a strategy toward the design and fabrication 

of biohybrid electronic material by exploiting bio-reduced graphene oxide (B-rGO) as the structural 

and functional linker to facilitate the interaction between the exoelectrogen community and 

external electronics. The metabolic functions of exoelectrogen encoded in this living hybrid can 

therefore be effectively translated toward corresponding microbial fuel cell applications. 

Furthermore, this material can serve as a fundamental building block to be integrated with other 

microorganisms for constructing various electronic components. Toward a broad impact of this 

biohybridization strategy, photosynthetic organelles and cells were explored to replace 

exoelectrogens as the active bioreducing components, and as formed materials exhibited 4- and 

8-fold improvements in photocurrent intensities as compared with native bio-electrode interface. 

Overall, a biologically driven strategy for the fabrication and assembly of electronic materials is 

demonstrated, which provides a unique opportunity to precisely probe and modulate desired 

biofunctions through deterministic electronic inputs/outputs and revolutionize the design and 

manufacturing of next-generation (bio)electronics.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

1. Introduction 

From biomineralization to microbial symbiosis, living systems are specialized in 

assembling various levels of components toward biohybrid materials with hierarchical structures 

and coherent functions such as bones and microbial consortia. Modulating such a biohybridization 

process provides extensive opportunities in creating materials with integrated bio-bio and bio-abio 

functions that do not exist in separated systems.1–3 Utilizing this unique property, various living 

materials have been developed, which have demonstrated unprecedented capacities in many 

applications including sensing,4 actuation,5 and material synthesis.6 Incorporation of emerging 

tools such as genetic editing,1,7–9 and bioprinting10–12 offer possibility in precise modulation of the 

structures and functionalities, which further extend the potential implementation of living 

components beyond existing territories to revolutionize how we design and synthesize functional 

materials.2,13,14     

Among all organisms that have been exploited in the synthesis of biohybrid living materials, 

exoelectrogens such as Shewanella loihica PV-4 (PV-4) and Geobacter sulfurreducens DL-1 are 

known for their unique capability to electrically interact with extracellular electron acceptors and 

in situ deposit inorganic nanomaterials such as Ag, Au, Pd and FeSx nanoparticles on their outer 

membranes.15–17 In addition to structural consolidation, these nanomaterials were also intrinsically 

wired with the bacteria’s metabolic electron transfer pathway.18,19 As the most significant functions 

of exoelectrogens such as synthesis, sensing, and information-processing are dominated by their 

metabolic electron transfer,20 these nanomaterials were capable of interfacing such 

exoelectrogens functions with extracellular electronics.21 Through the electronics enabled precise 

detection and modulation, this nanomaterial/exoelectrogens hybrid has the potential to serve as 

a fundamental building block in developing various bioelectronics (e.g., biosensors, microbial fuel 

cells, etc.).22–24 Previously, we have exploited graphene oxide (GO) as a terminal electron 

acceptor, which can be intimated linked with PV-4 in the form of biologically reduced graphene 

oxide (B-rGO) via extracellular electron transfer.25,26 In contrast with doped nanomaterials, the B-

rGO is closely coupled with the redox-active sites of the biomachinaries through the active 

bioreduction process and processes a two-dimensional, honeycomb lattice structure at the 

microscale, which offers unique advantages to host multiple PV-4 cells to construct an integrated 

network. Together with interactions such as hydrophobic and electrostatic forces, this B-rGO/EAB 

matrix can self-assemble to form a free-standing 3-D living material with unique 

electrical/electrochemical activities.27  

 Here, we exploited this PV-4/B-rGO biohybrid as a unique material platform for creating 

various living electronic components from the bottom up. First, the self-assembling process was 

rationally modulated to encode this living material with desirable mechanical integrity, optimal 

mass/electron transport, and tunable morphology. A “plug-and-play” microbial fuel cell was made 

based on the B-rGO wired/interfaced PV-4’s extracellular electron transfer. We further expand the 

device functionality through the cross-species assembly of other microorganisms and built 

biosynthesized supercapacitors and photosensitive electrodes. Finally, the strategy has been 

applied to other biologically significant charge transport processes. By integrating photosynthetic 



organelles and cells as the living components, we demonstrate the possibility of effectively 

interpreting photosynthesis with external electrical circuits. We expect that this hybridization 

strategy will open up new opportunities for many cross-disciplinary applications in biosensing, 

energy transduction, and hybrid information processing. 

