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Enzymatic fuel cells via synthetic pathway biotransformation 
 

Zhiguang Zhu 
 
 

ABSTRACT 
 
 
Enzyme-catalyzed biofuel cells would be a great alternative to current battery technology, 

as they are clean, safe, and capable of using diverse and abundant renewable biomass 

with high energy densities, at mild reaction conditions. However, currently, three largest 

technical challenges for emerging enzymatic fuel cell technologies are incomplete 

oxidation of most fuels, limited power output, and short lifetime of the cell. 

 

Synthetic pathway biotransformation is a technology of assembling a number of enzymes 

coenzymes for producing low-value biocommodities. In this work, it was applied to 

generate bioelectricity for the first time. Non-natural enzymatic pathways were developed 

to utilize maltodextrin and glucose in enzymatic fuel cells. Three immobilization 

approaches were compared for preparing enzyme electrodes. Thermostable enzymes from 

thermophiles were cloned and expressed for improving the lifetime and stability of the 

cell. To further increase the power output, non-immobilized enzyme system was 

demonstrated to have higher power densities compared to those using immobilized 

enzyme system, due to better mass transfer and retained native enzyme activities. 

 

With the progress on pathway development and power density/stability improvement in 

enzymatic fuel cells, a high energy density sugar-powered enzymatic fuel cell was 

demonstrated. The enzymatic pathway consisting of 13 thermostable enzymes enabled 
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the complete oxidation of glucose units in maltodextrin to generate 24 electrons, 

suggesting a high energy density of such enzymatic fuel cell (300 Wh/kg), which was 

several folds higher than that of a lithium-ion battery.  Maximum power density was 0.74 

mW/cm2 at 50 °C and 20 mM fuel concentration, which was sufficient to power a digital 

clock or a LED light. 

 

These results suggest that enzymatic fuel cells via synthetic pathway biotransformation 

could achieve high energy density, high power density and increased lifetime. Future 

efforts should be focused on further increasing power density and enzyme stability in 

order to make enzymatic fuel cells commercially applicable. 
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Chapter 1 Introduction 1 

 2 

1.1    Enzymatic fuel cells(EFCs) 3 

1.1.1 Fuel cells and biofuel cells  4 

Ever increasing energy demand, depleting fossil fuel reserve, and rising public awareness 5 

for environmental protection, are driving us to seek for alternative/renewable energy 6 

sources. Some potential eco-friendly technologies have evolved such as wind turbine, 7 

photovoltaics, and fuel cells (Kirubakaran et al. 2009). 8 

 9 

A fuel cell is a device that converts the chemical energy from a fuel into electric energy 10 

through a catalyzed chemical reaction. It usually consists of an anode, a cathode, and 11 

an electrolyte that allows charges to move between the anode side and the cathode side of 12 

the fuel cell. Electrons are drawn from the anode to the cathode through an external 13 

circuit, producing direct current electricity. Compared to a combustion engine, a fuel cell 14 

features its much higher energy conversion efficiency, less pollution, and quieter 15 

operation. Different from a battery, a fuel cell has a separate fuel container and can run 16 

continually as long as fuels and oxygen are supplied. Fuel cells have been attracted 17 

particular attention and already been used in spaceflight, transportation, stationary power 18 

grid, and portable devices (Stambouli and Traversa 2002). 19 

 20 

Traditional fuel cells generate electricity through catalytic oxidation of fuels such as 21 

hydrogen gas, methane, and methanol with precious, non-renewable, metal catalysts. 22 

Besides with limited resources, metal-catalyzed fuel cells also create issues including 23 



2 
 

toxic metal pollution, safety, and electrode passivation (Sundmacher 2010). With 1 

biotechnological advances over these decades, biocatalysis has been established as a 2 

practical and environmental friendly alternative to traditional metal-catalysis in many 3 

fields including fuel cells. 4 

 5 

Biological fuel cells (also known as biofuel cells) are a subset of fuel cells in which 6 

microorganisms or enzymes are employed for electrochemical catalysis. The operation of 7 

a biofuel cell involves biological oxidization reaction of the fuel at the anode side, 8 

producing protons and electrons; while at the cathode side, the oxidant (usually oxygen) 9 

reacts with protons and electrons, generating water. Same as in other fuel cells, an 10 

electron flow by an external circuit can provide electrical energy. With the features of 11 

biocatalysts, biofuel cells offer the use of renewable, biodegradable, and clean catalysts, 12 

high selectivity of the reaction, utilization of complex organic compounds (e.g. sugars, 13 

alcohols, and mixtures such as waste water), and the ability to run at modest condition 14 

(e.g. lower temperatures) (Bullen et al. 2006; Davis and Higson 2007). Defined by the 15 

type of biocatalysts, biofuel cells can be categorized into microbial fuel cells (MFCs) and 16 

enzymatic fuel cells (EFCs). 17 

 18 

Microbial fuel cells utilize whole cells to oxidize fuel substrates through a series of 19 

respiratory enzymes in vivo. The living organisms used in MFCs contain complicated 20 

metabolic pathways that are capable of complete oxidation of a wide variety of organic 21 

compounds, such as carbohydrates, proteins, as well as complex mixtures of organic 22 

matter present in human, animal, soil, and wastes. Complete oxidation of acetate or 23 



3 
 

glucose has been demonstrated in MFCs (Bond and Lovley 2003; Chaudhuri and Lovley 1 

2003). In addition, due to the self-replicating ability of microorganisms, MFCs are often 2 

stable for long periods of time, at a wide range of temperatures (Moon et al. 2006). 3 

However, due to the barriers of cell membrane and cell wall structure in microorganisms, 4 

MFCs are often limited by mass transport and internal resistance. The separate between 5 

the catalysts, the fuel, and the electrode surface plagues these systems with low power 6 

densities due to slow mass transport and poor electron transfer (Logan et al. 2006). MFCs 7 

also have low volumetric catalytic activity due to dilution effect of other non-8 

oxidoreductase biomolecules inside the cell cytoplasm (Moehlenbrock and Minteer 2008). 9 

The upper limit of maximum power density for a single layer of microorganisms 10 

immobilized on the electrode of a MFC has been discussed previously (Logan 2009). 11 

With their pros and cons, MFCs have mainly been used in wastewater treatment, waste 12 

biomass treatment, and marine sediment fuel cells (Harnisch and Schroder 2010; Scott et 13 

al. 2008). 14 

 15 

1.1.2 Introduction of EFCs 16 

Enzymatic fuel cells utilize isolated enzymes or enzyme complexes as biocatalysts for 17 

generating electrical energy. In comparison to MFCs, EFCs rely on enzymes that can 18 

work on fuel substrates directly without any barriers such as cell walls and cell 19 

membranes slowing down the mass transfer (Osman et al. 2011). Reaction rates per unit 20 

area or volume of enzyme catalysts are much higher than those of microorganism 21 

catalysts because of smaller sizes of enzymes and their higher loadings per unit area or 22 

volume (Cooney et al. 2008). EFCs are also advantageous in fuel-to-electron yield 23 



4 
 

because neither by-products nor cell mass is produced. As compared to conventional fuel 1 

cells, EFCs have advantages as biocatalysts including wide fuel diversity, high selectivity, 2 

green, and mild reaction condition. Therefore, EFCs with potentially higher power 3 

outputs could have more applications as next-generation, environmentally friendly, 4 

micro-power sources (Barton et al. 2004).  5 

 6 

Similar to a conventional fuel cell, a typical EFC consists of an anode oxidizing the fuel, 7 

a cathode reducing the oxidant, electrolyte for mass transport, and a proton exchange 8 

membrane that separates two electrodes (Figure 1.1). On the cathode side, one design 9 

called air-breathing cathode where catalysts can direct react with oxygen in air has been 10 

used sometimes to overcome the dissolved oxygen limitation in electrolyte (Klotzbach et 11 

al. 2008; Moehlenbrock et al. 2010; Sakai et al. 2009). The membrane is allowed to be 12 

eliminated in some cases due to the good selectivity of enzymes on both sides, which 13 

would save the infrastructure cost for EFCs (Mano and Heller 2003; Topcagic and 14 

Minteer 2006). Depending on the electron transfer means in an EFC, electron mediators 15 

have to be used for mediated electron transfer but are not necessary for direct electron 16 

transfer (Ivnitski et al. 2006; Reuillard et al. 2012; Zebda et al. 2011). The use of electron 17 

mediators which have small sizes, low weights, and low overpotential, can be beneficial 18 

because they assist electron transfer between an enzyme and an electrode with fast 19 

reaction and diffusion. However, the price, stability, and selectivity of such mediators 20 

must also be considered (Chakraborty and Barton 2011). For the utilization of various 21 

fuels, currently, most efforts on EFCs have been focused on the anode side. It is common 22 



5 
 

to use a simple platinum catalyst for oxygen reduction on the cathode in many EFCs, and 1 

such a “hybrid” type is still regarded as an EFC.   2 

 3 

To compare the performances of different EFCs, several main criteria have to be 4 

evaluated: open circuit voltage, maximum current density, maximum power density, 5 

energy storage density, and lifetime. Open circuit voltage is a measure of the potential 6 

difference between the cathode and the anode with infinite load applied. The maximum 7 

current density corresponds to the case when the electrodes are shorted so the external 8 

circuit resistance is zero. Maximum power density is the peak value of power density and 9 

is most easily graphically explained as the peak power density of the power curve, which 10 

is a plot of power or power density versus either current density or potential depending 11 

on convention. Energy storage density is the amount of energy stored in a given matter 12 

per unit mass or volume. It varies in different fuels. The lifetime of an EFC means the 13 

time duration that a cell can maintain its performance at a certain level, and is normally 14 

determined by the stability of its enzymes, cofactors, mediators, and infrastructures. 15 

 16 

1.1.3 Complete oxidation for EFCs   17 

Energy density is a crucial criterion for EFCs and other power sources. For instance, 18 

currently widely-used lithium-ion batteries have a power density of 100-260 Wh/kg. 19 

EFCs can utilize a large range of organic compounds as fuels. Potential high energy 20 

storage densities would be achieved only when such fuels were completely oxidized to 21 

CO2 through complicated metabolic pathways as they occur in living cells. For example, 22 

glucose is the most common fuel in nature because it is the least costly, abundant, 23 
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renewable, and safe (Zhang 2010b). It has combustion energy of 15.5 MJ, when its 1 

complete oxidation is achieved for generating 24 electrons per glucose, resulting in an 2 

energy density of ~1900 Wh/kg (assuming working voltage is 0.5 V), nearly 20-fold 3 

those of lithium ion batteries.  4 

 5 

However, most EFCs nowadays suffer from the incomplete oxidation of fuels, leading to 6 

a waste of energy utilization. For example, glucose-powered EFCs are mainly based on 7 

only one oxidoreductase (i.e., glucose dehydrogenase or glucose oxidase), resulting in 8 

two electrons generated per glucose unit (Sakai et al. 2009; Sato et al. 2005; Zebda et al. 9 

2012). Few studies have reported four or six electrons generation per glucose unit using 10 

two glucose oxidoreductases (Tasca et al. 2010). Besides leading to a low of energy 11 

utilization efficiency, incomplete oxidation may dramatically increase the fuel cost of 12 

EFCs and also lead to product inhibition to enzymes. 13 

 14 

To increase fuel utilization efficiency and fully extract energy density of EFCs, the 15 

complete oxidation of fuels mediated by enzymatic pathways is highly desired (Sokic-16 

Lazic et al. 2010). Enzymatic pathways have already been constructed or suggested to 17 

perform the complete or deep oxidation of methanol, ethanol, glycerol, pyruvate, and 18 

lactate (Arechederra et al. 2007; Palmore et al. 1998; Sokic-Lazic et al. 2011; Sokic-19 

Lazic and Minteer 2009). Methanol is the first fuel that has been completely oxidized to 20 

CO2 by three nicotinamide adenine dinucleotide (NAD+) based dehydrogenases working 21 

along a linear pattern (Palmore et al. 1998). Ethanol, glycerol, and pyruvate have been 22 

demonstrated later for deep or complete oxidization through natural biomimetic pathways 23 
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(i.e., the citric acid cycle). However, none of them demonstrated quantitative evidence of 1 

complete oxidation based on coulombic efficiency. Recently, two pathways have been 2 

suggested to completely oxidize glucose. One biomimetic enzymatic pathway was based 3 

on glycolysis and Krebs cycles (Minteer et al. 2007). However, this pathway design was 4 

complicated and involving adenosine triphosphate (ATP) and acetyl-coenzyme A (CoA), 5 

which were expensive, labile and could not be utilized for an extended period of time. 6 

Another one was a non-natural, minimal 6-enzyme cascade pathway containing 7 

pyrroloquinoline quinone-dependent dehydrogenases, aldolase, and oxalate oxidase (Xu 8 

and Minteer 2012). This pathway employed low chemical specificities of some enzymes 9 

that could work on multiple substrates. The final product CO2 was detected. However 10 

problems such as low power output and lack of quantitative evidence of coulombic 11 

efficiency remained unsolved.  12 

 13 

1.1.4 Other challenges for EFCs 14 

Four key challenges must be solved before the large-scale implementation of EFCs. 15 

Besides incomplete oxidation of fuels (e.g., hexoses), other challenges are short enzyme 16 

lifetimes, low power densities, and high costs associated with mediators and membranes. 17 

Each challenge can be addressed with multiple approaches (Table 1.1) but some solutions 18 

may be in conflict. Therefore, it is very important to systematically analyze the Pros and 19 

Cons of each solution to determine the best choices.  20 

 21 

Enzymes suffers from low stability, low volumetric catalytic ability compared to metal 22 

catalysts, and may require tedious enzyme isolation and purification. To prolong enzyme 23 
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lifetime in EFCs, most efforts have been focused on enzyme immobilization on 1 

electrodes, where enzymes usually originate from mesophilic organisms. Such 2 

immobilization not only prolongs the lifetime of enzymes but also enhances electron 3 

transfer among enzymes and electrodes (Moehlenbrock and Minteer 2008). Typical 4 

immobilization methods include simple adsorption, entrapment, wiring, covalent linking, 5 

sandwiching, and so on (Park et al. 2010). Therefore, nearly all current EFCs are based 6 

on immobilized enzymes. However, this immobilization often severely impairs the 7 

apparent enzyme activities, which results in very low power densities (Gao et al. 2010; 8 

Johnston et al. 2005; Johnston et al. 2006; Zhao et al. 2009). Because enzyme stability 9 

can be enhanced by enzyme engineering, optimization of enzyme complex, and use of 10 

thermostable enzymes from thermophiles, other synergetic solutions could be (i) to 11 

extend the enzyme lifetime by using thermostable enzymes (thermoenzymes) and/or 12 

protein engineering (Güven et al. 2010; Wong and Schwaneberg 2003 ), (ii) to retain the 13 

enzyme activity and increase the mass transfer without immobilization, and (iii) to 14 

facilitate the electron transfer by using electron mediators between the enzymes and the 15 

electrodes (Sugiyama et al. 2010; Yu and Scott 2010). 16 

 17 

Power densities of EFCs are much lower compared to traditional fuel cell technology, 18 

resulting in their niche applications. Most EFCs can generate power at the µW-mW/cm2 19 

levels, which are enough to power biosensors and very small electronics (Zhao et al. 20 

2009). Recently, with the development of enzyme biotechnology and advances in novel 21 

electrode materials, several groups have reported EFCs that have power densities of >1 22 

mW/cm2 (Chen et al. 2012; Sakai et al. 2009; Zebda et al. 2011). Further increase in the 23 
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power output of EFCs requires a combinatorial strategy of cell configuration optimization 1 

using parallel stacking electrode plates (Sakai et al. 2009), electrolyte optimization, better 2 

enzymatic electrode design, enhanced performances of enzymes, and so on. 3 

 4 

The high cost for nafion membranes and mediators is another issue for the practical 5 

application of EFCs. The use of mediators also comes with their stability and 6 

overpotential concerns (Minteer et al. 2007). To address the nafion membrane issue, one 7 

strategy is to use alternative membrane materials, such as cellophane, for EFCs (Sakai et 8 

al. 2009). With high selectivity of enzyme catalysts, membranes can even be removed in 9 

many cases (Mano and Heller 2003; Topcagic and Minteer 2006). For mediators, one 10 

way is to employ direct electron transfer enzymes to eliminate the use of mediators 11 

(Ghindilis et al. 1997; Reuillard et al. 2012; Tsujimura et al. 2009; Vaze et al. 2009). 12 

Other efforts have been focused on discovering or synthesizing mediators with higher 13 

stability, lower cost, and better performance (Chakraborty and Barton 2011). 14 

 15 

1.2    Synthetic pathway biotransformation (SyPaB) 16 

1.2.1 Introduction of SyPaB 17 

Complicated biotransformation through more than three enzymes has been mainly used 18 

to produce high-value products in the pharmaceutical and biomedical industries, such as 19 

the synthesis of polypeptides, antibodies, chiral compounds, polysaccharides, and so on 20 

(Fenical and Jensen 2006; Halpin and Harbury 2004; Hodgman and Jewett 2012; Jewett 21 

et al. 2008; Xu et al. 2011). In these cases, costs of enzymes and cofactors and/or their 22 

recycling may not be essential to the success of their production because the prices of 23 
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these high-value products could vary from millions to billions of dollars per kilogram 1 

(Zhang 2010a).  2 

 3 

Recently synthetic pathway biotransformation (SyPaB) have been suggested to produce 4 

low-value biocommodities as an alternative to whole-cell fermentation (Guterl and Sieber 5 

2013; You and Zhang 2013; Zhang 2010a; Zhang et al. 2011; Zhang et al. 2010). In these 6 

cell-free pathways, a number of enzymes and/or coenzymes are assembled together in 7 

one reactor or even separated by a selective cellular or synthetic membrane for 8 

implementing desired biotransformation. It is essential to decrease enzyme costs and 9 

increase enzyme stability, when low-cost commodities, such as electricity, liquid biofuels, 10 

and hydrogen, are produced by using enzymes on a large scale.  11 

 12 

Although whole-cell microorganisms dominate the biomanufacturing industry, their 13 

many inherent drawbacks cannot be addressed due to limits of microorganisms’ nature 14 

and thermodynamics. SyPaB features several advantages as compared to microbial cell 15 

factories (Figure 1.2). These advantages include high product yield, fast reaction rate, 16 

high product titer, broad range of reaction conditions, simplified process control, and the 17 

ability to perform non-natural reaction (You and Zhang 2013; Zhang et al. 2010). SyPaB 18 

has produced electricity, hydrogen, and liquid biofuels better than microbial cells in terms 19 

of product yield, rate and/or titer, suggesting their great industrial potential (Guterl et al. 20 

