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1. Scientific or technological challenges :  

Among all power generation systems, biofuel cells that convert chemical energy into electrical energy by electro-

enzymatic reactions, have attracted considerable attention over the last decade. 

Enzymatic fuel cells mainly involve the targeted oxidation of saccharides (such as glucose or fructose) at the anode 

and reduction of oxygen at the cathode to generate electric power. A vast majority of these biofuel cells generates 

electrical energy from the enzymatic oxidation of glucose and reduction of oxygen, two substrates present in 

physiological fluids. Thus, in parallel to the powering of portable electronic devices (mobile phone, digital music 

player, laptop, GPS, etc), a fascinating application concerns their implantation in the human body like an 

autonomous source of theoretically unlimited energy [1-6]. Such biofuel cells could thus constitute a promising 

alternative to power implanted medical devices. However, biofuel cells are facing with a major technological 

bottleneck that currently blocks their development, namely their short lifetime. This low stability is related to the 

denaturation of the immobilized enzymes and seems ineluctable. 

 

The main goal of this project is to drastically improve the production of sustainable and ecofriendly Watts from 

glucose. The novelty and overall objective is to create bioreactors using tailored new 3D hybrid nanometer scale 

biopolymer formulations, including biocatalysts that provide eco-friendly, cost-effective and biocompatible 

nanometer scale materials with increased surface area, miniaturization, increased packing, imprinting friendly, as 

well as, efficient electron shuttling 

(Figure 1). The specific goal is to 

produce micro-energy sources 

powered by glucose energy. Since 

glucose is available in the nature, 

the endpoint of the project is to 

construct a bioreactor that will act as 

a biofuel cell that can be integrated 

and powered electronic devices. 

The ultimate challenge this project 

will contribute to society, will be to 

insure that medicine can ride on the 

use of biocompatible nanometer-

scale bioelectronic devices with an efficient harness in electron transfer from in vivo energy conversion. In addition, 

our project will monitor the in vitro toxicity of the nanomaterials made as well as the biocompatibility of the 

bioreactors produced. 

 

2. Scientific approach and work plan: 

The project will develop a new biocompatible energy micro-source which uses glucose as fuel in order to power 

electronic devices.  This will be achieved by tailored hybrid biocompatible hydrogels that can modulate in a 

combinatorial number of Smart materials after they are combined with various conductive nanomaterials. The 

project proposes several breakthroughs (Figure 2): 

 

Smart biocompatible conductive beads for energy conversion 
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 design of new tailored biocompatible 
conductive beads  

 innovative bioelectrodes by insertion of 
biocatalysts, mediators and conductive 
carbon nanomaterials inside the bead 
scaffolds, ensuring efficient electric 
connection and exchange of fuel 

 design of alternative bioelectrode 
configurations such as molding and filtration 
technologies 

 powering nomadic device by energy 
scavenging from glucose 

 demonstration of the possibility to power a 
real device from glucose  

 yield in long-term operation  
 Consulting over the development phase with opinion leaders and industrialists of the industrialization 

potential and the suitability for scale up and commercialization potential. 
 

In order to reach the aforementioned objectives, we propose herein to address that goal by pursuing fundamental 

research based on the use of natural biocompatible living systems namely alginates. Why alginates? (Table 1). 

Alginate is biocompatible and 

approved by US FDA: Alginate is 

currently the main material used in 

the field of islet transplantation to 

provide immune-isolation to 

encapsulated cells[7-8]. Alginate 

can easily be modified: It is 

possible to chemically modify 

native alginate with compounds 

providing tailored properties which 

bring in the fabrication of electrodes many novel features (enzymes, bioinspired catalysts, mediators, conductive 

monomers…). These new proprieties may overcome electronic, immune-compatible constraints. In addition, 

alginate can form 3D structures, a remarkable property that when exposed to calcium it forms beads (or other 3D 

structures) separating out easily from the solution. The bead formation adds additional unique properties to our 

system: no need for filtration, easy to handle and separate the beads, etc. This method can be used to produce 

inserted, conductive 3D structures using nanoscale carbon materials with controlled thickness, porosity, and size 

[9-12]. Thus, alginate beads can entrap nanomaterials, by mixing different alginates derivatives in order to fabricate 

in the same beads hybrid alginate 

electrodes. 