 

2. Results and Discussions 

2.1 Synthesis of the PV-4/B-rGO Biohybrid 

The PV-4/B-rGO biohybrid was synthesized by culturing precursor solutions composed of 

PV-4 and graphene oxide (GO) mixing with the desired ratio under an anaerobic condition. 

Serving as the only terminal electron acceptors, GO was reduced by the metabolic electron of 

PV-4 and intimately connected with the outer membranes of PV-4. Due to the partial removal of 

the hydroxyl- and carbonyl- groups decorated on the GO sheets, the B-rGO held increased 

hydrophobicity together with reduced surface charge density.28–30 This transformation in surface 

properties introduced hydrophobic attraction while mitigated electrostatic repulsion at both B-

rGO/PV-4 and B-rGO/B-rGO interfaces and eventually drove the self-assembly of PV-4 and B-

rGO.31 Consequently, the free-standing PV-4/B-rGO biohybrid with a size around 50% smaller 

than the original PV4/GO precursor solution was synthesized after a 48 hours culture. (Fig. 1a) 

High magnification SEM images also confirmed the intimate contacts between PV-4 and B-rGO 

after assembly. (Fig. 1b) It is worth noting that the volume ratio of PV-4 and GO in the precursor 

solution has to be precisely controlled (5:1 is optimal) to initiate this self-assembling process. 

Instead of free-standing PV-4/B-rGO biohybrid, small PV-4/B-rGO agglomerations would be 

obtained if the ratio was altered. 

  Based on our observation, the 3-D profile of the PV-4/B-rGO biohybrid was determined 

by both (i) the boundaries of the culture container (in x-y axis) and (ii) the height of the precursor 

solution (z-axis). Therefore, a molding method was developed to achieve morphological controls 

of the biohybrid during self-assembling through tuning these two parameters. As presented in Fig. 

1c, biohybrids with various shapes such as disc, pillar array, and wires could be synthesized by 

using cultural containers with corresponding shapes. Furthermore, the thickness of the biohybrids 

can be tuned from 0.3 to 3 mm by controlling the height of precursor solution; whereas the self-

assembly of PV-4 and B-rGO was prohibited when solution height is below 0.3 mm. This 

phenomenon may be attributed to the effect of oxygen diffusion into the thin solution layer as 

oxygen can serve as a soluble electron acceptor to restrict the reduction of GO.32 Overall, this 

molding method enables design flexibility in this biofabrication strategy, which was expected to 

facilitate the implementation of various electronic modules with controlled 

microstructure/dimensionality (such as 1D, 2D, and 3D electrodes). 

This biohybrid can host PV-4 at a density of 6.4x109 cells/cm3, which is one to two orders 

of magnitudes higher than native biofilms (estimated based on original cell density in precursor 

solution and a 25 μm thickness of native biofilm).33,34 In addition, the high metabolic rate of PV-4 

can be sustained through this biohybrid by the conductive B-rGO, in contrast to native biofilms 

where exoelectrogens exhibit low metabolic activity due to the intrinsic charge transport limit. 

Although varying the composition can alter the conductivity, (Fig. S1) the PV-4/B-rGO biohybrid 

held a conductivity up to 129 μS/mm at the completion of self-assembling (Fig. 1d), which is 

superior to most reported native exoelectrogen biofilms to the best of our knowledge. 35–37 Besides, 

our previous research has suggested that the B-rGO can promote the functional integration 



between exoelectrogen and external electronics by significantly reducing the charge transport 

barrier at the bio-electronic interface.26 Combining the high load of PV-4, efficient charge transport 

(i.e., conductivity), and minimized bio-electronic barrier, this biohybrid was capable of effectively 

bridging the biofunctions of PV-4 to construct high-performance living electronics.   