2012; You and Zhang 2013). 21 

 22 
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Although SyPaB has many appealing features as mentioned above, its commercialization 1 

has a long way to go to really compete with fermentation processes, especially for some 2 

well-developed fermentations for the production of ethanol, amino acids, antibiotics, bulk 3 

enzymes, such as amylase and protease, and so on. It is worth noting that some of 4 

microbial fermentations may not be replaced with SyPaB in the far future. For example, it 5 

is economically infeasible to produce low-cost bulk enzymes from amino acids, ammonia, 6 

and sugars by using SyPaB because feedstocks are more costly than products, while 7 

operative to produce high-value special protein drugs and enzymes. Because it is too 8 

costly to generate a large amount of ATP in vitro at low costs (Resnick and Zehnder 2000; 9 

Zhang et al. 2011), microbial fermentations that requires plenty of ATP inputs may not be 10 

replaced by SyPaB, such as antibiotics, ATP-intensive tryptophan (i.e., up to 70 ATPs per 11 

tryptophan synthesized) (Akashi and Gojobori 2002). Some biosynthetic pathways 12 

require a coenzyme CoA or CoA-containing metabolites, which are easily degraded in 13 

vitro. Therefore, some microbial fermentation involving CoA cannot be replaced with 14 

SyPaB, such as polyhydroxyalkanoates (PHA) (Chen and Wu 2005).  15 

 16 

1.2.2 Enzymes and enzyme complexes 17 

Bottom-up design of SyPaB starts from basic building blocks (individual enzymes) to 18 

building modules (enzyme complexes made of several enzymes) with defined functions 19 

(e.g. NADH regeneration, ATP generation) to complicated synthetic pathways for special 20 

applications (e.g. sugar-to-hydrogen production) (Zhang et al. 2011). Unlike living cells 21 

which can self-balance coenzymes and generate ATP, SyPaB must have balanced 22 

coenzymes and ATP or low-cost ATP generation systems in vitro. 23 
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  1 

Individual enzymes are the basic building blocks for SyPaB (Figure 1.3(A)). It is desired 2 

to improve activities and stabilities of enzymes, and produce enzymes cost-effectively. 3 

Typical approaches for improving enzymes include the discovery of novel enzymes with 4 

better performances, engineering of existing enzymes with protein engineering, such as 5 

rational design, directed evolution, or combinatorial way of using them both (Ye et al. 6 

2012; Zhou et al. 2008), and enzyme immobilization. The discovery and utilization of 7 

thermophilic enzymes from thermophilic microorganisms may be a shortcut. For example, 8 

a number of thermophilic enzymes have been cloned, expressed and characterized in E. 9 

coli, such as Clostridium thermocellum cellodextrin phosphorylase (Ye et al. 2009), C. 10 

thermocellum cellobiose phosphorylase (Ye et al. 2009), C. thermocellum alpha-glucan 11 

phosphorylase (Ye et al. 2010), C. thermocellum phosphoglucomutase (Wang and Zhang 12 

2010), Thermotoga maritima 6-phophogluconate dehydrogenase (Tm6PGDH) (Wang 13 

and Zhang 2009), T. maritima fructose bisphosphatase (Myung et al. 2010), and  T. 14 

maritima pentose phosphate isomerase (Sun et al. 2012). Enzyme engineering has also 15 

been widely utilized for increasing enzyme catalytic efficiency and stability (Bloom and 16 

Arnold 2009; Eijsink et al. 2005; Zhang et al. 2006). To purify recombinant enzymes at 17 

low cost, several scalable enzyme purification methods have been developed, such as 18 

heat precipitation (Sun et al. 2012; Wang and Zhang 2009), ammonia sulfate precipitation, 19 

and cellulose-binding module-based adsorption and immobilization (Liao et al. 2012; 20 

Myung et al. 2011).  21 

 22 
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Inspired by natural metabolons (Nielsen et al. 2008), the construction of synthetic 1 

enzyme complexes containing several enzyme parts is appealing. It not only significantly 2 

decreases the assembly labor by preparing numerous enzyme parts in one step, but also 3 

may increase reaction rates among cascade enzyme complexes due to the substrate 4 

channeling phenomena and avoid the degradation of labile metabolites (Dueber et al. 5 

2009; Zhang 2011). Based on enzyme linkages among cascade enzymes, there are five 6 

enzymatic complexes: 1) natural (transient) metabolons, 2) cross-linking of random 7 

multi-enzyme complexes, 3) entrapment or encapsulation of multi-enzymes, 4) synthetic 8 

fusion protein, and 5) multi-enzyme complexes through scaffoldins (Figure 1.3(B)). A 9 

metabolon is a temporary structural-functional complex formed between sequential 10 

enzymes of a metabolic pathway, mainly held by non-covalent protein-protein 11 

interactions. For example, metabolons in the Kreb’s cycle can facilitate substrate 12 

channeling and improve overall metabolic rates. Cross-linking normally uses chemical 13 

reagents to form covalent bonds between enzymes. Minteer and her coworkers developed 14 

a metabolon catalyzed pyruvate/air biofuel cell. In this cell, the metabolon in Kreb’s 15 

cycle was extracted from yeast cells and then was cross-linked instead of non-complexed 16 

enzymes (Moehlenbrock et al. 2010). Although these enzyme complexes may have 17 

increased stabilities, enzyme activity might decrease due to chemical modification on 18 

their structure and impaired protein conformation. Entrapment or encapsulation of 19 

enzymes can also be used to increase enzyme stability. For example, porous silica 20 

materials made by low-temperature sol-gel process have been promising host matrixes 21 

for encapsulation of enzymes (Kim et al. 2006). It may result in bad mass transfer created 22 

by packaging materials (Klotzbach et al. 2006). Direct fusion of two cascade enzymes 23 
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into a big polypeptide could enhance reaction rates greatly between the cascade enzymes 1 

(Zhang 2011). However, the choice of the linker length and composition as well as the 2 

selection of enzyme pairs could influence the degree of substrate channeling and 3 

expression levels of the enzymes. Protein scaffoldins are receiving more attention in 4 

constructing enzymatic complexes (DeLisa and Conrado 2009; Zhang 2011). Dockerin-5 

containing triose phosphate isomerase, aldolase, and fructose 1,6-bisphosphatase were 6 

self-assembled into a static tri-functional enzyme complex through a mini-scaffoldin 7 

containing three different cohesins. The synthetic enzyme complex exhibited reaction 8 

rate enhancement greatly compared to non-complexed three enzyme mixture at the same 9 

enzyme concentration (You et al. 2012). 10 

 11 

1.2.3 Examples of SyPaB 12 

Hydrogen has been proposed as a future transportation fuel due to the higher energy 13 

conversion efficiencies through polymer electrolyte membrane fuel cell (PEMFC) 14 

systems than those for traditional internal combustion engines and fewer pollutants 15 

generated in end users. A cell-free synthetic enzymatic pathway has been proposed to 16 

produce biohydrogen from starch-based substrates with high production yields (Figure 17 

1.4) (Zhang et al. 2007). A nearly theoretical yield of 12 moles of hydrogen per mole of 18 

glucose unit has been demonstrated. This synthetic pathway contains 3 main modules: 1) 19 

a chain-shortening phosphorylation reaction for producing glucose-1-phosphate (G1P) 20 

catalyzed by glucan phosphorylase and conversion from G1P to glucose-6-phosphate 21 

(G6P) catalyzed by phosphoglucomutase; 2) a pentose phosphate pathway containing 10 22 

enzymes together that produce 12 NADPH per G6P unit, and 3) 12 moles of hydrogen 23 
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generation from 12 moles of NADPH catalyzed by hydrogenase. One of the most 1 

important features of this endothermic reaction is that the chemical energy output/input 2 

(hydrogen/carbohydrate) is more than 100% (i.e., 122%). This reaction is the first 3 

chemical reaction that can generate hydrogen energy by absorbing low-temperature waste 4 

heat, which no one can utilize before. In addition, hydrogen produced through this 5 

pathway is easy to separate and collect due to the gaseous product generated from the 6 

aqueous reactants at temperatures below the water boiling point. Furthermore, enzymatic 7 

hydrogen is highly pure so that it may be used by a PEMFC directly without further 8 

purification. This pathway does not involve ATP-driven reactions, which solves the issue 9 

of unbalance of ATP. Later, high-yield hydrogen production from cellulosic substrates 10 

and water in batch reactions was demonstrated as well (Ye et al. 2009). It is expected that 11 

12 hydrogen units per glucose equivalent can be achieved in a continuous reactor. In 12 

addition, it has been shown nearly a 20-fold reaction rate increase (i.e., from 0.21 to 3.92 13 

mmol/L/h) by optimizing rate-limiting enzyme loadings and enzyme ratios, increasing 14 

substrate concentrations, and elevating reaction temperature slightly. This reaction rate is 15 

comparable to those reported for dark fermentation and electrohydrogensis with the help 16 

of microorganisms (Cheng and Logan 2007; Das and Veziroglu 2001). Further rate 17 

enhancements have led to rates of up to 160 mmole of H2/L/h (Zhang 2013). Furthermore, 18 

another cell-free pathway containing 13 enzymes has been used to produce nearly 100% 19 

theoretical yield from a monomer pentose -- xylose and water, i.e., 9.6 moles of 20 

dihydrogen per mole of xylose. By using a novel polyphosphate xylulokinase, we are 21 

able to convert xylose to dihydrogen and carbon dioxide without ATP (del Campo et al. 22 

2013).   23 
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 1 

Liquid alcohols, such as ethanol and butanol, are liquid fuel additives and precursors for 2 

the production of other green biochemicals. Cell-free ethanol production has a long 3 

history. More than 100 years ago, Buchner discovered ethanol production from glucose 4 

with a crude yeast cell extract. The reconstruction of in vitro yeast glycolytic enzyme 5 

system by Welch and Scopes has been demonstrated for high-yield ethanol production 6 

(i.e., 99%) (Welch and Scopes 1985). More recently, the co-production of cell-free 7 

ethanol and isobutanol through a non-natural pathway has been developed (Guterl et al. 8 

2012) (Figure 1.5). Glucose is converted to pyruvate using four cascade enzymes, and 9 

then pyruvate is converted to ethanol by a two-step reaction or isobutanol by a cascade 10 

enzymatic reaction with four enzymes. It is noted that the above pathway does not require 11 

the involvement of ATP. Pronounced tolerance to the presence of high level alcohols is a 12 

key characteristic of this cell-free system. In contrast to microbial cells which have 13 

reduced performances at 1% isobutanol concentration (Atsumi et al. 2008), the cell-free 14 

biosystem was able to tolerate isobutanol up to 4% (Guterl et al. 2012).   15 

 16 

1.3    Goal of the study 17 

This dissertation focuses on addressing those issues with enzymatic fuel cells by using 18 

synthetic pathway biotransformation. Due to the advantages of the pathway, the No. 1 19 

goal is to completely oxidize glucose unit and quantitatively determine 24-electron 20 

generation in order to demonstrate a high-energy-density enzymatic fuel cell with 21 

prominent future applications. Towards this goal, issues around increasing power density, 22 
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improving lifetime, and developing pathway, will also be discussed. This dissertation is 1 

based on the work presented in the following publications.  2 

 3 

Chapter 2 adopted a novel non-natural pathway consisting of four enzymes to utilize 4 

maltodextrin for powering enzymatic fuel cells. Three different immobilization 5 

approaches were compared and discussed based on power generation and stability of the 6 

cells. It was the first time for maltodextrin to be used in enzymatic fuel cells.  7 

 8 

Chapter 3 introduced a new pathway for making a glucose-powered enzymatic fuel cell 9 

by using a glucokinase instead of traditional ways based on a glucose oxidase or a 10 

glucose dehydrogenase. Two dehydrogenases were immobilized on the bioanode for 11 

generating four electrons per glucose unit. This deep oxidation doubled the energy 12 

density extraction from one glucose unit. Additionally, a high power output of the 13 

enzymatic fuel cell was achieved using enzymes originated from thermophiles, at 14 

elevated temperatures. 15 

 16 

Chapter 4 provided an alternative strategy of conducting enzymatic fuel cells, using non-17 

immobilized enzyme systems to obtain high power output. Two traditional 18 

immobilization approaches were compared with the non-immobilized enzyme approach, 19 

based on power generation, enzyme activity, and lifetime. Non-immobilized enzyme 20 

system could retain 100% of native enzyme activity and thus increase power density of 21 

the enzymatic fuel cell greatly. Its lifetime was not as good as that of immobilized 22 
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enzyme system, whereas it could be increased by using other proteins and protection 1 

reagents.   2 

 3 

Based on these achievements on pathway development and power and stability 4 

improvement in enzymatic fuel cells, in Chapter 5, a high energy density sugar-powered 5 

enzymatic fuel cell was demonstrated. Utilizing a synthetic enzymatic pathway consisting 6 

13 thermoenzymes, complete oxidation of maltodextrin was achieved quantitatively with 7 

almost all 24 electron generation per glucose unit for the first time. The energy density of 8 

this enzymatic fuel cell was much higher than that of current lithium-ion batteries. 9 

Optimization including fuel concentration and elevated temperatures was conducted to 10 

further increase the power density of the cell. 11 
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a  b  s  t  r  a  c  t

Enzymatic  fuel  cells  (EFCs)  use  a variety  of  fuels  to generate  electricity  through  oxidoreductase  enzymes,
such  as  oxidases  or  dehydrogenases,  as  catalysts  on  electrodes.  We  have  developed  a novel synthetic
enzymatic  pathway  containing  two  free  enzymes  (maltodextrin  phosphorylase  and  phosphoglucomu-
tase)  and  one  immobilized  glucose-6-phosphate  dehydrogenase  that can  utilize an  oligomeric  substrate
maltodextrin  for producing  electrons  mediated  via  a  diaphorase  and  vitamin  K3 electron  shuttle  sys-
tem.  Three  different  enzyme  immobilization  approaches  were  compared  based  on electrostatic  force
entrapment,  chemical  cross-linking,  and  cross-linking  with  the aid of  carbon  nanotubes.  At  10  mM
glucose-6-phosphate  (G6P)  as a substrate  concentration,  the  maximum  power  density  of 0.06  mW  cm−2

and  retaining  42%  of  power  output  after  11  days  were  obtained  through  the  method  of  chemical  cross-
linking  with  carbon  nanotubes,  approximately  6-fold  and  3.5-fold  better  than  those  of  the  electrostatic
force-based  method,  respectively.  When  changed  to maltodextrin  (degree  of polymerization  =  19)  as  the
substrate,  the  EFC  achieved  a maximum  power  density  of  0.085  mW  cm−2. With  the  advantages  of  stable,
low  cost, high  energy  density,  non-inhibitor  to enzymes,  and environmental  friendly,  maltodextrin  is
suggested  to  be  an  ideal  fuel  to power  enzymatic  fuel  cells.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Biological fuel cells are bio-electrochemical systems that use
biocatalysts rather than chemical catalysts to convert chemical
energy to electrical energy directly [1,2]. Biocatalysts are less costly
and biodegradable compared to costly metal catalysts. According to
the classification of biocatalysts, there are two main types of biolog-
ical fuel cells – enzymatic fuels (EFC) and microbial fuel cells (MFC).
Compared to MFCs, EFCs are suggested to have higher power densi-
ties mainly due to better mass transfer without cellular membrane
and potential higher volumetric biocatalyst loading without the
dilution effect of other biomacromolecules [2–4]. Therefore, EFCs
might have great potentials in powering some portable electronics
in the future [1,5].

EFCs  can utilize a large range of chemical compounds as fuels,
including methanol, ethanol, glycerol, pyruvate, and glucose, in an

∗ Corresponding author at: Biological Systems Engineering Department, Virginia
Tech,  210-A Seitz Hall, Blacksburg, VA 24061, USA. Tel.: +1 540 231 7414;
fax: +1 540 231 3199.

E-mail  address: ypzhang@vt.edu (Y.-H. Percival Zhang).

increasing order of carbon number in the compounds. To increase
fuel utilization efficiency, enzyme cascades are employed. Three
cascade redox enzymes have been employed in an anode for
complete oxidization of one-carbon methanol to CO2 [6]. Simi-
larly, two-carbon ethanol has been deeply oxidized for generating
more electrons by using an 11-enzyme pathway [7]. Three-carbon
glycerol and pyruvate have been oxidized by using two cascade
dehydrogenases [8] and the enzymes in the Kreb cycle [9,10],
respectively. As compared to the above relatively simple struc-
ture substrates, glucose, a six-carbon molecule, is among the
cheapest organic compounds based on energy content ($ GJ−1)
[11]. Therefore, a few EFCs have been developed by using glu-
cose oxidase or glucose dehydrogenase, resulting in two electrons
generated per glucose [12–14]. Currently most glucose is pro-
duced through enzymatic hydrolysis of starch, where maltodextrin
is a partial hydrolysis product of starch. Different from MFCs
that can utilize complicated biopolymers [15,16], starch and mal-
todextrin have never been used to power EFCs, to our limited
knowledge. The use of maltodextrin as a chemical fuel for EFCs
may offer the advantages of lower fuel costs and ∼11% higher
chemical energy density as compared to glucose based on fuel
weight.

0378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2011.04.038
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Fig. 1. Reaction scheme of the enzymatic fuel cell powered by maltodextrin or glucose-6-phosphate. (�GNP, �-glucanphosphorase; PGM, phosphoglucomutase; G6PDH,
glucose-6-phosphate dehydrogenase; DI, diaphorase; g1p, glucose-1-phosphate; g6p, glucose-6-phosphate; 6pg, 6-phosphogluconate; VK3, vitamin K3).