Thanks to these proprieties, we will 

create a novel concept in electrode 

production consisting in tailored hybrid 

biocompatible hydrogels that can 

modulate in a combinatorial number of 

smart materials (various modified 

alginate-components mixed to provide together different properties) with combined conductive carbonaceous 

nanomaterials.  

3. Results and deliverables  
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Deliverables (D) and milestones (M) 

Task Title and substance of the deliverables and milestones 

1. Synthesis of novel Alginate hybrids beads, fabrication and characterization 

D1.1 
Synthesis of novel functionalized alginate hybrids 

D1.2 Bead fabrication, entrapment of carbon nanotubes and electrode elaboration by connecting the beads  

D1.4 Catalytic and electro-catalytic behavior of wired beads in various conditions 

M1 Modulate bead configuration and test performance 

2. Characterization  and performance of  the hybrid alginate beads 

D2.1 Immobilization of the biocatalysts (enzymes) 

D2.2 
Efficiency of the synthetized alginate-biocatalysts in the beads: enzyme activity, conductivity, permeability and 

longevity of the bio-pearls 

D2.3 
Electrical wiring of the entrapped enzymes: evaluation of carbon nanotubes, new redox alginate or redox polymer 

as mediator  

 Evaluation of suitable functionalization methods  

M2 Definition of the best strategy and bioelectrodes 

3. 3D-bioelectrode structuration and advanced characterization 

D3.1 
Development of bioelectrodes by wiring series of enzymatic pearls: design of conductive and insulating enzymatic 

beads 

D3.2 
Deposition techniques for efficient formation of the nanostructured scaffold based on enzyme-beads by moulding 

and buckypaper 

D3.3 Optimization of the yield of wired catalysts  

M3 Catalytic activity  

4. Biofuel cell performance 

D4.1 
Biofuel cell assembly 

D4.2 Performance tests and electrochemical characterizations 

D4.3 Tests under severe conditions 

D4.4 Identification of the ageing process 

M4 Optimized biofuel cells and hybrid fuel cells 

 

4. State of the art and project originality 

Tailored modulable hybrid conductive carbonaceous polymer composites are one kind of intelligent technology 

that combines the chemical and physical properties of polymers with the conductive carbonaceous nanomaterials 

such as graphite, carbon black, and CNTs, which have significant applications in many fields [13-19]. Conductive 

carbonaceous polymer composites based on conjugated polymers such as polyaniline and polypyrrole have been 

attracting the interest of many researchers, however, the most obvious and intractable problems for these materials 

are the high cost, complicated synthesis procedures, and poor mechanical stability. In order to overcome these 

issues and improve the strength properties, carbon conducting materials were mixed and added into hydrogels 

such as polyacrylamide and chitosan to obtain carbon conductive composite hydrogels. These composite 

hydrogels can be conductive and strength-enhanced; however, the preparation process is complicated via the 

methods of free radical polymerization, filtration, and electrodepositing[20-24]. Therefore, there is a high 

significance in developing a cheap, facile, and direct method in blending carbon conducting nanomaterials with 
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polymeric hydrogels in order to obtain rapid and cheap conductive composite hydrogels in the minimum amount 

of possible steps. 

In this project we will develop adequate assembly methods to produce several 3D conductive electrodes by 

translating and maintaining the unique properties of CNTs at the macroscale while simultaneously incorporating 

additional functionalities into composites. We will lay the foundation for the assembly of nanotubes and 

nanostructured components into macroscopic multifunctional materials using low-cost materials and scalable 

solution-based processing techniques.  