 

2.2 PV-4 based Living Electronics 

Toward designing living electronics, biological functions of the PV-4/B-rGO biohybrid were 

characterized through a series of cyclic voltammetry (CV) measurements. Particularly, the 

biohybrid was connected with an electrochemical working station by a titanium wire immediately 

after self-assembly to serve as the working electrode. Platinum and Ag/AgCl were used as the 

counter- and the reference- electrodes, respectively. As shown in Fig. 2a, a distinguished 

reduction peak at around -0.2 V as well as a broad oxidation peak at 0.1 V can be observed on 

the CV profile of biohybrid when the applied scan rate is at 10 mV/s. These redox peaks 

corresponded to the single electron FeIII/FeII redox reaction at the heme center of outer membrane 

cytochromes (OMCs) of PV-4,38 which suggested that the metabolic electron transfer was 

seamlessly linked with the conductive matrix. In addition, the reduction peaks shifted to a 

more negative potential along with increasing the CV scan rate while the peak current varies 

linearly, consistent with the behavior of a quasi-reversible system. (Fig. S2a and b) 39 Besides, 

the oxidation peak vanished at a fast CV scan rate (Fig. S2a). Both results further confirmed that 

charge transport in the biohybrid was dominated by the OMCs that held intermediate charge 

transport rate; hence charges accumulated at the cytochromes when a fast scan rate was applied. 

 

Figure 1. PV-4/B-rGO biohybrids - (a) Schematic illustrations of the synthesis process of the PV-4/B-rGO biohybrid. 

(b) SEM images of the PV-4/B-rGO biohybrid, of which the red arrows indicated PV-4 which are intimately integrated 

into the 3-D B-rGO matrix. (Scale bar: 2 μm) (c) Biohybrids with various 3-D profiles (Wire (Scale bar: 2 mm); Disc 

(Scale bar: 5 mm) and pillar array (Scale bar: 5 mm)) synthesized by the “molding” methods. And (d) Two probe 

electrical measurement of biohybrid made of a 5:1 (PV-4: GO) precursor solution. This biohybrid holds the highest 

conductivity at 129 μS/mm among all synthesis conditions. 

 



 The CV measurements also demonstrated a unique advantage of the PV-4/B-rGO 

biohybrid. In contrast to conventional exoelectrogen-based electronics (i.e., microbial fuel cells 

(MFC)) that required a long start-up period (hours to days) before operation,40,41 this biohybrid 

established bioelectrochemical equilibrium shortly after synthesis. This “plug-and-play” feature 

enabled this biohybrid to serve as a versatile module for developing various living electronics with 

improved agility and reusability. As a proof of concept, a free-standing MFC was developed by 

connecting this biohybrid with stainless steel electrodes directly (Fig. 2b insert). As shown in the 

results (Fig. 2b), this MFC generated currents immediately after the electrodes connected with 

biohybrids (“On”, the yellow regions) with the magnitude in a μA range that was commonly 

obtained in many existing MFCs.42 Furthermore, this generated current vanished after the 

biohybrid was disconnected (“Off”, the gray regions). Through repeating this connection-

disconnection cycle, the start-up time of this MFC is measured at hundreds of seconds range, 

which was comparable with most “fast response” MFC that required sophisticated 

microfabrication to accelerate their response (e.g. by reducing device volumes).23,43,44 Overall, 

this biohybrid MFC featured with zero start-up period, sufficient efficiency, and fast response time 

was expected to bring in new insight into the design and application of exoelectrogen-based 

bioelectronics to explore their optimal performance and functionality in energy generation, sensing, 

and electrocatalysis.  

 

2.3 Supercapacitor: Biohybrid Enabled Cross-Species, Structural Integration  

 In nature, many microorganisms were capable of living and growing symbiotically to 

construct a microbial consortium with integrated structure and function. Based on such capacity, 

we “grew” a supercapacitor from the bottom-up through modulating the development of microbial 

consortium to simulate the conventional fabrication process in the electronic industry. The 

fabrication process was detailed in the material and method part. In short, the bacterial cellulose 

(BC) layer was first synthesized using G. xylinus. Next, GO solution was adsorbed on both sides 

of BC followed by a two-day PV-4 culture forming an integrated G. xylinus/B-rGO/PV-4 consortium, 

(Fig 3a middle). Consequently, this consortium was transformed into a supercapacitor by a series 

of glutaraldehyde fixing, drying, and trimming processes (Fig 3a bottom), of which, the intimate 

 

Figure 2. Electrochemical properties of the PV-4/B-rGO biohybrids- (a) CV measurements at 10mV/s scan rate. 