Enzyme stability in EFCs can be prolonged greatly by using
enzyme immobilization and/or using more stable enzymes [17].
Enzyme immobilization techniques are widely utilized in EFCs and
enzyme-based biosensors, because they not only increase enzyme
stability but also promote electron communication between immo-
bilized enzymes and electrodes. Enzymes can be immobilized on
the surface of electrodes through simple adsorption, entrapment,
and cross-linking [18]. Simple adsorption on conductive particles,
such as carbon black or graphite powder, is a common operation
[13,19] but it may  suffer from enzyme leakage. Entrapment of
enzymes in conductive polymers can effectively prevent enzyme
leakage. For example, Minteer and her coworkers have entrapped
redox enzymes on electrodes by using hydrophobically modified
Nafion solution casted membrane [20] or by using hydrophobi-
cally modified chitosan [21]. Scientists at Sony have entrapped
enzymes using a polyion complex method based on electrostatic
interactions [5]. Numerous chemical bond cross-linking techniques
have been used for wiring enzymes onto the surface of electrode
through redox hydrogels [22] and binding enzymes and media-
tors [23]. Recently large surface area and highly conductive carbon
nano-tubes (CNTs) have been used in enzyme immobilization on
electrodes for enhancing performances of EFCs and biosensors
[24–26]. Strong chemical bonds can effectively prevent enzyme
leaching and increase enzyme stability, but may  also disrupt the
enzymes’ redox centers leading to reduced activities.

In this study, a novel three-enzyme pathway was designed to
utilize maltodextrin as a fuel for enzymatic fuel cell for the first
time (Fig. 1). Maltodextrin was converted to glucose-6-phosphate
(G6P) by two enzymes (�-glucan (maltodextrin) phosphorylase
and phosphoglucomutase) in the aqueous solution, followed by
oxidation by glucose-6-phosphate dehydrogenase (G6PDH) immo-
bilized on the anode. To enhance power output and prolong lifetime
of EFCs, three different enzyme immobilization approaches were
compared based on electrostatic force entrapment, cross-linking
on regular carbon paper anode, and cross-linking on CNT-enhanced
carbon paper anode.

2.  Experimental

2.1. Reagents

All  chemicals, such as glucose-6-phosphate dehydrogenase
(E.C.1.1.1.49), poly-l-lysine (PLL, MW ∼70–150 kDa), diaphorase
(DI, E.C.1.6.99), vitamin K3 (VK3), polyacrylic acid sodium
salt (PAAcNa, MW ∼240 kDa), nicotinamide adenine dinu-
cleotide (NAD+), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC), and N-hydroxysuccinimide (NHS) were pur-
chased from Sigma–Aldrich (St. Louis, MO)  unless otherwise

mentioned. Carbon paper (AvCarb MGL200) as anode was  pur-
chased from Fuel Cell Earth (Stoneham, MA). Membrane electrode
assemblies (MEAs) consisting of Nafion 212 and carbon cloth gas
diffusion cathode modified with 0.5 mg  cm−2 Pt were purchased
from Fuel Cell Store (San Diego, CA). COOH-functionalized multi-
walled carbon nanotubes (an outer diameter of 20–30 nm, an inner
diameter of 5–10 nm,  and a length of 10–30 �m) were purchased
from CheapTubes.com (Brattleboro, VT). Microcrystalline cellulose
(Avicel PH105) was  purchased from FMC  (Philadelphia, PA). Regen-
erated amorphous cellulose (RAC) used in enzyme purification was
prepared from Avicel through its dissolution and regeneration, as
described elsewhere [27].

2.2.  Preparation of enzymes

The  plasmids for encoding two  recombinant enzymes of
�-glucan-phosphorylase (�GNP, E.C.2.4.1.1) and phosphogluco-
mutase (PGM, E.C.2.7.5.1) were constructed as described elsewhere
[28,29]. Escherichia coli BL21 (DE3) hosting either �GNP plasmid
(pET21c-�gp) or PGM plasmid (pCIP) was  grown in 200 mL  of the
Luria–Bertani (LB) medium supplemented with 50 �g mL−1 ampi-
cillin at 37 ◦C. When the optical density of the cell culture at 600 nm
reached ∼0.8, isopropyl �-D-1-thiogalactopyranoside (IPTG) was
added to a final concentration of 0.25 mM (�GNP) followed by 4-
h cell culture at 37 ◦C or of 1 mM (PGM) followed by 12-h cell
culture at 20 ◦C. The cells were harvested by centrifugation and
re-suspended in a 50 mM HEPES buffer (pH 7.2) containing 1 mM
ethylenediaminetetraacetic acid (EDTA). After sonication and cen-
trifugation, both enzymes were purified by RAC adsorption and
intein self-cleavage method [30]. After intein self-cleavage at 37 ◦C
for 12 h, the target protein was  obtained in the supernatant of
50 mM HEPES buffer (pH 7.2). The purity of the recombinant pro-
teins was  ∼90–95% by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE). Their activities were measured as
described previously [28,29]. �GNP was  assayed at 50 ◦C for 5 min
in 50 mM  HEPES buffer (pH 7.2) containing 1 mM Mg2+, 5 mM DTT,
30 mM maltodextrin, and 10 mM  potassium phosphate. The enzy-
matic reaction was stopped by boiling and the product G1P  was
measured by using a glucose hexokinase/G6PDH assay kit sup-
plemented with PGM. The activity of PGM was measured at 60 ◦C
for 5 min  in 50 mM HEPES buffer (pH 7.5) containing 5 mM Mg2+,
0.5 mM Mn2+, and 5 mM G1P. The product G6P was determined by
using a glucose hexokinase/G6PDH assay kit.

2.3. Preparation of bioanodes

Before  coated with polymer films, the L-shaped electrodes were
oxidized in 2.5% K2Cr2O7 and 10% HNO3 by scanning at 5 mV s−1
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Fig. 2. Schematic layout of three immobilization methods for enzymes on anodes.
Method  1: PLL + PAAcNa; Method 2: PLL + EDC; and Method 3: PLL + EDC + CNT.
The  various components are not drawn to scale. For example, the enzyme has a
size of ∼5 nm diameter; multiwalled carbon nanotubes have an outer diameter of
20–30 nm,  inner diameter of 5–10 nm,  and a length of 10–30 �m.

from 1.55 to 1.75 V vs. a standard silver chloride electrode, followed
by excessive water rinsing. Three enzyme immobilization methods
were used to prepare bioanodes (Fig. 2). In Method 1 (PLL + PAAcNa)
we modified as described previously [5]: 10 �L of a 2% (w/v) PLL
solution, 10 �L of a G6PDH solution (1 U �L−1 in a 10 mM PBS buffer,
pH 7.4, containing 0.5 mM NAD), 10 �L of a DI solution (1 U �L−1 in a
10 mM PBS buffer, pH 7.4), 10 �L of a 0.29 M VK3 acetone solution,
and 10 �L of a 0.066% (w/v) PAAcNa solution were added in the
sequential order. Drying was needed at room temperature before
each solution was added. The other two methods were adopted
from previous reports [31–33]. In Method 2 (PLL + EDC), 10 �L of
freshly prepared 24 mM EDC was added on the electrode surface.
After 20 min, 10 �L of 2% (w/v) PLL solution was added and stood
for 12 h. After water rinsing, another 10 �L of 400 mM EDC and
10 �L of 100 mM NHS were added on the anodes and then dried
at room temperature. Ten �L of a 1 U �L−1 G6PDH solution and
10 �L of a 1 U �L−1 DI solution were added, followed by 10 �L of
a VK3 solution. In Method 3 (PLL + EDC + CNT), the protocols were
similar to those of Method 2 except the addition of CNT on the
anodes. 2.5% (w/v) CNTs suspended in a 50% ethanol solution were
freshly sonicated for 30 min. After PLL coating on the electrode,
20 �L of 25 Mm EDC was  further added, followed by 40 �L of CNT-
containing solution deposited on the anode, and then dried at room
temperature. Ten �L of 400 mM EDC and 10 �L of 100 mM NHS
were added as described in Method 2. After anode preparation, the
fabricated bioanodes were rinsed in water and stored in a 100 mM
HEPES buffer containing 2 mM NADH and 100 mM  NaNO3 at 4 ◦C
overnight before electrochemical measurements.

2.4. Electrochemical measurements

Open  circuit potential and linear sweep voltammetry at a scan
rate of 1 mV  s−1 were performed at room temperature by using
a CH1000B Multi-Channel Potentiostat from CH Instruments Inc.
(Austin, TX). The set-up of enzymatic fuel cell (Fig. 3) was sim-
ilar to the “I-cell” as described elsewhere [21]. The membrane
electrode assembly including Nafion and cathode was  sealed by
O-rings and stacked by two glass tubes. The upper glass tube
contained the enzyme buffer as the electrolyte and the lower
one was empty for air-breathing. L-shaped bioanode coated with
polymers and enzymes was dipped into the electrolyte when
used. All the enzymes and mediators were immobilized on bioan-
ode with the size of 1 cm2. Nafion 212 was used as the proton
exchange membrane and carbon cloth was cathode with Pt as the

Fig. 3. Scheme of an “I-cell” set-up for this study.

catalyst to reduce oxygen to water. The anolyte solution for com-
parison of three immobilization methods and checking stability
of our enzymatic fuel cell system, contained 20 mM glucose-6-
phosphate (G6P), 100 mM HEPES buffer (pH 7.2), 2 mM NAD, 20 mM
Mg2+, and 0.5 mM Mn2+. The substrate concentration was also
altered from 2 to 40 mM to show that the electrochemical per-
formance increases with concentration. In cases of maltodextrin
as the substrate, equivalent amount of potassium phosphate and
5 mM dichlorodiphenyltrichloroethane (DTT) were added for opti-
mal  �GNP activity, with the enzyme loading of 0.1 U mL−1 �GNP
and 10 U mL−1 PGM. Polarization curves were recorded and power
curves were generated by a computer equipped with software. Each
experiment condition was  run in triplicate and the reaction solution
was replaced daily.

3.  Results and discussion

Although  maltodextrin may  be an ideal fuel, this oligosaccharide
cannot be oxidized directly by any redox enzymes. A novel syn-
thetic enzymatic pathway was designed to contain three enzymes –
�GNP, PGM, and G6PDH to utilize maltodextrin (Fig. 1). In the aque-
ous solution, �GNP is responsible for cleaving one anhydroglucose
unit from the non-reducing end of maltodextrin plus a free phos-
phate ion and generating glucose-1-phosphate (G1P); and then
PGM is responsible for converting G1P to G6P. The immobilized
NAD-preferred G6PDH can convert G6P to 6-phosphogluconate
(6PG) and generate one NADH from NAD+. Two  electrons from one
NADH are shuttled via an electron transport mediator (VK3) medi-
ated by co-immobilized flavin-bound DI to the anode, as described
previously [34]. VK3 was chosen because of its fast kinetics and
small thermodynamic loss [35]. Three different enzyme immobi-
lization approaches were examined in the aspects of power output
and lifetime of EFCs. In Method 1, the enzymes were immobilized
based on electrostatic force entrapment between PLL and PAAcNa.
In Methods 2 and 3, the enzymes were immobilized through cross-
linking. In Method 3, CNTs were added for increasing potential
power density and improving enzyme stability.

In our pathway, the first two  enzymes were free in the
aqueous solution for good mass transfer among the soluble sub-
strates/soluble enzymes, and glucose-6-phosphate dehydrogenase
only was immobilized on the anode. Therefore, to examine the
effects of G6PDH immobilization techniques, glucose-6-phosphate
was used as the substrate (Fig. 4). The result from Method 1 exhib-
ited the highest power density of 0.01 mW cm−2 at a current density
of 0.03 mA cm−2 and had a highest current density of 0.06 mA  cm−2.
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Fig. 4. Power density curves of EFCs by using three different enzyme immobilization
ways.  The experiments were conducted in a 100 mM HEPES buffer containing 10 mM
G6P, 2 mM NAD+, 20 mM Mg2+, and 0.5 mM Mn2+ at room temperature.

The power densities of EFCs by using Method 2 and Method 3 were
far higher than those by using Method 1. Method 2 had a maxi-
mum power density of 0.04 mW cm−2, ∼4-fold of that of Method 1.
Addition of multi-walled carbon nanotubes (MWCNTs) in Method
3 further increased the maximum power density to 0.06 mW cm−2

at a current of 0.13 mA  cm−2 and had a maximum current density
of 0.23 mA  cm−2. At the same time, different enzyme immobiliza-
tion techniques affected life-time of EFCs greatly (Fig. 5). Method
3 retained more power output than Methods 1 and 2. For exam-
ple, Method 3 maintained 87% of power density after 2 days and
42% after 11 days, while Method 1 and 2 remained only 12% and
21% of their initial power densities in day 11, respectively. The
loss of power densities with time could be mainly attributed to
enzyme leaking from anode and/or the deactivation of enzymes.
To overcome the first possibility, our result suggested that chemi-
cal cross-linking of enzymes with PLL modified electrode was  better
than electrostatic force entrapment due to stronger chemical link-
ages. To decrease enzyme deactivation, protein engineering and/or
the use of thermostable enzyme would be chosen for prolonging
enzyme lifetime in the future [36,37]. CNT’s positive effects on
enhanced power output was similar as reported previously [26].
One problem unsolved was the electrode modified by coating a
random tangle of MWCNT could result in an unknown spatial con-
figuration of enzymes. As shown in Fig. 2, it was difficult to control
the spatial distribution of each enzyme and therefore might cause
certain inefficiency in the bioanode system.

Fig. 5. Profiles of power density of EFCs in terms of time by using three different
enzyme  immobilization ways. The experiments were conducted in a 100 mM HEPES
buffer containing 10 mM G6P, 2 mM NAD+, 20 mM Mg2+, and 0.5 mM Mn2+ at room
temperature.

Fig. 6. Power density curves of EFCs based on Method 3 in terms of differ-
ent  concentration substrates of G6P (A) and maltodextrin (B). The experiments
were  conducted in a 100 mM HEPES buffer containing 2 mM NAD+, 20 mM Mg2+

and 0.5 mM Mn2+ for G6P. When maltodextrin was substrate, the supplemen-
tary  chemicals included 5 mM DTT, 0.1 U mL−1 �GNP, 10 U mL−1 PGM and various
concentration  KHPO4/KH2PO4 equivalent to maltodextrin concentration at room
temperature.

In addition to substrate concentration, the effects of Mg2+ con-
centration from 5 to 50 mM were studied (data not shown). Because
Mg2+ has an important role for dehydrogenase activity but its neg-
ative impacts on proton transfer rates across the proton exchange
membrane, 20 mM Mg2+ was chosen for the all presented experi-
ments. Also, NaNO3 addition effects on power outputs of EFCs were
investigated (data not shown). Although NaNO3 was thought to
increase the ionic strength of the electrolyte so as to increase power
output, our results showed that addition of 50–200 mM NaNO3
increased power density by only 5–10% but too high NaNO3 con-
centrations (>1 M)  drastically decreased power output (data not
shown). Such negative impacts may  be attributed to inactivation of
the enzymes (data not shown). Therefore, no NaNO3 was added in
the all presented experiments.

The  effects of G6P and maltodextrin concentration were exam-
ined for these novel enzymatic fuel cells (Fig. 6) based on Method
3 using chemical cross-linking and CNTs for immobilization. It was
found that power density increased from 0.02 to 0.1 mW cm−2

where G6P concentration increased from 2 to 40 mM,  and high-
est current density moved from 0.05 mA cm−2 to 0.35 mA  cm−2

(Fig. 6A). When maltodextrin was  the substrate, a current density
of 0.23 mA  cm−2 and a power density of 0.085 mW cm−2 at 10 mM
maltodextrin (Fig. 6B) were observed. An increase in maltodextrin
from 2 to 40 mM led to an increase in a power density from 0.023
to 0.12 mW cm−2. At the same molar concentration, EFC exhibited
slightly higher power density in maltodextrin than in G6P, because
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maltodextrin with an average degree of polymerization of 19 was
able to release more G6P monomers per molecule. Maltodextrin is
suggested to be an ideal fuel for EFCs, because it is non-volatile,
less costly, and 100% biodegradable, has high solubility in water
(i.e., high energy density potential), and is not an inhibitor to
enzymes, as compared to commonly used fuels, such as methanol
and ethanol.

The previous study conducted by Sony [5] reported very high
power density of EFCs in 100 mM phosphate buffer contain-
ing 10 mM glucose, more than ten times of that by using the
same enzyme immobilization technique and G6P as the substrate
(Method 1, Fig. 4). A number of experiments were conducted to
understand what may  cause this large difference. First, it was found
out that higher scanning rate of linear sweep voltammetry can
result in higher current output (10 mV s−1, Sony’s case; 1 mV s−1,
this study). Second, it was found that the power output in the HEPES
buffer was lower than that in the phosphate saline buffer (data
not shown). Last but not least, DI used in Sony’s study from Bacil-
lus stearothermophilus has been reported to have a much higher
activity than the one we used from Clostridium kluyveri [38]. This
speculation will be further tested. But it was worth pointing out that
Method 3 enzyme immobilization exhibited both 6-fold enhanced
power output (Fig. 4) and 3.5-fold prolonged lifetime (Fig. 5), as
compared to Method 1.