In this context, we will develop conductive and porous hydrogel electrodes that are cost effective by mixing ionically 

cross linked alginate, and CNTs. An alginate chain comprises of  mannuronic acid (M unit) and guluronic acid (G 

unit), arranged in blocks rich in G units, blocks rich in M units, and blocks of alternating G and M units. In an 

aqueous solution, the G blocks in different alginate chains form 

ionic crosslinks through divalent cations (for example, Ca2+), 

resulting in a 3D network in water that produce a CNTs-alginate 

hydrogel. The method to prepare hydrogels CNTs beads from an 

aqueous alginate/nanotubes solution (in which the alginates act 

as a surfactant and crosslink) is to combine the solution with ionic 

cross-linking agents, such as divalent cations (i.e., Ca2+). The 

divalent cations are believed to bind solely to guluronate blocks 

of the alginate chains, as the structure of the guluronate blocks 

allows a high degree of coordination of the divalent ions. The 

guluronate blocks of one polymer then form junctions with the 

guluronate blocks of adjacent polymer chains enabling the 

entrapment and condensation of the nanotubes inside the beads 

forming a conductive electrode in the form of beads (Figure 3).  

 

In the present project, the integration of these new hybrid nanomaterials could bring a new dimension to future 

technologies, where faster, easier, and cheaper methods are needed. In addition this project provides large-scale 

cost-effective production methods enabling a balance between ease of fabrication and nanomaterials quality. 

By using an alginates/nanotubes composite, several types of electrodes will be developed for fabricating 3D 

conductive networks of macroscale nanotubes using various methods. These methods can be used to produce 

nanotube 3D structures or other nanoscale carbon materials films/beads having a controlled thickness and size, 

with various degrees of porosity. Furthermore, the project provides methods for fabricating electrodes having a 

desired shape, structure, and chemically modifiable functional groups, so that it is possible to obtain the greatest 

benefits while considering the cost of the applied materials and the practical value. It is also possible to chemically 

modify the native alginates with the target compounds before the fabrication of the electrodes which might open up 

the possibility to incorporate different types of chemically modified alginates (e.g. alginates-biotin or pyrrole or 

diazirine…) on the same electrodes (hybrid or mixed alginates electrodes). It is also possible to mix different types 

of carbonaceous nanomaterials before the fabrication of the electrodes (hybrid or mixed carbonaceous 

nanomaterials electrodes). We can add in these composites bioorganic entities such as enzymes enabling chosen 

catalytic activities. 

Additionally, the new concept that we introduced in this project will be combined with the development of permeable 

conductive buckypapers electrodes based on cross-linked carbon nanotubes. Thanks to the exceptional 

characteristics of the CNTs, such as high specific surface area, stability and high electrical conductivity, their 

functionalization by alginate/nanotube/enzyme composite gels may lead to another biofuel cell design. The intrinsic 

properties of these electrodes allow their application in several areas that will be explored. 

 

5. International positioning of the project 

This project is a unique opportunity to gather laboratories exhibiting different but complementary activities in 

fundamental research on electrocatalysis, bioelectrocatalysis and functional immobilization (French PI team), with 
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one team expert in electrode design, in particular nanostructured carbon materials such as graphene and carbon 

nanotube networks (Singaporean PI team). This project is aimed to open a new research axis based on developing 

on tailoring new smart materials for bioenergy conversion and based on the PIs proven expertise in the field of 

organic chemistry, bioenergy, carbon nanomaterials and electrochemistry. The ambition of the project is to open a 

new and sustained field of research in nano-biosystem electron transfer in powering electronic devices. This will 

have an impact in many different disciplines: bioenergy, nanomedicine, electrochemistry, catalysis, bioinorganic 

chemistry and nanotechnology and it is the premise of this program to create a synergy with local and international 

academic and industrial groups which are part of the PIs network.  This project could also bring novel outcomes to 

important challenges in microbial fuel cell, water (electro)(bio)remediation, fuel production, photobiofuel cells or 

biosensors which are not specifically targeted in this project but could fuel additional activities.  Moreover, the 

French Coordinator (Dr. Serge Cosnier) has broad experience of the France-Singapore relations. Indeed, he has 

already developed successfully bilateral collaborations with School of Materials Science and Engineering of NTU 

through Merlion program. 
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