The FeIII/FeII redox reaction PV-4’s OMCs can be clearly observed in the CV scan. (b) the current-time (I/T) 

measurements of the plug-and-play MFC, of which the PV-4/B-rGO biohybrid was connected with stainless steel 

working electrode during the  “On” period (yellow) while disconnected during the “Off” period. The insert images 

presented the repeatable connection/disconnection between the biohybrid and the working electrode. 

 



contact between BC and PV4/B-rGO were observed using SEM (Fig. 3b). The Randles circuit 

fitting of an electrochemical impedance spectroscopy measurement showed a low charge-

transfer resistance (3.7 Ω) at the interface between BC and PV4/B-rGO, which suggested that 

this process would not damage both structural- and functional- integrities of this supercapacitor. 

(Fig. 3c)  

In this supercapacitor, the insulated BC acted as a separator/electrolyte layer while the 

PV-4/B-rGO performed as the electrodes, which can store charges through (1) electrical double 

layer capacitance at the electrode/electrolyte interface; and (2) pseudocapacitance attributed to 

redox activity of PV-4’s outer membrane cytochrome. To evaluate the capacitance performance 

of this self-assembled supercapacitor, cyclic voltammetry (CV) and Galvanostatic 

charge−discharge measurements (GCD) were conducted with scan rates and current densities 

varied from 10 to 500 mV/s and 0.02 to 0.3 A/g, respectively. As shown in Fig. 3d, the quasi-

rectangular shape of CV and the triangle shape of GCD imply good capacitive properties. Areal 

capacitance value at a scan rate of 500 mV/s was calculated as 10 mF/cm2, which was similar to 

many existing thin-film supercapacitors fabricated by the common lamination method.45,46   

Nevertheless, the specific mass capacitance calculated from GCD curves varies from 6.28 F/g to 

2.1 F/g over different current densities (detailed in materials and methods) Fig. 3e. The low 

specific mass capacitance may be ascribed to the larger weight of BC (density = 1.25 g/cm3)47 as 

compared with liquid/gel (density ≈ 1 g/cm3) that is commonly used as an electrolyte layer. 

Through this research, we demonstrated a novel bio-derived strategy to fabricate complicated 

electronic devices from the bottom up. Encompassing many unique advantages of biological 

processes such as low energy consumption, mild condition, and minimized environmental impact, 

this strategy offered the potential to transform how the electronics were designed and fabricated 

to ensure the sustainability of the modern electronic industry.  

 

2.4 Photosensitive Electronics: Biohybrid Enabled Cross System, Functional 

Integration  

In the PV-4/B-rGO biohybrid, the outer membrane cytochromes of PV-4 were seamlessly 

connected with conductive B-rGO as confirmed by previous research in 2.1 and 2.2. Since 

cytochromes were also ubiquitous redox mediators in various biological systems,48 we suggested 

that the inherent redox activity and conductivity make this material an excellent bio-electronic 

interface to enable the electrical access of many biofunctions. To test this hypothesis, thylakoid 

membrane (TM) was selected as a model system to be integrated with electronics using the PV-

4/B-rGO interface. Compared with other higher-level photosynthetic organisms (cyanobacteria, 

plants), TM doesn’t respirate; therefore, interference from other intercorrelated redox signals can 

be minimized; hence serves as an excellent model for this research.49 The scheme of this 

photosensitive electronics was presented in Fig. 4a. In this electrode, electrons were first 

generated on TM as a result of photo-induced water oxidation at an oxygen-evolving complex of 

the photosystem II complex. Next, this redox-driven electron transfer was effectively transduced 

by the PV-4/B-rGO interface to be detected by external electronics.  