4. Conclusions

We  have demonstrated an enzymatic fuel cell system powered
by maltodextrin through a novel in vitro synthetic 3-enzyme path-
way for the first time. A combination of chemical cross-linking
between the enzymes and electrode and addition of CNT resulted
in approximately 6-fold increase in maximum power density and
3.5-fold retained power output after 11 days, as compared to that
where the enzyme was immobilization through entrapment. In the
future, more enzymes will be brought into this system for deeper
oxidization of the substrate [3,4]. For developing practical of EFCs
powered by sugars, more studies will be conducted for enhanc-
ing power output and prolonging life-time, involving electrode
structure, electrolyte composition, cell design, nanobiotechnology,
enzyme engineering, and so on [3,39].
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a b s t r a c t

A synthetic enzymatic pathway was designed for the deep oxidation of glucose in enzymatic fuel cells

(EFCs). Polyphosphate glucokinase converts glucose to glucose-6-phosphate using low-cost, stable

polyphosphate rather than costly ATP. Two NAD-dependent dehydrogenases (glucose-6-phosphate

dehydrogenase and 6-phosphogluconate dehydrogenase) that were immobilized on the bioanode were

responsible for generating two NADH per glucose-6-phosphate (i.e., four electrons were generated per

glucose via a diaphorase-vitamin K3 electron shuttle system at the anode). Additionally, to prolong the

enzyme lifetime and increase the power output, all of the recombinant enzymes that originated from

thermophiles were expressed in Escherichia coli and purified to homogeneity. The maximum power

density of the EFC with two dehydrogenases was 0.0203 mW cm�2 in 10 mM glucose at room

temperature, which was 32% higher than that of an EFC with one dehydrogenase, suggesting that the

deep oxidation of glucose had occurred. When the temperature was increased to 50 1C, the maximum

power density increased to 0.322 mW cm�2, which was approximately eight times higher than that

based on mesophilic enzymes at the same temperature. Our results suggest that the deep oxidation of

glucose could be achieved by using multiple dehydrogenases in synthetic cascade pathways and that

high power output could be achieved by using thermostable enzymes at elevated temperatures.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

Enzymatic fuel cells (EFCs) usually utilize oxidoreductases as
biocatalysts for generating electrical energy through the oxidation of
chemical compounds at the anode (Cooney et al., 2008; Minteer
et al., 2007). EFCs are receiving increasing interest as a next-
generation, environmentally friendly, micro-power source because
they could have high energy storage density, are safe and biode-
gradable, and utilize less costly enzymes (Cooney et al., 2008;
Minteer et al., 2007). Unlike microbial fuel cells that use whole-cell
microorganisms as biocatalysts, EFCs with potentially higher power
outputs could have more applications because there are no cellular
membranes to limit mass transfer and high enzyme loading can be
achieved without the dilution effect of other biomacromolecules
(Osman et al., 2011). To power portable electronic devices, there is
an urgent need to increase the power density of EFCs, increase the

degree of fuel oxidation (i.e., increase energy storage density) and
prolong the enzyme lifetime (Cooney et al., 2008; Davis and Higson,
2007; Minteer et al., 2007).

Glucose is the most common fuel used in EFCs because it is
inexpensive, abundant, renewable, and safe (neither toxic nor
corrosive) compared with methanol and ethanol (Zhang, 2011).
To increase the power density of EFCs so that they will be suitable
for numerous potential applications, intense efforts have been
made to optimize factors such as enzyme selection, enzyme
immobilization, electrode materials, and system configuration
(Coman et al., 2010; Gao et al., 2009; Moehlenbrock et al., 2011;
Sakai et al., 2009; Zebda et al., 2011). Recently, scientists at Sony
demonstrated a glucose-powered EFC with a power density of
1.45 mW cm�2 that uses one glucose dehydrogenase (Sakai et al.,
2009). Furthermore, Cosnier and his coworkers developed a
glucose oxidase-based EFC that produced 1.3 mW cm�2 for more
than one month at room temperature (Zebda et al., 2011). Most of
them developed EFCs by using commercial mesophilic enzymes.

To increase the fuel utilization efficiency of EFCs, the deep
oxidation of fuels mediated by enzyme cascades is highly desired
(Sokic-Lazic et al., 2010; Zhang, 2010). Synthetic pathways containing
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several oxidoreductases have been constructed to perform the
complete or deep oxidation of methanol, ethanol, glycerol, and
pyruvate (Akers et al., 2005; Arechederra et al., 2007; Palmore
et al., 1998; Sokic-Lazic and Minteer, 2009). However, nearly all of
the reported glucose-powered EFCs are based on the use of one
oxidoreductase (i.e., glucose dehydrogenase or glucose oxidase),
which results in the generation of only two electrons per glucose
(Coman et al., 2010; Gao et al., 2009; Moehlenbrock et al., 2011; Sato
et al., 2005; Zebda et al., 2011). Recently, Minteer et al. have
demonstrated the use of a six-enzyme pathway at the anode surface
that can oxidize glucose to CO2, but its maximum power density was
very low (i.e., 0.0065 mW cm�2) (Xu and Minteer, 2011).

To prolong the enzyme lifetime in EFCs, most efforts have
focused on the immobilization of commercially available
enzymes, which usually originate from mesophilic organisms,
on electrodes. Such immobilization not only prolongs the enzyme
lifetime but also enhances electron transfer between the enzymes
and electrodes (Moehlenbrock and Minteer, 2008; Rubenwolf
et al., 2011). Typical methods of immobilization include simple
adsorption, entrapment, wiring, covalent linking, and sandwich-
ing (Zhang et al., 2011). The use of mesophilic enzymes might
restrict the working temperature of EFCs to a narrow range.
Alternatively, enzyme stability can be enhanced greatly through
the utilization of thermoenzymes isolated from thermophiles
(Wang et al., 2011) and protein engineering, such as rational
design, directed evolution or a combination of these two strate-
gies (Güven et al., 2010). However, the enzyme-oriented strate-
gies have rarely been used by electrochemists.

In this study, a novel synthetic pathway was designed to
perform the deep oxidation of glucose, i.e., the generation of four
electrons per glucose (Fig. 1). Additionally, we investigated the
feasibility of using recombinant thermostable enzymes for enhan-
cing power densities at elevated temperatures.

2. Materials and methods

2.1. Materials

Chemicals, such as poly-L-lysine (PLL, MW �70–150 kDa), vitamin
K3 (VK3), polyacrylic acid sodium salt (PAAcNa, MW �240 kDa), and
glucose-6-phosphate dehydrogenase (G6PDH) from Leuconostoc

mesenteroides, were purchased from Sigma-Aldrich (St. Louis,
MO, USA) unless stated otherwise. The polyphosphate (sodium

polyphosphate) that was used had an average degree of polymeriza-
tion of 17. Phusion DNA polymerase from New England Biolabs
(Ipswich, MA) was used for polymerase chain reaction (PCR). The
carbon paper (AvCarb MGL200) that was used as the anode was
purchased from Fuel Cell Earth (Stoneham, MA). Membrane electrode
assemblies (MEAs), including Nafion 212 and the carbon cloth gas
diffusion cathode coated with 0.5 mg cm�2 Pt, were purchased from
Fuel Cell Store (San Diego, CA).

2.2. Cloning, expression and purification of recombinant

thermoenzymes

The 1485-bp DNA fragment containing the open reading frame
(ORF) of the glucose-6-phosphate dehydrogenase (g6pdh) gene
(GenBank accession number JQ040549) was amplified by PCR
from the genomic DNA of Geobacillus stearothermophilus 10
(Bacillus Genetic Stock Center accession number 9A21) using a
pair of primers (forward primer: 50-ACT TTA AGA AGG AGA TAT
ACA TAT GAA CCC GAA ATC GAT CAT CGT CAT TT-30; reverse
primer: 50-AGT GGT GGT GGT GGT GGT GCT CGA GCG AAC GCG
GAT GCT CGA TCG GCC AC-30). The vector backbone of pET20b
was amplified by PCR using a pair of primers (forward primer:
50-GTG GCC GAT CGA GCA TCC GCG TTC GCT CGA GCA CCA CCA
CCA CCA CCA CT-30; reverse primer: 50-AAA TGA CGA TGA TCG
ATT TCG GGT TCA TAT GTA TAT CTC CTT CTT AAA GT-30). The PCR
products were purified using the Zymo Research DNA Clean &
Concentrator Kit (Irvine, CA). With the newly developed restric-
tion enzyme-free, ligase-free and sequence-independent Simple
Cloning technique (You et al., 2012), the insertion fragment and
vector backbone were assembled by prolonged overlap extension
PCR, and the PCR product was directly transformed into E. coli

TOP10 cells, yielding the chimeric plasmid pET20b-Gsg6pdh.
The 636-bp DNA fragment encoding diaphorase (DI, GenBank

accession number JQ040550) was amplified by PCR using the
genomic DNA of G. stearothermophilus 10 as the template and two
primers (forward primer: 50-ACT TTA AGA AGG AGA TAT ACA TAT
GAC GAA AGT ATT GTA CAT CAC CGC CC-30; reverse primer:
50-AGT GGT GGT GGT GGT GGT GCT CGA GAA ACG TGT GCG CCA
AGT CTT TCG CC-30). The vector backbone of pET20b was
amplified by PCR using the pET20b plasmid as the template and
two primers (forward primer: 50-GGC GAA AGA CTT GGC GCA CAC
GTT TCT CGA GCA CCA CCA CCA CCA CCA CT-30; reverse primer:
50-GGG CGG TGA TGT ACA ATA CTT TCG TCA TAT GTA TAT CTC
CTT CTT AAA GT-30). Plasmid pET20b-Gsdi was obtained using
Simple Cloning (You et al., 2012) to express the recombinant GsDI
(briefly called DI).

The recombinant plasmids were transformed into E. coli BL21
Star (DE3). Two hundred and fifty milliliters of LB medium
supplemented with 100 mg mL�1 of ampicillin in 1-L Erlenmeyer
flasks was inoculated with the transformed E. coli cells and
incubated at a rotary shaking rate of 220 rpm at 37 1C until the
A600 reached between �0.6 and 0.8. The expression of the
recombinant protein was induced by adding isopropyl b-D-1-
thiogalactopyranoside (IPTG) (0.1 mM final concentration).
The cultures were then incubated at a decreased temperature of
18 1C for 16 h. The cells were harvested by centrifugation at 4 1C.
The collected cells were disrupted by sonication, and the soluble
target protein in the supernatant of the crude extract was purified
using a Bio-Rad Profinity IMAC Ni-Charged Resin (Hercules, CA)
(Wang et al., 2011).

Two other recombinant proteins, polyphosphate glucokinase
from Thermobifida fusca YX (TfuPPGK, briefly named PPGK) (Liao
et al., 2012) and 6-phosphogluconate dehydrogenase from Moor-

ella thermoacetica (Mth6PGDH, briefly named 6PGDH) (Wang
et al., 2011), were produced and purified as described previously.

Fig. 1. Scheme of the synthetic enzymatic pathway for the deep oxidation of

glucose without ATP in the enzymatic fuel cell. PPGK, polyphosphate glucokinase;

G6PDH, glucose-6-phosphate dehydrogenase; 6PGDH, 6-phosphogluconate dehy-

drogenase; DI, diaphorase, g6p, glucose-6-phosphate, 6pg, 6-phosphogluconate;

ru5p, ribulose-5-phosphate; and VK3, vitamin K3.
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2.3. Enzyme activity assays

The activities of PPGK and 6PGDH were assayed at 23 1C (room
temperature) as described previously (Liao et al., 2012; Wang
et al., 2011). The activity of G6PDH was assayed in 50 mM HEPES
buffer, 100 mM NaCl, 2.5 mM glucose-6-phosphate (G6P), 2.5 mM
NADþ , 5 mM MgCl2, and 0.5 mM MnCl2 at 23 1C. An increase in
the absorbance at 340 nm due to the formation of NADH was
measured using a UV spectrometer (Wang et al., 2011). The
activity of DI was tested in 10 mM phosphate buffered saline
buffer, 0.16 mM NADH, and 0.1 mM dichlorophenolindophenol
(DCPIP) at 23 1C. A decrease in the absorbance at 600 nm due to
the consumption of DCPIP was measured using a photospectrom-
eter (Chakraborty et al., 2008). The DI used in this study was the
recombinant GsDI, whose specific activity was much higher than
that of the Sigma-Aldrich DI at both room and elevated tempera-
tures (data not shown).

2.4. Bioanode fabrication

Dehydrogenase was immobilized on the anode by the electro-
static force as described previously (Zhu et al., 2011). The carbon
paper electrode was cut into an ‘‘L’’ shape and activated in a 2.5%
K2Cr2O7 solution containing 10% HNO3 by scanning it at 5 mV s�1

from 1.55 V to 1.75 V versus a standard silver chloride electrode
followed by a rinse with water. 10 mL of a 2% PLL solution, 10 mL
of a G6PDH solution (0.4 U mL�1), 10 mL of a DI solution
(1 U mL�1), 10 mL of a VK3 solution (0.29 M in acetone), and
10 mL of a PAAcNa solution (0.066%) were placed onto a 1 cm2

piece of carbon paper. Drying was conducted at room tempera-
ture after each reagent was added. In this study, recombinant
GsDI was always used. The G6PDH used for immobilization was
either one from Sigma-Aldrich or recombinant GsG6PDH. For a
two-enzyme immobilization on the anode, forty mL of 6PGDH
solution (0.08 U mL�1) was added after G6PDH immobilization.
The bioanodes were stored in 100 mM HEPES buffer containing
2 mM NADH and 100 mM NaNO3 at 4 1C before use.

2.5. Conditions of electrochemical measurements

The setup of the tested enzymatic fuel cells is shown in Fig. 2.
Nafion 212 was used to separate the anode and cathode. The
carbon cloth cathode was coated with 0.5 mg cm�2 Pt as the
catalyst. The general anolyte solution was 100 mM HEPES buffer
(pH 7.2) containing 2 mM NADþ , 20 mM Mg2þ , 0.5 mM Mn2þ ,
10 mM glucose, and 2 mM polyphosphate (34 mM phosphate unit
equivalents). The enzyme-wired bioanodes were dipped into the
solution, and the reaction solution was stirred at a rate of 600 rpm
at 23 1C unless stated otherwise. The reaction solution was freshly
prepared. For the PPGK loading optimization experiments, 1, 2, 3,

or 5 U of PPGK was added at 10 mM glucose. At a fixed ratio of 5 U
of PPGK per 10 mM glucose, the glucose concentration was
changed from 3 to 30 mM to study the electrochemical perfor-
mance of the EFCs with bioanodes that contained both G6PDH
and 6PGDH for the deep oxidation of glucose. To compare the
performance of the bioanodes containing recombinant thermo-
enzymes and/or Sigma-Aldrich LmG6PDH, the following reaction
temperatures were tested: 23, 37, 50 and 70 1C. For all of the
experiments, open circuit potential and linear sweep voltamme-
try were performed at a scan rate of 1 mV s�1 using a CHI1000B
Series Multi-Channel Potentiostat from CH Instruments, Inc.
(Austin, TX) as described previously (Zhu et al., 2011). Polariza-
tion curves were recorded and power curves were generated by a
computer equipped with the vendor’s software. All experiments
were performed in triplicate.

2.6. Determination of ribulose 5-phosphate

The final product of two-enzyme EFCs was ribulose-5-phos-
phate, which was assayed by a modified Dische’s cysteine–
carbazole method (Sun et al., 2012). After 4 h running, 100 mL of
the electrolyte of the EFC was mixed with 1 mL of 66% H2SO4,
35 mL of 0.12% carbazole dissolved in ethanol and 35 mL of 1.5%
cysteinium chloride. The mixture was incubated at 37 1C for
30 min and the absorbance at 540 nm was measured for quanti-
fying ribulose-5-phosphate formed (Sun et al., 2012).

3. Results and discussion

3.1. A novel synthetic enzymatic pathway

Different from the direct oxidation of glucose by glucose
oxidase or glucose dehydrogenase (Gao et al., 2010; Sakai et al.,
2009; Zebda et al., 2011), glucose-6-phosphate (G6P) was chosen
as a precursor in the EFCs because enzymes usually work more
rapidly on phosphate-activated sugars than on their non-phos-
phate-activated counterparts (Moehlenbrock et al., 2011; Yoon
et al., 2009). To avoid using costly ATP for the activation of
glucose (Moehlenbrock et al., 2011; Zhu et al., 2011), glucose was
phosphorylated to G6P by a newly discovered polyphosphate
glucokinase (PPGK) from T. fusca in the presence of low-cost,
stable polyphosphate in the aqueous phase (Liao et al., 2012).
Furthermore, immobilized G6PDH was responsible for converting
G6P to 6-phosphogluconate (6PG) and 6PGDH was responsible for
converting 6PG to ribulose-5-phosphate and releasing one CO2. As
a result, a cascade of two dehydrogenases enabled the generation
of two mol of nicotinamide adenine dinucleotide (NADH) per mol
of G6P. Two mol of NADH can be converted into NADþ through
diaphorase (DI) and vitamin K3 (VK3) to the cathode (Fig. 1). This
pathway demonstrated the deeper oxidation of glucose using two
cascade dehydrogenases.

In nature, most organisms utilize hexokinase to generate G6P
at the cost of one ATP consumed per glucose, and then G6P enters
hexose metabolic pathways (e.g., glycolysis and pentose phos-
phate pathways) (Ralph et al., 2008) because organisms have ATP
regeneration systems. However, it is too costly to continuously
supply ATP in in vitro biological systems (Zhang et al., 2011). For
the proof-of-concept experiment, it was feasible to generate G6P
for the EFC (Moehlenbrock et al., 2011), but it may be economic-
ally prohibitive for practical applications because of the high cost
and instability of ATP.

In the natural pentose phosphate pathway, G6PDH and 6PGDH
prefer to generate NADPH, which is used in anabolism, rather
than NADH, which is used in catabolism; however, NADPH was
not as effective as NADH in electron transfer to the bioanodeFig. 2. Scheme of enzyme immobilization and the ‘‘I-cell’’ EFC setup for this study.
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(Zhang et al., 2011). Therefore, for the pathway that we designed,
we screened numerous thermophilic G6PDHs and 6PGDHs found
in the literature and characterized putative G6PDHs and 6PGDHs
from the expanding genomic DNA databases of thermophiles.
Finally, we discovered a G6PDH and 6PGDH that prefer to
generate NADH: G6PDH from G. stearothermophilus and 6PGDH
from M. thermoacetica. Table 1 presents the basic information
about the recombinant thermoenzymes that were used in this
study: PfuPPGK, GsG6PDH, Mth6PGDH and GsDI. All four recom-
binant thermoenzymes were purified to homogeneity and exam-
ined by SDS-PAGE (data not shown). The specific activities of
GsG6PDH and Mth6PGDH were 1.170.1 and 5.170.2 U mg�1 at
room temperature, respectively.

3.2. Optimization of PPGK loading

To perform the PPGK-mediated generation of G6P from glu-
cose, the loading of PPGK was optimized at 10 mM glucose
(Fig. 3). When PPGK loading was increased from 1 to 5 U per
10 mM of glucose, the maximum power density increased from
0.0045 to 0.0154 mW cm�2 in the G6PDH-only EFC. There were
small differences between the power and current densities in the
cases of 3 and 5 U of PPGK, suggesting that 5 U of PPGK per
10 mM of glucose was sufficient. Therefore, 5 U of PPGK per
10 mM of glucose was chosen for use in subsequent experiments.