 

As presented in the measurement, redox signals originating from the photosynthesis 

electron transfer can be effectively wired with electronics after simply drop-casting TM on the 

redox-active PV-4/B-rGO interface (red curve in Fig. 4b). In contrast, the ITO electrode with TM 

immobilized only demonstrates a low-magnitude photo-responsive current, (black curve in Fig. 

4b), further validating the critical role of the biohybrid to transduce the redox signals from TM. We 

suggested that the success in the cross-system coupling of redox signals can be attributed to two 

unique properties of the biohybrid: (1) the biohybrid surface is hydrophilic (Fig. S3) and chemically 

active due to the presence of PV-4. Therefore, this biohybrid can provide a compliant 

microenvironment to accommodate TM while preserving its functions as previously demonstrated 

in many hydrogel-based bioelectronics.50 And (2) in common electronics, the transduction of 

biologically derived redox signals has relied on electrochemical reactions that can lead to signal 

attenuation.51 On the contrary, redox mediators (i.e., OMC) were intimately coupled with B-rGO,26 

thus capable of more effectively transducing external input through correspondent redox 

pathways. Based on this property, this PV-4/B-rGO biohybrid is expected to contribute to the 

optimal integration of electronics with the redox signals of various bio-machineries. As redox 

signaling is involved in many physiological processes such as cell differentiation, proliferation, 

and immune response,52 this interface will open up many possibilities in developing high-

 

Figure 3. Bio-assembled supercapacitor - (a) schematic and image of the bioderived assembling process. (b) SEM 

images of the bacterial cellulose/ PV-4/B-rGO biohybrids interface in the assembled supercapacitor. (Scale bar=2 μm) 

(c) the electrochemical impedance spectroscopy measurement of the supercapacitor and its equivalent Randles circuit, 

of which the CPE stands for constant phase element that associated with double layer capacitance, Rs is the solution 

resistance, Zw is the Warburg element and Rct is the charge-transfer resistance at the interface between BC and PV4/B-

rGO (3.7 Ω). (d) Cyclic voltammetry of the supercapacitor with different scan rates. And (e) GCD curves of the 

supercapacitor at different current densities. 

 



performance bioelectronics such as point-of-care biosensors and high throughput drug screening 

tools. 

 

 

2.5 Expanded paradigm: Living electronics integration through alternative bioreductive 

processes  

Finally, the possibility of integrating a broader range of bio-machineries within the 

conductive rGO matrix has also been examined by exploiting different biological electron transfer 

processes. First, we attempted to directly wire the photosynthesis electron transfer on TM through 

in-situ bioreduction of GO-based on a similar principle of the PV-4/B-rGO self-assembly. 

Specifically, freshly prepared TM solutions were drop-casted on a GO-coated ITO electrode and 

then incubated in a 4°C chamber where simulated sunlight was illuminated continuously to trigger 

a bioreduction process to form the TM/B-rGO film on ITO.  

To evaluate the efficiency of the B-rGO induced TM-electronics integration, photocurrent 

intensity of this TM/B-rGO film was measured by CV (range: -0.5 and 0.5 V vs. Ag/AgCl) and a 

pure TM film was applied as a control sample. As shown in Fig. 5a, the CV of the TM/B-rGO 

presented a high-intensity redox couple peaks with mid-potential at -0.1V, which were belonged 

to the redox activity of the quinone electron acceptors in photo system II of TM as suggested in 

previous research.53 To validate this assumption, an inhibitor of photo synthesis electron transfer, 

DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea), was applied, which eliminated the formation of 

redox peaks of the TM/B-rGO film under identical CV measurement conditions. This result 

confirmed that the redox peaks were originated from TM photosynthesis (Fig. S4). In contrast, 

attenuated redox couple peaks at similar potentials were observed in the measurement of pure 

TM film. These measurements implied that the B-rGO can facilitate the direct electron transfer 

between TM and external electronics.  

 
Figure 4. PV-4/B-rGO biohybrids interfaced photo current transducer – (a) Scheme of the biohybrid interfaced 
photo electron transfer, of which outer membrane cytochromes (OMC) of PV-4 inside the biohybrid can wire the redox 
molecules driven electron transfer cascades on thylakoid membrane (TM) toward graphene that hold effective electrical 
connection with remote electronics. Through this functional connection, the biological redox to electrical signals 
transduction can be effectively conducted. (b) 5-folds enhancement on the magnitudes of detected photo current on 
device with biohybrid interface (red curve) than ITO electrode/TM contact (Red curve). The results indicated that OMC 

is of critical in the effective connection/translation of biological redox toward electrical signals.  

Light-On Light-On Light-On

(a) (b)



  Toward creating bio-derived photosensitive electronics, amperometric measurements 

upon light on/off cycles were performed on the TM/B-rGO film, when the potential at 0.5 V vs. 

Ag/AgCl was constantly applied. As shown in Fig. 5b, the TM/B-rGO presented an eight-time (15- 

to 120- nA) increase in signal (i.e., current) intensity as compared with pure TM film. Besides, 

agile response to light was observed in the measurement, which may be resonated to the complex 

electron transfer chain in the TM. As both photosynthetic and respiratory activities commonly co-

exist in cyanobacterial TM, which share many electron transfer components, respiration can 

detain photosynthetic electron transfer until the depletion of respiratory electron acceptors; 

therefore, causing the agile response.54,55 Nevertheless, we proposed that whole cells (i.e., 

cyanobacteria) can self-regulate the photosynthetic- and respiratory- electron transfers due to 

their comprehensive cellular functions, which minimized this agile photo-current response (Fig. 

5c). Altogether, this TM/B-rGO film was expected to serve as both a unique tool to study the 

electron transfer on TM and a solid fundament to develop high-performance photosensitive 

electronics. Whereas the progressive increase in current during measurement suggested that the 

electron transfer rate may still be restricted at the TM-B-rGO interface and further optimization 

was inevitable.   In addition, this biosynthetic strategy was also applied to integrate photosynthetic 

systems at whole-cell levels. Anabaena, a genus of nitrogen-fixing cyanobacteria, was mixed with 

GO on ITO under the illumination of simulated sunlight for 12 hrs, Current-time measurements 

were applied to determine the photo-electrochemical activity of the Anabaena/rGO biohybrid. As 

illustrated in Fig. 5c, the intensity of photo-induced current was increased by 10-time when 

Anabaena was hybridized with B-rGO. Overall, these tests of TM and Anabaena demonstrated 

extensive potential in integrating desired biological functions with electronics through this bio-

enabled hybridization strategy.     

 

3. Conclusion 

In conclusion, we created a structurally- and functionally- coherent biohybrid by 

harnessing the biomineralization process to assemble the biotic and electronic modules from the 

bottom-up. In this biohybrid, biological electron transfers are effectively wired to external 

electronics, which enables electrical access to the encoded biological function in energy 

generation. Other biological machineries were further integrated on this biohybrid to demonstrate 

 
Figure 5. Biohybridized TM and Anabaena with promoted photocurrent transfers – (a) Cyclic voltammetry of TM 
on bare ITO- and GO coated ITO- electrodes. The results indicated that the GO was in-situ reduced to rGO by 
photosynthesized electron of TM. The synthesized rGO can effectively interface the electron transfer of TM toward 
external electronics as indicated by the increase intensities of the redox peaks. (b) and (c) Comparisons of the photo 
currents intensities with/without rGO interfaced TM (b) and Anabaena (c). Applied potential was fixed at 0.5 V. 



a possibility in constructing devices with the charge generating and storage functionalities through 

biologically driven self-assembly. Moreover, this bio-initiated hybridization strategy can be 

extended to other biological systems for programming the functions of assembled bioelectronics. 

As a proof of concept, light-sensitive devices were created utilizing thylakoid membrane and 

cyanobacteria. Moving forward, this work represents a strategically new approach in how we 

design and fabricate bioelectronics, which is expected to open up many opportunities in 

biosensing, biocomputing, and wearable electronics to completely transform how biological 

functions are interpreted and modulated. 