3.3. Deep oxidation of glucose through two dehydrogenases

The performance of two EFCs containing 4 units of GsG6PDH and
4 units of GsG6PDH/3.2 U of Mth6PGDH was examined at glucose
concentrations ranging from 3 to 30 mM (Fig. 4). The EFC containing
co-immobilized GsG6PDH and Mth6PGDH always showed
higher power and current densities than the EFC containing only
immobilized G6PDH. The maximum power densities of EFCs con-
taining only G6PDH were 0.0061, 0.0154, and 0.0224 mW cm�2 at
glucose concentrations of 3 mM, 10 mM, and 30 mM, respectively.
By contrast, the power densities of EFCs containing both G6PDH and
6PGDH were 0.0095, 0.0203, and 0.0252 mW cm�2. Clearly, the EFC
containing two dehydrogenases exhibited higher power and current
densities than the EFC containing one dehydrogenase regardless of
the substrate concentration. The final product of ribulose-5-phos-
phate generated by two dehydrogenase-based EFC was examined.
Approximately 0.1 mM of ribulose-5-phosphate was generated in
the solution after 4 h running based on 10 mM of glucose. These
results suggest that the deep oxidation of glucose was achieved by
using a cascade of two dehydrogenases.

Nearly all glucose-powered EFCs are based on the utilization of a
single redox enzyme in the bioanode to generate two electrons per
glucose (Coman et al., 2010; Gao et al., 2009; Sato et al., 2005).
In principle, one mole of glucose can generate 24 electrons through
its complete oxidation. In this study, four electrons were generated
from glucose by using two dehydrogenases, resulting in a doubling
of the energy extraction potential from glucose compared to one
redox enzyme-based glucose enzymatic fuel cells; in the future, it
could be converted to G6P through the non-oxidative pentose

phosphate pathway. To completely oxidize glucose, a pathway
based on glycolysis and the TCA cycle containing more than 20
enzymatic steps was hypothesized so that 24 electrons could be
generated (Sokic-Lazic et al., 2010), but the proof-of-concept experi-
ment has not yet been published. This hypothetical pathway might
be difficult to use in practical applications because it would require
costly ATP as input and would involve highly labile coenzymes such
as CoA. Recently, Xu and Minteer (2011) demonstrated the use of a
six-enzyme pathway in the anode for the deep oxidation of glucose;
however, its maximum power density remained very low
(0.0065 mW cm�2), which is much lower than the maximum power
densities that we achieved (0.020 mW cm�2 at room temperature
and 0.322 mW cm�2 at 50 1C).

3.4. High power output at elevated temperatures

The use of thermoenzymes in EFCs could have three benefits:
prolonged enzyme lifetime, high power output at elevated tem-
peratures, and a broad working temperature range. The perfor-
mance of the two dehydrogenase-based EFCs containing the
recombinant GsG6PDH and the Sigma-Aldrich mesophilic
G6PDH, which originated from L. mesenteroides (LmG6PDH), was
compared at 10 mM glucose and at 23 1C, 37 1C, 50 1C, and 70 1C
(Fig. 5). At 23 1C, it was found that both EFCs exhibited similar
power outputs regardless of the enzyme source. Both EFCs had
higher power densities at 37 1C and 50 1C than those at 23 1C. For
the mesophilic enzyme-based EFC, a maximum power density of
0.05970.003 mW cm�2 was obtained at 37 1C. A remarkable
increase in the maximum power density of the thermoenzyme-
based EFC occurred at 50 1C; it reached a maximum power
density of 0.32270.017 mW cm�2 at 50 1C. This value was
approximately 8-fold more than the power density of the EFC
containing the mesophilic LmG6PDH. When the temperature was

Table 1
Summary of recombinant thermoenzymes produced in E. coli.

Thermoenzyme EC GeneBank # Purificationa Sp. Act.b (U/mg)

Polyphosphate glucokinase (TfuPPGK) 2.7.1.63 YP289867 CBM 7.870.3

Glucose-6-phosphate dehydrogenase (GsG6PDH) 1.1.1.49 JQ040549 His/NTA 1.170.1

6-phosphogluconate dehydrogenase (Mth6PGDH) 1.1.1.44 ABC19597 His/NTA 5.170.2

Diaphorase (GsDI) 1.6.99.3 JQ040550 His/NTA 188710

a CBM: Cellulose binding module-tagged purification method (Liao et al., 2012); His/NTA: His-tagged protein binding on nickel resin (Wang et al., 2011).
b Sp. act., specific activity, which was measured as described in materials and methods.

Fig. 3. Profiles of the power densities versus the current densities of the

GsG6PDH-based EFC at PPGK loadings of 1, 2, 3, and 5 units at 10 mM glucose.
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increased to 70 1C, both EFCs had much lower power outputs than
at 50 1C. It was noted that the mesophilic enzyme-based EFC had
a very low output density compared to its output densities at
23 1C and 50 1C because of the fast deactivation of the enzyme at
70 1C.

The thermoenzyme-based EFC exhibited a maximum
power density of 0.32270.017 mW cm�2 at 50 1C, which was
approximately 15.8 times higher than that at 23 1C (0.0207
0.007 mW cm�2). The much higher power density at the elevated
temperature was attributed to the following factors: (i) the higher
activity of thermoenzymes (Wang and Zhang, 2009) and (ii) the
better mass transfer at elevated temperature (Fogler, 1999). The
use of thermoenzymes in EFCs would allow them to work over a
broad temperature range, especially in high temperature areas
such as tropical areas, deserts, and closed, small rooms containing
heat-releasing devices.

4. Conclusions

A new enzymatic pathway to generate electricity from glucose
in EFCs containing PPGK, G6PDH and 6PGDH has been demon-
strated. The deep oxidation of glucose through a cascade of two
dehydrogenases means the potential to double the energy storage
density compared with the oxidation of glucose through one
dehydrogenase or oxidase. The use of thermoenzymes enabled

markedly increased power outputs at elevated temperatures,
suggesting that running thermoenzyme-based EFCs at high tem-
peratures is feasible.
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4.1    Abstract 1 

Current enzymatic fuel cells (EFCs) are mainly catalyzed by immobilized enzymes to 2 

convert chemical energy in a fuel into electricity. Such immobilized enzyme system can 3 

provide fast electron transfer rate from enzymes to electrodes which relates to the power 4 

output of EFCs, and improved enzyme stability which is essential to prolong the lifetime 5 

of EFCs. However, immobilization also comes with decreased mass transfer and 6 

impaired enzyme activities, resulting in the significant reduction in the power output of 7 

such EFCs. In this work, we proposed using non-immobilized enzyme system for EFCs 8 

to avoid enzyme deactivation from enzyme immobilization, and using electron mediators 9 

to overcome electron transfer issue. Our results suggested that the EFC using non-10 

immobilized glucose-6-phosphate dehydrogenase (G6PDH) and 6-phosphogluconate 11 

dehydrogenase (6GPDH) exhibited a maximum power density of 0.13 mW cm-2 at room 12 

temperature, as ~4 folds as one using a covalent binding approach and ~100 folds as one 13 

using a Nafion entrapment approach. Enzyme activities and stabilities for the 14 

immobilization and non-immobilization approaches were also studied. The stability of 15 

EFCs with non-immobilized enzymes could be increased by adding bovine serum 16 

albumin protein and a nonionic detergent. Therefore, it suggests a possibility of running 17 

EFCs in non-immobilized enzyme system.   18 

 19 

Keywords: enzymatic fuel cells, immobilized enzyme system, enzyme immobilization, 20 

non-immobilized enzyme system,   21 

 22 

  23 
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4.2    Introduction 1 

Enzymatic fuel cells are fuel cell devices that convert chemical energy in various fuels 2 

into electrical energy via enzymes as catalysts. The earliest enzymatic fuel cell, inspired 3 

by the development of space exploration, began in 1960s when Yahiro et al constructed 4 

enzymatic bioanodes containing glucose oxidase or amino acide oxidase, which were 5 

able to generate positive open circuit potentials (Yahiro et al. 1964). Later, however, due 6 

to lack of efficient electron transfer mechanisms, enzymes tendency to move, and poor 7 

stability, research on enzymatic fuel cells was shelved for two decades (Moehlenbrock 8 

and Minteer 2008). With the development and commercialization of enzyme-based 9 

biosensors in 1970s and 1980s (Karube and Wilson 1987), and the awareness of intrinsic 10 

drawbacks in metallic catalysts (Lamy et al. 2002), enzymatic fuel cells were revitalized 11 

in 1980s with focuses on methanol oxidation (Davis et al. 1983; Laane et al. 1984). Over 12 

the last decade, considerable progress has been made in enzymatic fuel cells, which have 13 

come to prominence as next-generation, green, portable or implantable energy supply 14 

devices (Barton et al. 2004). However, most enzymatic fuel cells are still plagued by low 15 

power densities and short enzyme lifetimes, hindering the large-scale implementation of 16 

enzymatic fuel cells (Cooney et al. 2008; Minteer et al. 2007). 17 

 18 

Most enzymatic fuel cells nowadays are based on enzymes immobilized on electrodes. 19 

Employing immobilized enzyme electrodes is able to overcome two main issues in 20 

enzymatic fuel cells: enzyme stability and electron transfer. Enzymes as 21 

biomacromolecules need to retain their three-dimensional structures which are essential 22 

to their catalytic activities. Most enzymes require accurate control of temperature, pH, 23 
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and chemical components of the solvent to maintain their structures, and are easy to 1 

denature as their free forms (Rodrigues et al. 2013). Upon immobilization, enzymes are 2 

often stabilized and thus can be less sensitive toward their micro-environment (Hanefeld 3 

et al. 2009). Besides enzyme stability, another concern is electron transfer from the 4 

catalytic center of an enzyme to an electrode surface. Immobilization of enzymes on 5 

electrodes can not only provide a tailorable environment for enzymes, but also allow for 6 

localizing enzymes in close proximity to electrodes (Willner et al. 2006). Such 7 

immobilization shortens the electron traveling distance within its hopping range (e.g. ~ 2 8 

nm), and leads to a direct and efficient electron transfer (Ghindilis et al. 1997). For 9 

example, Chen et al demonstrated the employment of redox polymers for immobilizing 10 

glucose oxidase at the anode of an enzymatic fuel cell could achieve a lifetime of more 11 

than 1 week (Chen et al. 2001). This achievement was a significant breakthrough as 12 

previous enzymatic fuel cell could only last for minutes or hours before decaying. 13 

Besides, enzyme immobilization on electrode can enable easy separation and reuse of the 14 

electrode.  15 

 16 

Many enzyme immobilization techniques have been suggested in enzymatic fuel cells. 17 

They can be classified as physical adsorption, covalent binding, cross-linking, and 18 

entrapment (or encapsulation) (Kim et al. 2006b; Moehlenbrock and Minteer 2008). 19 

Physical adsorption normally relies on conductive particles, such as carbon black or 20 

graphite powder (Sato et al. 2005; Tarasevich et al. 2002), but it may suffer from enzyme 21 

leakage. Covalent binding is to immobilize enzymes using chemical reagents to form 22 

covalent bonds on enzyme-electrodes (Katz et al. 2004; Katz et al. 1999). Besides regular 23 
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carbon or metal electrodes, nanomaterials such as carbon nanotubes with large surface 1 

area and highly conductivity have been used through covalent binding with enzymes in 2 

order to enhance performances of enzymatic fuel cells and biosensors (Kim et al. 2006a; 3 

Nazaruk et al. 2012; Rivas et al. 2007). Covalent binding approach can minimize enzyme 4 

leakage due to strong binding; however, at the cost of sacrificing most enzyme activity. 5 

Cross-linking is to join enzymes with each other through either chemical ways using such 6 

as glutaraldehyde, which results in covalent bonds between enzymes, or physical ways 7 

using flocculating agents such as polyamines, polyethyleneimine, and polystyrene 8 

sulfonates. For instance, many studies have explored the use of redox polymers (Johnston 9 

et al. 2005; Mano and Heller 2003; Mano et al. 2003) or hydrogel (Kim et al. 2013; 10 

Moehlenbrock et al. 2012) to construct enzymatic fuel cells. However, this approach also 11 

hurts enzyme activity as it may modify the catalytic center in the enzyme.  Entrapment or 12 

encapsulation of enzymes is to restrict enzyme movement within a “sandwich”-structure 13 

film or a micro-capsule. For instance, redox enzymes have been entrapped on electrodes 14 

by using hydrophobically modified Nafion solution casted membrane (Moore et al. 15 

2004), a polyion complex via electrostatic interaction (Sakai et al. 2009), or 16 

hydrophobically modified chitosan (Klotzbach et al. 2008). This approach can effectively 17 

prevent enzyme leakage and increase enzyme stability; however, it may also cause 18 

decreased mass transport and increased resistivity.   19 

 20 

On the other hand, enzyme immobilization on electrode may have several disadvantages 21 

including reduced enzyme activities, limited mass diffusion of substrates and products, 22 

and electrode fouling due to enzyme leakage. First of all, it has been widely reported that 23 



51 
 

immobilized enzymes on electrodes exhibit significantly low retained enzyme activity 1 

(i.e., less than 1%) compared to that of non-immobilized enzymes (Gao et al. 2009; 2 

Johnston et al. 2005; Johnston et al. 2006; Kim et al. 2006b; Zebda et al. 2011; Zhao et 3 

al. 2009). Significant chemical modification or restriction on the structure of an enzyme 4 

results in its reduced mobility and catalytic ability. Secondly, mass transfer through 5 

entrapment matrix or cross-linked enzymes is limited and thus slows the heterogeneous 6 

reaction down (Barton et al. 2004). Enzyme leaking is another problem that reduces the 7 

performance of enzymatic fuel cells for long-time running (Kim et al. 2006b). It is not 8 

easy to solve all these drawbacks using enzyme immobilization for enzymatic fuel cells. 9 

 10 

Using non-immobilized enzymes for enzymatic fuel cells could be a prominent 11 

alternative. Actually, more than a decade ago, some studies on enzymatic fuel cells were 12 

based on non-immobilized enzymes (Davis et al. 1983; Palmore et al. 1998; Palmore and 13 

Kim 1999; Yue and Lowther 1986). However, those were overlooked by later researchers 14 

mainly because at that time enzymes were fragile and easy to degrade. With the 15 

discovery of more and more thermostable enzymes from thermophiles and engineered 16 

enzymes with increased stability, the lifetime of enzymes can be solved without enzyme 17 

immobilization (Zhang 2010). Most importantly, using non-immobilized enzyme system 18 

is able to retain 100% enzyme activity. In addition, the issue of electron transfer from 19 

free enzymes to electrodes can be addressed using suitable electron-mediators. In this 20 

study, we compared non-immobilized enzyme system with immobilized enzyme system 21 

in terms of power density and stability. Our results suggest the former has much better 22 
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power density and decent stability, which can provide an alternative approach for re-1 

thinking the design of enzymatic fuel cells.  2 

 3 

4.3    Materials and Methods 4 

Reagents 5 

All chemicals including glucose-6-phosphate, vitamin K3 (VK3), nicotinamide adenine 6 

dinucleotide including both the oxidized form (NAD+) and the reduced form (NADH), 7 

poly-L-lysine (PLL, MW ~70-150 kDa), and 1-(3-dimethylaminopropyl)-3-8 

ethylcarbodiimide hydrochloride (EDC), N-hydroxysulfosuccinimide (NHS), 9 

tetrabutylammonium bromide (TBAB), Triton X-100, and bovine serum albumin (BSA) 10 

were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise noted. 11 

Nafion 1100 EW suspension was purchased from Ion Power, Inc (New Castle, DE, USA). 12 

Carbon paper (AvCarb MGL200) as the anode supporter was purchased from Fuel Cell 13 

Earth (Stoneham, MA, USA).  Membrane electrode assembly (MEA) including Nafion 14 

212 as a membrane and carbon cloth as a cathode (coated by 0.5 mg/cm2 Pt catalyst) was 15 

purchased from Fuel Cell Store (San Diego, CA, USA).  COOH-functionalized multi-16 

wall carbon nanotubes (MWCNTs) with outer diameter of < 8 nm and length of 10-30 17 

µm were purchased from CheapTubes.com (Brattleboro, VT, USA).   18 

 19 

Preparation of enzymes 20 

Enzymes used including Geobacillus stearothermophilus 10 diaphorase (GsDI) (Zhu et al. 21 

2012), Geobacillus stearothermophilus 10 glucose-6-phosphate dehydrogenase 22 

(GsG6PDH) (Zhu et al. 2012), and Moorella thermoacetica 6-phosphogluconate 23 
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dehydrogenase (Mth6PGDH) (Wang et al. 2011) were produced and purified as described 1 

previously. The E. coli BL21 Star (DE3) strain (Invitrogen, Carlsbad, CA, USA) 2 

harboring a protein expression plasmid was incubated in LB medium at 37 °C with rotary 3 

shaking at 250 rpm. After the absorbance reach 0.6–0.8 at 600 nm, isopropyl-β-D-4 

thiogalactopyranoside (IPTG) was added and cells were incubated at 18 °C with a 5 

continued rotary shaking of 200 rpm for 12 hours. The cells were harvested by 6 

centrifugation at 4 °C and washed once with 50 mM HEPES (pH 7.5) containing 0.3 M 7 

NaCl. The cell pellets were lysed by ultra-sonication (Fisher Scientific Sonic 8 

Dismembrator Model 500; 5-s pulse on and off, total 300 s at 50% amplitude). Target 9 

proteins containing the His-tag were purified by Profinity IMAC Ni-Charged Resin (Bio-10 

rad, Hercules, CA, USA).  11 

 12 

Enzyme activity assays   13 

Non-immobilized enzyme activity assays were performed as follows. Reactions were 14 

started by adding free enzymes and changes in absorbance were read using the 15 

spectrometer. In detail, GsDI activity was tested in 10 mM phosphate buffered saline 16 

buffer, 0.16 mM NADH, and 0.1 mM dichlorophenolindophenol (DCPIP) at 23 °C. 17 

Consumption of DCPIP resulting in a decrease in the absorbance at 600 nm was 18 

measured (Chakraborty et al. 2008). GsG6PDH activity was assayed in 100 mM HEPES 19 

buffer (pH 7.5) containing 100 mM NaCl, 2mM G6P, 2 mM NAD+, 5 mM MgCl2, and 20 

0.5 mM MnCl2 at 23 °C. An increase in the absorbance at 340 nm due to the formation of 21 

NADH was measured (Zhu et al. 2012). Mth6PGDH activity was measured in a 100 mM 22 

HEPES buffer (pH 7.5) containing 2 mM 6-phosphogluconate, 2 mM NAD+, 5 mM 23 
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MgCl2, and 0.5 mM MnCl2, at 23°C and production of NADH was measured at 340 nm 1 

(Wang and Zhang 2009). 2 

 3 

Activities of immobilized enzymes on carbon paper electrodes were assayed in the same 4 

conditions. The reactions were started by immersing electrodes into the solution and run 5 

at 23 °C. After removing electrodes from the reactions, changes in absorbance in reaction 6 

solutions were measured at respective wave length as suggested above. 7 

 8 

Preparation of bioanodes 9 

Two immobilization methods were used to prepare immobilized enzyme anodes. Method 10 

1 was based on the entrapment of enzymes into a quaternary ammonium bromide salt 11 

modified Nafion (Sokic-Lazic and Minteer 2008). The casting solution mixture was 12 

prepared by adding 39 mg of tetrabutylammomium bromide (TBAB) with1 mL of 5% 13 

Nafion 1100 EW suspension (Ion Power, Inc, New Castle, DE, USA). After dried 14 

overnight, the mixture was washed by 3.5 mL of 18 MΩ water and then resuspended in 1 15 

mL of isopropanol. The enzyme solution mixture consisted of 1 unit of G6PDH, 40 units 16 

of DI, 1 mM NAD+, and 0.29 M VK3. Carbon paper anode was applied by the mixture of 17 

100 µL of casting solution and 100 µL of enzyme solution and dried. Method 2 was 18 

based on the covalent bond formed between enzymes and MWCNTs as previously 19 

described (Zhu et al. 2011). 10 µL of a 2% w/v PLL solution was coated onto the carbon 20 

paper, followed by the addition of 20 µL of 25 mM EDC.  2.5% w/v COOH-21 

functionalized MWCNTs suspended in a 50% ethanol solution were sonicated for 30 min 22 

prior to use. The carbon paper was then deposited by 40 µL of MWCNTs slurry and then 23 
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dried at room temperature. Another 10 µL of 400 mM EDC and 10 µL of 100 mM NHS 1 

were added, followed by applying 1 unit of G6PDH, 40 units of DI, 1 mM NAD+, and 10 2 

µL of 0.29 M VK3 acetone solution. For bioanodes containing 2 dehydrogenases, 1.5 unit 3 

of 6PGDH was added as well. Bioanodes with immobilized enzymes were stored in 100 4 

mM HEPES buffer containing 2 mM NAD+ and 100 mM NaNO3 at 4 °C.  5 

 6 

For free enzyme anodes, no enzymes were immobilized on anodes. Exact amounts of 7 

PLL and MWCNTs were immobilized on carbon papers as the method 2 mentioned, 8 

followed by casting VK3. The modified carbon paper anode with an area of 1 cm2 was 9 

submerged in the electrolyte containing buffer, ions, fuels, cofactors, and the same 10 

enzyme loading as used for the immobilized system.  11 

 12 

Electrochemical measurements  13 

The set-up of our enzymatic fuel cell has been mentioned previously (Zhu et al. 2011). 14 

Nafion 212 was used as the proton exchange membrane to separate anode and cathode.  15 

Air-breathing carbon cloth cathode was coated with 0.5 mg cm-2 Pt as the catalyst. All 16 

electrochemical measurements were conducted using a 1000B Multi-Potentiostat (CH 17 

Instruments Inc., Austin, TX, USA) interfaced to a PC. 18 

 19 

Open circuit potential (OCP) and linear sweep voltammetry (LSV) were performed at a 20 

scan rate of 1 mV s-1. The electrolyte for measuring the power density of the EFC 21 

contained 10 mM G6P, 2mM NAD+, 100 mM HEPES (pH 7.5), 10 mM MgCl2, and 0.5 22 

mM MnCl2. Enzymes were either immobilized on bioanodes or soluble in the solution. 23 
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The 15 mL electrolyte was stirred at 600 rpm during measurement at the room 1 

temperature. To measure the stability of EFCs, 2 mM G6P was used and max current 2 

densities were obtained using LSV. In non-immobilized enzyme system, 1 g L-1 BSA and 3 

0.1% Triton X-100 were added to increase its stability.  4 

 5 

4.4    Results and discussion 6 

To compare immobilized and non-immobilized enzyme systems, we divide the whole 7 

electron-transfer process occurring in an enzymatic fuel cell into 5 steps (Fig. 1) and 8 

analyze each one respectively (Table 1). The first step is substrate diffusion to enzyme, 9 

relating to mass transfer efficiency in the enzymatic fuel cell system. For immobilized 10 

enzymes, substrates have to diffuse from the electrolyte to the electrode in order to access 11 

to enzymes. This heterogeneous process is normally rate-limited and slow, especially in 12 

cases of enzyme cross-linking and entrapment immobilization. For instance, methanol 13 

diffusion coefficient in Nafion matrix has been measured to be only 10% as compared to 14 

that in aqueous solution (Every et al. 2005). In contrast, non-immobilized enzyme system 15 

can have fast substrate diffusion due to the homogeneous process. When the substrate 16 

accesses to the catalytic center of one enzyme, the enzyme starts catalysis, whose rate is 17 

determined by its enzyme activity. This step in immobilized enzyme system has been 18 

indicated to be very slow because of impaired enzyme catalytic structures, limited 19 

enzyme mobility, and resulting significantly reduced enzyme activities (Johnston et al. 20 

2006; Zebda et al. 2011; Zhao et al. 2009). However, non-immobilized enzymes can 21 

maintain their intact structures and move freely to retain their uncompromised activities.  22 
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Besides, the power generated from enzymatic fuel cells is depending on not only the rate 1 

that electrons are produced, but also how fast they are transferred, including electron 2 

transfer to the electrode and electron transfer on the electrode. Between them, electron 3 

transfer from the enzyme to the electrode is often the rate-limiting step in enzymatic fuel 4 

cells (Kim et al. 2006b). One obvious advantage for immobilizing enzymes is that it can 5 

shorten the electron traveling distance and lead to fast electron transfer. In non-6 

immobilized enzyme system, electron mediators have to be incorporated to promote 7 

electron transfer. Besides characteristic requirements of mediators including stability, 8 

selectivity, reversibility, and low overpotential, their low molecular weight and small size 9 

facilitate their fast diffusion in the electrochemical system (Moehlenbrock and Minteer 10 

2008). With the help of mediators, electron transfer rate in non-immobilized enzyme 11 

system can become medium or equal fast as compared to immobilized one. As for 12 

electron transfer on the electrode, this would be the same for both systems if using the 13 

same electrode materials. The last step is product diffusion which is related to the 14 

removal of product inhibition and thereby accelerating reaction rate. This step is similar 15 

to substrate diffusion, both of which are slower in the immobilized enzyme system than 16 

in the non-immobilized one. In all, using non-immobilized enzyme system with the help 17 

of electron mediators is expected to have high power for enzymatic fuel cells.  18 

  19 

Two immobilization approaches were used as examples of polymer matrix entrapment 20 

and covalent binding with CNTs, in order to compare with non-immobilized enzymes 21 

(Figure 2). For fair comparison, amounts of enzymes added for all three cases, either on 22 

the electrode or in the electrolyte, were the same. As the power curves shown in Figure 3, 23 
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TBAB modified Nafion entrapment presents lowest maximum power density of 0.0013 1 

mW cm-2, which is only 4% as compared to the one by CNTs covalent binding method, 2 

and 1% as compared to the one by non-immobilized enzyme method. Using non-3 

immobilized enzymes demonstrates a maximum power density of 0.13 mW cm-2, 4 

indicating a 3-fold increase comparing to that of covalent binding approach.  5 

 6 

Besides power output data obtained through electrochemical analysis, enzymatic 7 

activities for both immobilized enzymes and non-immobilized enzymes were also 8 

measured and compared for a deep understanding of their differences. In Table 2, it is 9 

found both two immobilization methods lead to significantly reduced enzyme activities 10 

for both G6PDH and DI, given the assumption that the amount of enzymes immobilized 11 

on the electrode is the same as the amount used in the soluble system. Immobilized 12 

G6PDH only retains 0.2% or 6% of its native activity when using Nafion polymer 13 

entrapment or CNTs covalent binding immobilization, respectively. DI retains 0.4% or 14 

7.5% of its native activity after those same immobilization processes. This indicates a 15 

dramatic loss of enzyme activity during immobilization processes, in accordance with 16 

previous results (Zebda et al. 2011; Zhao et al. 2009). This loss can be come from the 17 

inactivation of most enzymes due to the immobilization, or the reduced enzyme amount 18 

after immobilization due to the fact that not all enzymes added can be immobilized on 19 

electrodes. In addition, actual maximum current density (Jmax) and theoretical Jmax were 20 

compared. The former can be obtained from the polarization curve in Figure 3, while the 21 

latter can be calculated based on G6PDH activity through equation 1, supposing all 22 

products (NAD+/NADH) produced by enzymes are able to converted to current and 23 
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G6PDH is rate-limiting due to overloaded DI amount. In both immobilization cases, 1 

actual Jmax shows a good agreement with theoretical Jmax, indicating a close relationship 2 

between the oxidoreductase activity and current generation. This would mean in 3 

immobilized enzyme system, current generation may be determined by enzyme kinetics 4 

(Step 2 in Table 1). However, in non-immobilized enzyme system, theoretical Jmax is ~8 5 

folds higher than actual Jmax, suggesting in this case more factors (e.g. electron transfer) 6 

other than enzyme kinetics might play a dominant role in current generation process. To 7 

summarize, our results clearly suggest that non-immobilized free enzyme system is better 8 

than other two immobilized enzyme systems, in terms of generating much more power 9 

and current.  10 

 11 

Enzyme stability is another concern for the lifetime of EFCs, especially in non-12 

immobilized enzyme systems. Actually, with the development of genetic tools, more and 13 

more stable enzymes have been created either by cloned directly from thermophiles or 14 

engineered through enzyme engineering. Two famous industrial thermoenzymes are 15 

amylase, which works at ~100 °C, and Taq polymerase, whose optimal temperature is 75-16 

80 °C (Zhang et al. 2011). Utilization of thermoenzymes can decrease processing cost 17 

and simplify production processes as well (e.g. no immobilization needed). Enzymes we 18 

used in this study were from thermophiles and had optimal temperatures from 60 °C to 19 

80 °C. Previously, we demonstrated a glucose-powered EFC containing these 20 

immobilized thermoenzymes exhibited a maximum power density of 0.32 mW cm-2 at 21 

50 °C, approximately 16 folds higher as compared to that at 23 °C (Zhu et al. 2012). In 22 
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other words, power outputs could be markedly increased at elevated temperatures using 1 

thermoenzymes, indicating a feasibility of running EFCs at high temperatures.  2 

 3 

Here we compared stabilities of EFCs using immobilized enzyme system and non-4 

immobilized enzyme system (Fig. 4A). It is easy to observe that enzymes after 5 

immobilization have improved stabilities. TBAB modified Nafion entrapment shows the 6 

best stability that 85% of its initial maximum current density remains after 10 days. 7 

CNTs covalent binding immobilization can keep 76% of its original value after 10 days. 8 

However, for the EFC using non-immobilized enzymes, only 33% of its original 9 

maximum current density is left after the same time. Although the relative stability of 10 

non-immobilized enzyme system is lower than immobilized enzyme system, the former 11 

always has higher absolute value of max current density than the latter. Even after 10 12 

days, non-immobilized enzyme system is still around as 2 folds high.  13 

 14 

In addition, we attempted to improve the stability of non-immobilized enzymes by 15 

increasing total protein concentration and adding a nonionic detergent. Enzyme stability 16 

has been found to be strongly associated with its concentration (Myung et al. 2011; Wang 17 

and Zhang 2010). It is common that dilute protein solutions (< 1 g L-1) are more prone to 18 

inactivation and loss as a result of low-level binding to the container. Therefore, adding 19 

“carrier” protein, such as BSA to 1 g L-1, can protect against such loss. In our case, 20 

original protein concentration including G6PDH and DI was only ~0.02 g L-1, so we 21 

decided to add 1 g L-1 BSA into the reaction. Using a nonionic detergent such as Triton 22 

X-100 is another strategy to stabilize protein. It has been widely used to stabilize DNA 23 
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polymerases for polymerase chain reaction or enzyme storage (Sanchez-Otero et al. 1 

2008). Therefore, we also added 0.1% Triton X-100 into the reaction. It was found that 2 

the stability could be increased (Fig. 4B). The half life was increased from 5.0 days to 7.7 3 

days by adding BSA and Triton X-100. To our knowledge, there are other means that can 4 

also increase enzyme stability for EFCs, besides enzyme immobilization, such as 5 

discovering or engineering more thermostable enzymes (Guven et al. 2010) and reducing 6 

interactions with the solvent (Rubenwolf et al. 2011). 7 

 8 

The power outputs of EFCs containing 2 dehydrogenases (G6PDH + 6PGDH) were 9 

further examined for both immobilized and non-immobilized enzyme systems (Fig. 5). 10 

The EFC containing 2 dehydrogenases always showed higher power and current densities 11 

than the EFC containing only 1 dehydrogenase regardless of immobilization or non-12 

immobilization. The maximum power densities of 2-dehydrogenase based EFCs were 13 

0.0015, 0.04, and 0.16 mW cm-2 for Nafion entrapment, covalent binding, and non-14 

immobilization system, respectively. By contrast, 1-dehydrogenase based EFCs only 15 

exhibited 0.0012, 0.03, and 0.12 mW cm-2 power densities for these three systems. It is 16 

clearly to find that deeper oxidation of G6P occurs when more dehydrogenase is added. 17 

Another interesting finding is that for Nafion entrapment immobilization when mass 18 

transfer is extremely bad, the extent of increase using 2 dehydrogenases seems less than 19 

that for the other two systems. This may suggest that the rate of this cascade reaction 20 

mediated by 2 dehydrogenases is limited by mass transfer. Use of non-immobilized 21 

enzyme system can have fast substrate diffusion and product removal, and therefore 22 

reduces inhibition for the cascade reaction. 23 
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 1 

4.5    Conclusions 2 

Non-immobilized enzyme system has been demonstrated to have higher power density 3 

than that of immobilized enzyme system because of better mass transfer and 4 

uncompromised enzyme activity. Although relative stability of EFCs without 5 

immobilization is not as good as immobilized one, it can be increased by a combination 6 

of increasing overall protein concentration and adding a nonionic detergent. In summary, 7 

with the help of electron mediators and thermoenzymes, it is possible for EFCs to run in 8 

non-immobilized enzyme system. In the future, more efforts should be focused on further 9 

increasing electron transfer rate and improving enzyme stability to have a more powerful 10 

EFC.   11 

 12 
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Table 1. Comparison of individual steps involved in an enzymatic fuel cell process using 1 

immobilized or non-immobilized enzyme systems. 2 

 Immobilized Non-immobilized 

(1) Substrate diffusion to enzyme Slow Fast 

(2) Enzyme kinetics Very slow Fast 

(3) Electron transfer from enzyme to 

electrode via mediator 

Fast Medium/Fast 

(4) Electron transfer on electrode Fast Fast 

(5) Product diffusion Slow Fast 

Enzyme stability Good Medium/Good 

Operation Good Medium/Good 

 3 

  4 
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Table 2. Activities and electrochemical performances of immobilized and non-1 

immobilized enzymes 2 

 3 

Theoretical Jmax = Specific activity × F × n × m × 1000 / (60 × A) 4 

U is the enzyme activity in µmol min-1; n is the number of electrons involved in electrode 5 

reaction (2 electrons per NADH); A is the electrode surface in cm-2 (1 cm-2); F is the 6 

Faraday constant; m is the mass of enzyme in mg (1 unit was added, ~0.244 mg of 7 

G6PDH); Jmax is the current density in mA cm-2. Overloading of DI (40 units) was added. 8 

Therefore, theoretical Jmax was calculated based on G6PDH.  9 

  10 

 Nafion 

entrapment 

CNTs covalent Non-

immobilized 

G6PDH activity (U mg-1) 0.0080 ± 0.0004 0.23 ± 0.03  4.1± 0.3  

DI activity (U mg-1) 3.3 ± 0.2 67 ± 4.1 896 ± 25.0 

Theoretical Jmax (mA cm-2) 0.0064 ± 0.0003 0.18 ± 0.02 3.22 ± 0.24 

Actual Jmax (mA cm-2) 0.0060 ± 0.0004 0.14 ± 0.01 0.44 ± 0.05 
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5.1    Abstract 1 

Building a better battery is highly desirable to overcome drawbacks of current batteries 2 

and satisfy increasingly diverse range of applications. Sugar-powered biobattery is one of 3 

the most promising substitutes with growing attention, as it is green and biodegradable, 4 

safe, fast rechargeable, and has high energy density, without using precious metals as 5 

catalysts. Previous biobatteries mostly powered by glucose suffered from low power 6 

density and incomplete oxidation of the fuel, extracting only 1/12 or 1/6 of total energy 7 

density potential, because only a single or two oxidoreductases were used. To more 8 

efficiently oxidize various alcohols or other biomolecules, enzymatic pathways were 9 

constructed, however, none of these studies proofed complete oxidation from a 10 

quantitative aspect. In this work, we constructed a synthetic enzymatic pathway that can 11 

completely oxidize glucose units in maltodextrin. The feasibility of a maltodextrin-12 

powered sugar biobattery that can generate almost 24 electrons from each glucose unit 13 

was demonstrated for the first time, suggesting a high power density of 596 Ah/L or 298 14 

Wh/kg that was several folds higher than that of current lithium-ion battery. To increase 15 

power density, free enzyme system was used instead of immobilizing enzymes that 16 

reduced activities greatly and caused slow mass transfer. A maltodextrin-powered 17 

biobattery was built that had a maximum power density of 0.741 mW cm-2 at 50 °C and 18 