 

4. Method 

4.1 Synthesis and characterization of PV-4/B-rGO biohybrid 

The culture of S. loihica PV-4 was based on documented protocol.56 In short, S. Ioihica was 

cultured from −80 °C glycerol stock and inoculated in 50 mL of Luria−Bertani broth (Sigma-Aldrich 

L3522) with gentle shaking (100 rpm) in the air for 48 h at 25 °C. After centrifuging at 4000 rpm 

for 20 min, the isolated bacteria were redispersed in mineral media (MM) containing 30 mM 

sodium lactate to tune the bacteria concentration to 1.26 x 1010 cell/ml, the formulation of MM was 

reported previously.56 The S. Ioihica solution was then mixed with GO solution (4mg/mL; Sigma 

Aldrich 777676) in desired volume ratio and cultured for 48 hours under the anaerobic condition 

to obtain the PV-4/B-rGO biohybrid. To program the morphology of this biohybrid, a “molding” 

process was exploited. Specifically, the PV-4/GO solutions were filled into the container with 

customized 3-D profile prior culture, where the synthesized biohybrid can replicate the 3-D profiles 

and grow into desired structures.    

Morphology of the biohybrid was characterized by scanning electron microscope (SEM) imaging. 

Samples for SEM imaging were prepared as follows: After DI water rinsing, the samples were 

dehydrated in a series of ethanol solutions (50, 75, 90, 95, 100% and 100%, 10 min each). 

Dehydrated samples were then critical point dried (Leica EM CPD300) and sputtered with Pd/Pt 

alloy. Images were acquired by Zeiss Ultra 55 SEM and JEOL 7900F SEM. 

The electrical property of the biohybrid was characterized by a direct current I−V measurement 

using Biological SP200 Potentiostat. To establish electrical contact, the biohybrid were 

immobilized onto a pair of gold electrodes (1 mm separation) with gentle pressure applied. The 

measurements were performed after the samples were rinsed with DI water and 100% ethanol.  

4.2 MFC measurement  

Measurements of MFC performance were done by using a three-electrode set-up in 50 mL glass 

vials. Specifically, the working electrode was two stainless steel needles (Sigma-Aldrich Z115606) 

with PV-4/B-rGO biohybrid connected optionally. The Ag/AgCl and platinum wire were used as 

reference- and counter- electrodes, respectively. The vial was filled with 40 mL PBS, and during 

measurements, after the current stabilized,  the connection and disconnection between the 

working electrode and living biohybrid were performed repeatedly while the corresponding current 

changes were recorded.  

4.3 Supercapacitor fabrication and measurement 



To fabricate the bio-assembled supercapacitor, the bacterial cellulose (BC) based separator was 

first synthesized by culturing Gram-negative bacteria - Gluconacetobacter xylinus 

(https://www.atcc.org/products/53582) in a static condition until pellicle formed in a six-well plate. 

Then BC pellicle was transferred into a new 6 well plate for assembly of the PV4/B-rGO electrodes. 

First, GO solution was soaked on both sides of the BC pellicle for 12 hours to decorate GO on 

both surfaces of the BC pellicle. Following this, PV-4 cultural solution was added to one side of 

the GO-decorated BC pellicle and incubated at room temperature to initiate bacteria-driven GO 

reduction. After 24-hour, the BC pellicle was flipped and repeated adding 1 mL bacteria on the 

other side to finally obtain the bio-assembled supercapacitor. 

The performance of the supercapacitor was evaluated using cyclic voltammetry (CV), 

galvanostatic charge-discharge (GCD) cycles, and electrochemical impedance spectroscopy 

(EIS). A Bio-Logic SP-200 Potentiostat with EC-Lab software (Biologic) was used for all 

electrochemical techniques. In all measurements, carbon cloth and Ag/AgCl were applied as a 

counter electrode and a reference electrode, respectively. The CV was obtained under a three-

electrode configuration with a potential range of 0 to 1.0 V and the scan rate varied from 10 to 

500 mV/s. GCD was performed in a two-electrode setup with a range from 0.02 A/g to 0.3 A/g. 

The specific capacitances (Cs) of electrodes derived from galvanostatic discharge curves were 

calculated by using the equation: 

𝐶𝑠 =  
2𝐼

𝑚
∆𝑉

∆t

, 

where I is the constant discharge current, m is the mass of one electrode and ΔV and Δt represent 

voltage change (excluding Vdrop) on discharge and time for full discharge respectively. Besides, 

the EIS was performed with a frequency range between 100 kHz and 0.1 kHz and an AC 

perturbation of 10 mV. 