20 mM fuel concentration. A LED light or a digital clock was able to be powered using a 19 

series of 2 such biobatteries. A bright future of sugar biobattery with numerous 20 

applications awaits more studies on enzyme stabilities, increase of power density, and 21 

cost reduction.  22 

 23 
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 1 

Keywords: sugar-powered biobattery, complete oxidation, high energy density, 2 

nonnatural enzymatic pathway 3 
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5.2    Introduction 1 

Batteries have become a hugely important technology to our daily life, from lumbering 2 

lead-acid monsters used to start cars, to tiny lithium cells for powering ebooks and 3 

cellphones. Modern electronic world would be impossible without them (Armand and 4 

Tarascon 2008). However, their several drawbacks should let us rethink them and our 5 

future mobile energy-supplying devices. One of the most urgent needs is to develop 6 

batteries with high energy storage density. Current development of battery technology is 7 

unable to catch up with rapid rise of electronic and information technology. Faster 8 

processers and more data transfer, for instance, require more power consumption and 9 

make smartphones last shorter time than before. Another problem is that current batteries 10 

rely on heavy metals which are non-renewable resources. Such precious metals are not 11 

biodegradable and harmful to environment and human. A large amount of batteries are 12 

not recycled and end up in our landfills which may contaminate environment and 13 

endanger water supply. Safety of batteries is another important issue. Accidents like 14 

laptop explosion and aircraft fire caused by overheated lithium batteries have aroused the 15 

public attention widely. Therefore, building a better battery with high energy density, 16 

sustainability, and safety is urgently needed.  17 

 18 

Bioinspired batteries that can convert chemical energy into electricity directly through 19 

enzymes or microorganisms provide us an appealing solution. They feature modest 20 

reaction conditions, utilization of complicated fuels (e.g. sugars and alcohols), high 21 

catalytic specificity, renewable biocatalysts, and low safety concerns (Davis and Higson 22 

2007; Moehlenbrock and Minteer 2008). According to the classification of biocatalysts, 23 
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two types of bioinspired batteries are microbe-based and enzyme-based. Microbial 1 

biobatteries may possess lifetimes of several years, enable completely oxidize various 2 

fuels, and are good for waste water treatment, but they are difficult to be scaled up and 3 

have limited theoretical maximum power density, restricting their applications (Logan 4 

2010; Zhang et al. 2011). In contrast, enzyme-based batteries are suggested to have 5 

higher power densities mainly due to better mass transfer without cellular membrane and 6 

potential higher volumetric biocatalyst loading without the dilution effect of other 7 

biomacromolecules (Cooney et al. 2008; Rabaey and Rozendal 2010). Several studies 8 

have reported power densities of more than 1 mW/cm2 by optimizing enzyme loading, 9 

buffer condition, and electron-mediating system (Sakai et al. 2009; Zebda et al. 2011). 10 

Such progress has suggested enzymatic biobatteries as next-generation, environmentally 11 

friendly, micro-power sources for portable electronics in the near future (Barton et al. 12 

2004) 13 

 14 

One of the most obvious advantages of enzymatic biobattery over most of other batteries 15 

is its high energy density (Sokic-Lazic et al. 2010). For instance, a glucose-powered 16 

biobattery can consume 1 glucose unit to produce 24 electrons in total if complete 17 

oxidation can be is achieved, leading to an energy density of 3009 mAh per gram of 18 

glucose, which is more than 70 folds higher compared to lithium-ion batteries (43 19 

mAh/kg, Table 3). However, most glucose-powered sugar biobatteries were only based 20 

on 1 oxidoreductase, resulting in only 2 electrons generated per glucose unit (Coman et al. 21 

2010; Gao et al. 2009; Sakai et al. 2009; Sato et al. 2003). Few studies reported 4 or 6 22 

electrons generation per glucose unit using two glucose oxidoreductases (Tasca et al. 23 
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2010; Zhu et al. 2012). Besides leading to a low of energy unilization efficiency, 1 

incomplete oxidation dramatically increases the fuel cost of sugar biobattery and results 2 

in product inhibition to enzymes. To implement complete oxidation to fully extract 3 

energy potential from sugars, multiple enzymes have to work together as a whole instead 4 

of only 1 or 2 enzymes being involved. Many enzymatic pathways have already been 5 

constructed or suggested in biobatteries to perform complete oxidization of various fuels, 6 

such as methanol (Palmore et al. 1998), ethanol (Sokic-Lazic and Minteer 2008), glycerol 7 

(Arechederra and Minteer 2009), and pyruvate (Moehlenbrock et al. 2010). However, 8 

none of them demonstrated quantitative evidence of complete oxidation based on 9 

coulombic efficiency. A biomimetic enzymatic pathway consisted of glycolysis and 10 

Krebs cycle was proposed to complete oxidize glucose (Minteer et al. 2007). However, 11 

this pathway design was complicated and involving ATP/GTP and acetyl-CoA, which 12 

were expensive, labile and could not be utilized for an extended period of time. More 13 

recently, another pathway on glucose oxidation to CO2 was developed using a non-14 

natural, minimal 6-enzyme cascade. Although CO2 could be detected, there was no 15 

quantitative evidence of 24 electrons produced per glucose unit and the result also 16 

suffered from low power density probably due to the use of promiscuous activities of 17 

enzymes on different substrate (Xu and Minteer 2012).  18 

 19 

Carbohydrate derived from abundant biomass is one of the most available renewable 20 

energy sources for green and sustainable biobattery (Zhang et al. 2011). Besides high 21 

energy density as mentioned above, sugar-powered biobattery has more advantages of 22 

safety to store and distribute, ability of fast recharging, low cost, and large availability. 23 
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Maltodextrin instead of glucose was used as the fuel in this study because most glucose is 1 

produced from enzymatic hydrolysis of starch, where maltodextrin is from a partial 2 

hydrolysis of starch. The advantages of using maltodextrin over glucose are: 1) a 3 

relatively lower fuel concentration at the same glucose unit concentration resulting in a 4 

lower osmotic pressure and better mass transfer in the fuel solution; 2) a higher energy 5 

storage density per weight unit due to less ratio of oxygen atom in the molecule; 3) a 6 

balance in recycling phosphate instead of consuming it from costly and unstable ATP or 7 

inorganic phosphate; 4) a relative constant energy releasing rate due to one more 8 

enzymatic reaction for gradually generating glucose units. Two electron generated per 9 

glucose unit from maltodextrin was realized using a synthetic 3-enzyme pathway 10 

previously (Zhu et al. 2011). In this work, a synthetic 13-enzyme pathway was used to 11 

complete oxidize maltodextrin for generating 24 electrons per glucose unit. All of 12 

enzymes used were cloned from thermophiles, and were free in electrolytes instead of 13 

being immobilized on electrodes for retaining intact activities. The result of complete 14 

oxidation suggests a promising potential of future high energy density and high power 15 

density sugar biobattery. 16 

 17 

5.3    Materials and Methods 18 

Reagents 19 

All chemicals, such as maltodextrin (DP 19), vitamin K3 (VK3), nicotinamide adenine 20 

dinucleotide including both the oxidized form (NAD+) and its reduced form (NADH), 21 

poly-L-lysine (PLL, MW ~70-150 kDa), dithiothreitol (DTT), 1-(3-22 

dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), and N-23 
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hydroxysuccinimide (NHS) were reagent grade or higher, purchased from Sigma-Aldrich 1 

(St. Louis, MO, USA) or Fisher Scientific (Pittsburgh, PA, USA), unless otherwise noted. 2 

Restriction enzymes, T4 ligase, and Phusion DNA polymerase were purchased from New 3 

England Biolabs (Ipswich, MA, USA). The oligonucleotides were synthesized by 4 

Integrated DNA Technologies (Coraville, IA, USA). Carbon paper (AvCarb MGL200) as 5 

anode was purchased from Fuel Cell Earth (Stoneham, MA, USA).  Membrane electrode 6 

assemblies (MEAs) consisting of Nafion 212 and carbon cloth cathode modified with 0.5 7 

mg/cm2 Pt were purchased from Fuel Cell Store (San Diego, CA, USA).  COOH-8 

functionalized multi-wall carbon nanotubes (an outer diameter of < 8 nm and a length of 9 

10-30 µm) were purchased from CheapTubes.com (Brattleboro, VT, USA).  Regenerated 10 

amorphous cellulose (RAC) used in enzyme purification was prepared from Avicel 11 

PH105 (FMC, Philadelphia, PA, USA) through its dissolution and regeneration, as 12 

described elsewhere (Zhang et al. 2006). 13 

 14 

Strains and medium 15 

Escherichia coli Top10 was used as a host cell for DNA manipulation, and E. coli BL21 16 

Star (DE3) (Invitrogen, Carlsbad, CA, USA) was used as a host cell for recombinant 17 

protein expression. The Luria-Bertani (LB) medium plus either 100 mg/L ampicillin or 18 

50 mg/L kanamycin was used for E. coli cell growth and recombinant protein expression.  19 

 20 

Expression and purification of recombinant enzymes 21 

The E. coli BL21 Star (DE3) strain harboring a protein expression plasmid was incubated 22 

in a 1-L Erlenmeyer flask with 250 mL of LB medium containing either 100 mg/L 23 
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ampicillin or 50 mg/L kanamycin. Cells grew at 37 °C with rotary shaking at 250 rpm, 1 

until they reached an absorbance of 0.6–0.8 at 600 nm (Beckman Coulter, Fullerton, CA, 2 

USA). Protein expression was induced by adding 100 µM of isopropyl-β-D-3 

thiogalactopyranoside (IPTG), and incubating at 18 °C with a continued rotary shaking of 4 

200 rpm. The cells were harvested by centrifugation at 4 °C and washed once with 50 5 

mM HEPES (pH 7.5) containing 0.3 M NaCl. The cell pellets were resuspended in the 6 

same buffer and lysed by ultra-sonication (Fisher Scientific Sonic Dismembrator Model 7 

500; 5-s pulse on and off, total 300 s at 50% amplitude). Target proteins remained in 8 

supernatants of the cell lysates after centrifugation. Three approaches were used to purify 9 

different recombinant proteins (Table 1). His-tagged proteins were purified by Profinity 10 

IMAC Ni-Charged Resin (Bio-rad, Hercules, CA, USA). Fusion proteins containing 11 

cellulose-binding-module (CBM) and intein were purified through affinity adsorption on 12 

a large surface-area amorphous cellulosic material (Myung et al. 2010). Heat 13 

precipitation condition was at 80 °C for 20 min. The purity of the recombinant proteins 14 

was ~90-95% by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-15 

PAGE).   16 

 17 

Enzyme activity assays   18 

Clostridium thermocellum αGNP activity was assayed at 50 °C for 5 min in 100 mM 19 

HEPES buffer (pH 7.5) containing 1 mM MgCl2, 5 mM DTT, 30 mM maltodextrin and 20 

10 mM sodium phosphate. The reaction was stopped with HClO4 and neutralized with 21 

KOH. Glucose-1-phosphate (G1P) formed was measured by using a glucose 22 

hexokinase/G6PDH assay kit (Pointe Scientific, Canton, MI, USA) supplemented with 23 
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PGM (Ye et al. 2010). The specific activity was 2 U/mg.  1 

 2 

Clostridium thermocellum PGM activity was measured at 60 °C for 5 min in 100 mM 3 

HEPES buffer (pH 7.5) containing 5 mM MgCl2, 0.5 mM MnCl2, and 5 mM G1P. The 4 

product glucose-6-phosphate (G6P) was determined by using the glucose 5 

hexokinase/G6PDH assay kit as well (Wang and Zhang 2010). The specific activity was 6 

1500 U/mg. 7 

 8 

Geobacillus stearothermophilus G6PDH activity was assayed in 100 mM HEPES buffer 9 

(pH 7.5) containing 100 mM NaCl, 2mM G6P, 2 mM NAD+, 5 mM MgCl2, and 0.5 mM 10 

MnCl2 at 23 °C. An increase in the absorbance at 340 nm due to the formation of NADH 11 

was measured using a UV spectrometer (Zhu et al. 2012) and the activity was 4 U/mg.   12 

 13 

Morella thermoacetica 6PGDH activity was measured in a 100 mM HEPES buffer (pH 14 

7.5) containing 2 mM 6-phosphogluconate, 2 mM NAD+, 5 mM MgCl2, and 0.5 mM 15 

MnCl2, at 23°C for 5 min (Wang and Zhang 2009). The reaction product NADH was 16 

measured at 340 nm and the specific activity was 3 U/mg. 17 

 18 

Thermotoga maritima RPI activity was assayed by using a modified Dische’s cysteine–19 

carbazole method. Its specific activity was 290 U/mg at 50 °C (Sun et al. 2012).  20 

 21 

Thermotoga maritima Ru5PE activity was determined on a substrate D-ribulose 5-22 

phosphate as described previously (Wang et al. 2011). The specific activity was 1.4 U/mg 23 
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at 37 °C.  1 

 2 

Thermotoga maritima TK activity was measured in a 50 mM Tris/HCl (pH 7.5) buffer 3 

containing: 0.8 mM D-xylulose 5-phosphate, 0.8 mM D-ribose 5-phosphate, 5 mM 4 

MgCl2, 0.5 mM Thiamine pyrophosphate, 0.15 mM NADH, 60 U/mL of TIM and, 20 5 

U/mL of glycerol 3-phosphate dehydrogenase. The reaction started with the addition of 6 

TK at 37 °C. The product D-glyceraldehyde 3-phosphate was quantified through the 7 

consumption of NADH measured at 340 nm for 5 min. The specific activity was 0.48 8 

U/mg.  9 

 10 

Thermus thermophilus TIM activity was determined in 50 mM Tris/HCl (pH 7.5) 11 

containing 5 mM MgCl2, 0.5 mM MnCl2, 0.5 mg/mL BSA, 20 U/mL of glycerol 3-12 

phosphate dehydrogenase, and 0.25 mM NADH (Wang et al. 2011). The specific activity 13 

at 60 °C was 875 U/mg.  14 

 15 

Thermotoga maritima ALD was assayed in a 50 mM Tris/HCl Buffer (pH 7.5) at 60 °C 16 

with 1.9 mM fructose 1,6-biphosphate as substrate. The product glyceraldehyde 3-17 

phosphate was quantified with 0.15 mM NADH, 60 U/mL of TIM and, 20 U/mL of 18 

glycerol 3-phosphate dehydrogenase at 340 nm. The specific activity of ALD was 1.7 19 

U/mg at 60 °C (You et al. 2012).  20 

 21 

Thermotoga maritima TAL activity was assayed as reported previously (Huang et al. 22 

2012) and it had a specific activity of 42 U/mg at 80 °C.  23 
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 1 

Thermotoga maritima FBP activity was determined based on the release of phosphate and 2 

its specific activity at 60 °C was 12 U/mg (Myung et al. 2010).  3 

 4 

Clostridium thermocellum PGI activity was assayed at 60 °C in 100 mM HEPES (pH 7.5) 5 

containing 10 mM MgCl2, 0.5 mM MnCl2, and 5 mM fructose 6-phosphate (Myung et al. 6 

2011). After three minutes the reaction was stopped with HClO4 and neutralized with 7 

KOH. The product G6P was analyzed at 37 °C with the glucose hexokinase/G6PDH 8 

assay kit. The specific activity of PGI at 60 °C was 1900 U/mg.  9 

 10 

Geobacillus stearothermophilus DI activity was tested in 10 mM phosphate buffered 11 

saline buffer, 0.16 mM NADH, and 0.1 mM dichlorophenolindophenol (DCPIP) at 23 °C.  12 

A decrease in the absorbance at 600 nm due to the consumption of DCPIP was measured 13 

using a spectrometer (Chakraborty et al. 2008).   14 

 15 

Activities of immobilized enzymes (G6PDH and DI) on carbon paper electrodes were 16 

assayed in the same conditions. The reactions were started by immersing electrodes into 17 

the solution and run at 23 °C. After removing electrodes from the reactions, changes in 18 

absorbance in reaction solutions were measured at respective wave length as suggested 19 

above. 20 

 21 

Anode preparation 22 
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Non immobilized enzyme system was used. Ten µL of a 2% w/v PLL solution was 1 

coated onto the carbon paper, followed by the addition of 20 µL of 25 mM EDC. 2 

Meanwhile, 2.5% w/v COOH-functionalized CNTs suspended in a 50% ethanol solution 3 

were freshly sonicated for 30 min. The carbon paper was then deposited by 40 µL of 4 

CNTs-containing solution and then dried at room temperature. Another 10 µL of 400 mM 5 

EDC and 10 µL of 100 mM NHS were added, followed by applying 10 µL of 0.29 M 6 

VK3 acetone solution. The modified carbon paper anode with an area of 1 cm2 was 7 

submerged in the electrolyte containing buffer, ions, fuels, free enzymes, and cofactors 8 

when used.  9 

 10 

Enzymatic fuel cell apparatus 11 

The set-up of our enzymatic fuel cell (EFC) is shown in Figure 1. Nafion 212 was used as 12 

the proton exchange membrane to separate anode and cathode. Air-breathing carbon cloth 13 

cathode was coated with 0.5 mg cm-2 Pt as the catalyst. The anode compartment consisted 14 

of a glass electrolyte container and a modified carbon paper electrode. A rubber stopper 15 

was used to seal the anode compartment. Ultra pure carrier grade nitrogen was purged to 16 

remove oxygen on the anode side. All electrochemical tests were performed using a 17 

1000B Multi-Potentiostat (CH Instruments Inc., Austin, TX, USA) interfaced to a PC.  18 

 19 

Electrochemical measurements of the EFC 20 

Open circuit potential and linear sweep voltammetry were performed at a scan rate of 1 21 

mV s-1. Total reaction volume of anode compartment was 15 mL. The electrolyte was 22 

deoxygenated before measurement and stirred at 600 rpm during measurement at 23 °C. 23 
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 1 

To measure the electro-enzymatic oxidation efficiency of NAD+, the initial composition 2 

of deoxygenated electrolyte was 0.4 U of DI, 100 mM HEPES (pH 7.5), 10 mM MgCl2, 3 

and 0.5 mM MnCl2. Amperometric measurement was performed to monitor current 4 

generation with time, when a small amount (0.2 mM) of NADH was added to start the 5 

reaction. After NADH was all consumed, the reaction system achieved an equilibrium 6 

state. Another 2 mM NADH was added and current start to increase with time. Samples 7 

were withdrawn from time to time by using a syringe and NADH concentration was 8 

measured at 365 nm (ɛ= 3400 M-1cm-1) using a quartz cuvette (Palmore et al. 1998). 9 