4.4 Photoelectrochemical measurements 

4.4.1 Isolation of TM from Spinach Leaves 

Selected 40 g of dark green leaves and rinsed leaves in cold water. Grinded leaves in about 150–

175 mL of Buffer A (Table S1) and filtered the homogenate twice on two layers of cloth tissue. 

Collected the filtrate and centrifuge at 750 × g for 15 min. Discarded the supernatant and 

resuspended the pellet in about 30 mL of Buffer B. Centrifuged the filtrate 60 s at 750 × g and 

resuspend the pellet in a small volume of Buffer B (1–1.5 mL). The total chlorophyll concentration 

of the chloroplast preparation is measured according to below protocol: 

a. Added 10 mL of chloroplast preparation in 5 mL of 80% acetone and vortex the mixture. 

b. Centrifuged the mixture for 2 min at 2,500 × g. 

c. Carefully transfer the supernatant in the spectrophotometer cuvette. 

d. Measured the absorbance of the supernatant at 647 and 664 nm using the 

spectrophotometer. 

e. Calculated the chlorophyll concentration using the following equation: Chlorophyll 

concentration (mg/mL) = [(17.76 × A647) + (7.34 × A664)]/2 

The final TM concentration in this preparation was around 1 mg/mL. 



4.4.2 Anabaena culture  

Anabaena sp. was bought from Carolina Biological. To set up a new culture (a subculture), 

transferred about 10 mL of a stock culture into 200 mL of fresh medium (Alga-Gro®). The detailed 

components are shown in Table S2. Placed the new culture under cool-white, fluorescent lights 

(200 to 400 foot-candles) for 7 to 10 days to allow the alga to grow. Once there was good growth, 

moved the culture to an area of lower illumination (50 to 100 foot-candles) for slower growth and 

storage. 

4.4.3 Preparation of modified electrodes 

ITO substrates with 25 mm × 25 mm rectangular shape were cleaned in an ethanol solution and 

sonicated for 30 min, then rinsed with deionized water and dried with N2. Prior to experiments, 

these ITO substrates were treated by oxygen plasma at 100 W for 60 s (Plasma-Etch PE-50 XL 

benchtop plasma cleaner) to increase their hydrophilicity. Self-made a small chamber by cutting 

15 mL centrifuge tube and attached the top part of the tube onto ITO substrate using epoxy. When 

epoxy fully dried, (a) for GO/TM electrode sample, dropped cast 20 µL GO (4 mg/mL) solution to 

cover whole ITO surface, heated at 60 °C for several minutes until formed thin GO film. When 

surface cooled down, dipped different volumes of TM solution onto surfaces and dried at 4 °C 

overnight to obtain GO/TM modified electrode. (b) For the biohybrid/TM electrode sample, 

pressed biohybrids onto the ITO substrate and dipped the TM solution on top, and still dried at 4 

°C overnight. (c) For the Anabaena electrode, dropped cast of 20 µL cultured Anabaena solution 

onto the bare ITO electrode or GO coated electrode as described previously and dried at 4 °C for 

12 hours. 

4.4.4 Photocurrent measurement 

Fabricated electrodes in 4.4.3 were used as the working electrode, Ag/AgCl as the reference 

electrode and carbon cloth as the counter electrode. A home-built system that included a liquid 

light guide and a Ø5 mm collimator (Olympus BX / IX, ARC: 350-700 nm) to focus light into a 

diameter of 22 mm was built, a short pass filter with cut-on wavelength 700 nm (FESH0700 - 

Ø25.0 mm) as well as a long pass filter with cut-on wavelength 550 nm (FEL0550 - Ø1") was used 

for light irradiation. The power density at 680 nm is determined to be 60 mW/cm2 based on the 

measurements of a light meter (Digi-Sense WD-20250-00). PBS was used as the electrolyte for 

the photocurrent measurement. The applied potential for all photocurrent measurements was 0.5 

V vs Ag/AgCl unless stated otherwise. 
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