Conversion efficiency of electro-enzymatic oxidation of NADH was calculated as below: 10 

 11 

ENADH-current = ΔC/( Δc×v×2×F)               [1] 12 

 13 

where ENADH-current = conversion efficiency of electro-enzymatic oxidation of NADH, ΔC 14 

= slope of total charge increase, Δc = slope of NADH concentration decrease, v = 15 

reaction volume, 2 = 2 electrons generated per NADH consumed, F = Faraday constant. 16 

 17 

The complete oxidation of maltodextrin was measured using the electrolyte containing: 18 

100 mM HEPES (pH 7.5), 10 mM MgCl2, 0.5 mM MnCl2, 4 mM NAD+, 4 mM sodium 19 

phosphate, 5 mM DTT, and 0.5 mM thiamine pyrophosphate. To inhibit bacteria 20 

contamination, 50 mg/L kanamycin, 40 mg/L tetracycline, and 40 mg/L cycloheximide, 21 

and 0.5 g/L sodium azide were added. To make enzymes more stable, 1 g/L bovine serum 22 

albumin and 0.1% Triton X-100 were added. The enzyme loadings are shown in Table 1. 23 
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To minimize reaction dead end effect, 0.2 mM G6P was added to make the system 1 

equilibrant. After 2 days, 0.1 mM maltodextrin (~1.9 mM glucose unit) was added. The 2 

oxidation reaction took 1 week at room temperature and the remaining maltodextrin was 3 

quantified using a SA-20 starch assay kit (Sigma-Aldrich, St. Louis, MO, USA). 4 

Coulombic efficiency was calculated using the equation below: 5 

 6 

EMD-current = Ctotal/(Δcglucose unit×v×24×F)                 [2] 7 

 8 

where EMD-current = Coulombic efficiency, Ctotal = total charge generated, Δcglucose unit = 9 

cinitial - cremain, v = reaction volume, 24 = 24 electrons generated per glucose unit 10 

consumed, F = Faraday constant. 11 

 12 

To further increase power density of this EFC, higher fuel concentrations (1 or 20 mM of 13 

maltodextrin) and elevated temperatures (37, 50, 65 °C) were used. Electrolytes consisted 14 

of fuels, 100 mM HEPES (pH 7.5), 10 mM MgCl2, 0.5 mM MnCl2, 4 mM NAD+, 40 mM 15 

sodium phosphate, 5 mM DTT, 0.5 mM thiamine pyrophosphate, and a double of enzyme 16 

loadings shown in Table 1.  17 

 18 

5.4    Results and discussion 19 

A synthetic enzymatic pathway was constructed for completely oxidizing glucose unit to 20 

generate 24 electrons (Figure 2). Similar pathways before were successfully 21 

demonstrated to produce theoretical yield of biohydrogen from maltodextrin or cellulose 22 

(Ye et al. 2009; Zhang et al. 2007), and to regenerate NADH as reducing cofactors from 23 
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cellubiose (Wang et al. 2011). This 13-enzyme pathway consists of 2 dehydrogenases 1 

responsible for NADH generation, a diaphorase for electron transfer from NADH to 2 

electrode, and the 10 other enzymes for pentophosphate pathway (PPP) to generate and 3 

recycle G6P.  Maltodextrin is converted into G6P by the first 2 enzymes and enters into 4 

PPP; 2 dehydrogenases function as electron/proton producers; DI serves as 5 

electron/proton transporter to generate current at electrode through oxidoreduction of 6 

VK3; the rest of enzymes in PPP work together to recycle G6P until it is completely 7 

consumed. Inorganic phosphate instead of expensive and unstable organic ATP is used 8 

for activating glucose unit from maltodextrin, and it can be recycled in PPP resulting in a 9 

phosphate neutral reaction. The overall stoichiometric reaction of maltodextrin-to-10 

electricity can be summarized as shown in Equation (3).  11 

 12 

C6H10O5 + 7 H2O  24 e- + 24 H+ + 6 CO2                  [3] 13 

  14 

Power densities of maltodextrin-powered biobattery using 1 dehydrogenase, 2 15 

dehydrogenases, or the whole pathway were measured firstly (Figure 3). The open circuit 16 

potential of this biobattery is ~0.7 V. With only #1-3 enzymes including G6PDH added, 17 

the biobattery shows a maximum power density of 0.011 mW cm-2.  With 1 more 18 

dehydrogenase 6PGDH added, the maximum power density increases to 0.024 mW cm-2, 19 

approximately 2 fold as compared to that with 1 dehydrogenase. This suggests 4 electrons 20 

can be generated per glucose unit using 2 dehydrogenases, which means a double rate as 21 

compared to 2 electrons generated using 1 dehydrogenase. When the whole 13-enzyme 22 

pathway is loaded, the maximum power density is only slightly increased to 0.026 mW 23 
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cm-2 and the maximum current density is 35% higher as compared to one using 2 1 

dehydrogenases. This is because in our pathway, only those 2 dehydrogenases (G6PDH 2 

and 6PGDH) are responsible for producing electrons, while other enzymes in PPP are 3 

used to complete oxidize 1/6 G6P unit each time and recycle the reaction 6 times. As a 4 

result, final power density using the whole pathway cannot significantly be improved. 5 

The increase in current density might be due to removal of the product inhibition for 6 

6PGDH. Unlike this pathway designed using a “cyclic” reaction scheme, other previous 7 

pathways used for oxidation of various fuels normally obey a “linear” reaction scheme 8 

(Arechederra et al. 2007; Palmore et al. 1998; Xu and Minteer 2012), which has several 9 

different oxidoreductases involved to generate electrons. Power density in that case can 10 

be increased each time when a new kind of oxidoreductase is added. Although the 11 

advantage of using our whole pathway is not noted in terms of increasing power density, 12 

the sugar biobattery can be run at a much longer time than before for complete oxidation. 13 

 14 

To prove the complete oxidation of the fuel, firstly, it was necessary to know the 15 

conversion efficiency of electro-enzymatic oxidation of NADH. The percentage of 16 

reducing species released from the oxidation of NADH collected at the anode was 17 

quantified by measuring NADH concentration and total coulombs data during operation 18 

of an electrolytic cell containing NADH, VK3, and free DI in the anode compartment. A 19 

small amount of NADH (0.2 mM) was added first to equilibrate reaction system before 20 

another load of NADH (2 mM) was added. The amount of NADH in the reaction was 21 

measured based on the absorbance at 365 nm. From the slope of a line fitted to the 22 

NADH concentration vs time data (Figure 4), the NADH oxidation rate is 0.0121 mM 23 
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min-1, which corresponds to 0.035 C min-1 calculated from Equation (1). Similarly, from 1 

the slope of a line fitted to the coulometric data (Figure 4), overall charge increase rate is 2 

0.0342 C min-1. Based on Equation (1), the conversion efficiency of electro-enzymatic 3 

oxidation of NADH is almost theoretical (97.6%), suggesting a sufficient electron 4 

transfer from NADH to anode in our free enzyme system. 5 

 6 

Next, the overall coulombic efficiency was quantitatively determined for the first time in 7 

sugar biobattery. The electrolyte contained buffer, all enzymes, cofactors, metals, and 8 

antibiotics were prepared and deoxygenated first. All enzymes were examined by SDS-9 

PAGE (Figure 5), and enzyme amount added were shown in Table 1. To minimize 10 

reaction dead end caused by metabolite inhibition, 0.2 mM G6P was added first to be pre-11 

oxidized. When G6P was consumed and current curve went back to the background, 0.1 12 

mM maltodextrin (~1.9 mM glucose unit) was then added. The oxidation of maltodextrin 13 

was kept in an oxygen free, 15 mL reaction volume at a stirring rate of 600 rpm and at 14 

room temperature. Current density went to a maximum of 0.12 mA cm-2, and then started 15 

to fall down as enzymes were denaturing; substrate was consuming; and VK3 was 16 

desorbing with time (Figure 6). After the reaction was finished, the remaining glucose 17 

equivalent was assayed to be 0.35 mM. Besides reasons mentioned above, the 18 

unconsumed maltodextrin might also be due to the low activity of αGNP towards low 19 

chain length maltodextrin (Ye et al. 2010). Overall coulombic efficiency can be 20 

calculated from Equation (2). Total coulombs generated are 49.1 C, while net glucose 21 

unit consumed is supposed to generate 53.8 C. Therefore, the recovery of electrons from 22 

maltodextrin oxidation was 91.3%. Considering a 97.6% of NADH-to-electron 23 
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conversion efficiency, the overall coulombic efficiency in our biobattery is 93.5% of that 1 

of theoretically available from maltodextrin oxidation. This is the first quantitative 2 

evidence of nearly 24 electrons produced per glucose unit, indicating full energy 3 

extraction from the sugar substrate in biobattery. 4 

 5 

Power density, as another important criterion of the sugar biobattery, can to be increased 6 

via further optimization. First, double enzyme loadings of all enzymes in the pathway 7 

were used, as more enzyme amount would increase the reaction rate. Substrate loading 8 

was then increased from 0.1 mM of maltodextrin to up to 20 mM. It is well-known that 9 

increasing fuel concentration can increase power density of biobattery, as we show in 10 

Figure 7a. Compared to previous maximum power density of 0.026 mW cm-2 using a low 11 

enzyme loading at 0.1 mM of maltodextrin concentration, 1 mM of maltodextrin using a 12 

double enzyme loading shows a maximum power density of 0.165 mW cm-2. Further 13 

increase with maltodextrin concentration to 5 mM or 20 mM leads to a maximum power 14 

density of 0.308 mW cm-2 or 0.392 mW cm-2, respectively. In a maltodextrin 15 

concentration more than 20 mM, the reaction in anode compartment would be determined 16 

by the enzymatic reaction, therefore resulting in a barely increased power density (data 17 

not shown).  18 

 19 

Various reaction temperatures were also compared. Since all 13 enzymes in the pathway 20 

are from thermophiles, they all feature high reaction optimal temperatures at around 50-21 

80 °C. Four temperatures were chosen from 23 °C to 65 °C (Figure 7b). It clearly shows 22 

that at 50 °C the maximum power density reaches 0.741 mW cm-2, which is ~2-fold as 23 
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high as one at 23 °C. Too high temperature (65 °C) may hurt stability of enzymes and 1 

leads to a lower power density of the biobattery. Previously, we showed a 15.8-fold 2 

increase in power density at 50 °C as compared to one at 23 °C using immobilized 3 

enzyme system in a glucose-powered biobattery (Zhu et al. 2012). However, only a 2-4 

fold increase is observed when using free enzyme system. Possibly the difference in mass 5 

transfer between immobilized and free systems plays an important role as the reaction 6 

temperature changes. Similar phenomena was found previously when a mutant enzyme 7 

exhibited a lower turnover rate with a biomimetic cofactor (NMN+) than that with NAD+ 8 

in free enzyme system, however, on immobilized enzyme-electrode, it presented higher 9 

power density using NMN+ than one using NAD+ due to faster mass transfer rate of 10 

NMN+ (Campbell et al. 2012).  11 

 12 

Besides fuel concentration and reaction temperature, further increase in power density of 13 

biobatteries should focus on engineering enzymes with improved catalytic ability and 14 

stability, optimizing different enzyme ratios, developing enzyme complexes featuring 15 

substrate channeling, discovering better cofactors, designing a better system 16 

configuration and enzyme-electrode, and so on. 17 

 18 

The demonstration of the feasibility of a maltodextrin-powerd sugar biobattery that can 19 

generate almost 24 electrons from each glucose unit of the fuel suggests that sugar 20 

biobattery can have an unprecedented energy density of 596 Ah/L 15 % sugar solution or 21 

298 Wh/kg 15 % sugar solution, compared to 77 Ah/L or 130 Wh/kg of lithium-ion 22 
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battery. The comparison of energy densities of sugar biobattery and lithium-ion battery is 1 

shown in Table 2. The calculation equations can be found in SOM.  2 

  3 

We envision that such high-energy-density, high-power, sugar biobatteries would be 4 

next-generation, environmentally friendly micro-power sources because they feature five 5 

appealing advantages: (i) biodegradability, (ii) safety, (iii) low catalyst costs without 6 

costly metals and rare earths, (iv) unmatched high energy storage density, and (v) fast 7 

refilling through the addition of a sugar solution. They would be nearly 100% 8 

biodegradable, with the exception of the electrodes and wires, and are based on non-toxic 9 

and earth-abundant elements. The sugar solution is neither toxic nor flammable, and can 10 

be derived from renewable biomass that would decrease greenhouse gas emissions, 11 

increase national energy security, and promote rural economies. 12 

 13 

In this work, we also fabricated a prototype of our sugar biobattery which was based on 14 

“cuvette” set-up because of an easy fabrication and low-cost ready cuvettes. The 15 

VK3/CNTs-adsorbed carbon paper anodes and two MEA membranes (each with the 16 

active area of 1.08 cm2) affixed on two separated open windows (0.6 × 1.8 cm each) of a 17 

cuvette were combined to construct a one-compartment biobattery (Figure 8a). The size 18 

of a “cuvette” cell was similar to an ordinary AA battery, and a single cell could be filled 19 

with up to 4 mL of the reaction solution containing the enzymes and sugar. We 20 

demonstrated that using 2 prototype sugar biobatteries in series (0.7 V × 2) were able to 21 

power a digital clock and light a LED (Figure 8b & 8c). 22 

 23 
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In the near future, such sugar biobatteries would have numerous applications, depending 1 

on their performance (e.g., power output, energy density, and duration), costs (e.g., 2 

system, enzymes, and fuel), competing technologies, device size, and other factors. The 3 

first niche market with an estimated market size of ~10 million US dollars or higher is 4 

“cellular phone battery chargers”, especially for outdoor enthusiasts, and mobile chargers 5 

for portable devices used by army infantry. Another market would be educational toy tool 6 

kits, in which children learn how to convert kitchen sugar, fruit juices, or Coca-Cola to 7 

electricity to then power some toys. In addition, later miniaturized and well-developed 8 

sugar biobatteries may replace direct methanol fuel cells and some rechargeable batteries. 9 

 10 

5.5    Conclusions 11 

A synthetic enzymatic pathway was constructed that can completely oxidize glucose 12 

units in maltodextrin. Several means including using free enzyme systems, increasing 13 

fuel concentration, and optimizing reaction temperature, were used to increase power 14 

density of the sugar biobattery. To the best of our knowledge, this is the first time to 15 

demonstrate 24 electrons generated from each glucose unit in the field of enzyme-16 

catalyzed biobattery. A high power density of 596 Ah/L or 298 Wh/kg can be extract 17 

from sugar biobattery which shows several folds higher than that of current lithium-ion 18 

battery. A maltodextrin-powered biobattery can generate a maximum power density of 19 

0.741 mW cm-2 at 50 °C and 20 mM fuel concentration. Further efforts should be made 20 

on improving enzyme stabilities, increasing power density, and reducing manufacturing 21 

cost, in order to developing commercial applicable batteries with numerous applications. 22 

  23 
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Table 1. Enzyme preparation list for complete oxidation in the EFC. 1 

 2 

Enz

yme 

# 

Enzyme name Enzyme 

catalog 

Source/ 

ORF 

Purification 

method 

Specific 

activity 

(23 °C)/

U mg-1 

Load

/ U 

mg-1 

1 α-Glucan 

phosphorylase 

(αGNP) 

2.4.1.1 Cthe0357 His/NTA 

 

 

0.2 5 

2 

 

Phosphoglucomut

ase 

(PGM) 

5.4.2.2 Cthe1265 CBM/intein 151 5 

3 

 

Glucose-6-

phosphate 

Dehydrogenase 

(G6PDH) 

1.1.1.49 GenBank 

accession# 

JQ040549 

His/NTA 

 

4.0 5 

4 

 

6-

phosphogluconate 

Dehydrogenase 

(6PGDH) 

1.1.1.44 Moth1283 His/NTA 

 

2.8  5 

#5 

 

Ribose-5-

phosphate 

Isomerase 

(RPI) 

5.3.1.6 Tm1080 

 

Heat 

precipitation 

60 1 

6 

 

Ribulose-5-

phosphate 3-

Epimerase 

(Ru5PE) 

5.1.3.1 Tm1718 Heat 

precipitation 

0.8 1 

7 Transketolase 

(TK) 

2.2.1.1 Ttc1896 His/NTA 

 

1.3  1 
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8 

 

Transaldolase 

(TAL) 

2.2.1.2 Tm0295 His/NTA 

 

4.1 1 

9 

 

Triosephosphate 

Isomerase (TIM) 

5.3.1.1 Ttc0581 Heat 

precipitation  

102 1 

10 

 

Fructose 1,6-

bisphosphate 

aldolase (ALD) 

4.1.2.13 Ttc1414 Heat 

precipitation 

2.9 1 

11 

 

Fructose 1,6-

bisphosphatase 

(FBP) 

3.1.3.11 

 

Tm1415 CBM/intein 3.0 1 

12 

 

Phosphoglucose 

Isomerase (PGI) 

5.3.1.9 Cthe0217 

 

CBM/intein 201 1 

13 

 

Diaphorase (DI) 1.6.99.3 Gs 

GenBank 

accession# 

JQ040550 

His/NTA 

 

896 4 

 1 

 2 

 3 

 4 

  5 
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Table 2. Comparison of energy densities* in sugar biobattery and lithium-ion battery. 1 

Energy densities Sugar biobattery Lithium-ion battery 

Ah/L  596 Ah/L 15 % w/v solution 77 Ah/L 

Wh/L  298 Wh/L 15 % w/v solution 230 Wh/L 

mAh/g  3970 mAh/g sugar 43 mAh/g 

Wh/kg  1985 Wh/kg sugar 130 Wh/kg 

Wh/kg 298 Wh/kg 15 % w/v 

solution 

130 Wh/kg 

 2 

*Calculation of energy density stored in 15% (150 g/L) overall glucose units in 3 

maltodextrin (MD) is shown below. 4 

 5 

150 g/L glucose unit = 925 mM glucose unit = 48 mM MD (DP=19) 6 

Energy density = 925 mM glucose unit * 24 mol electron/mol glucose unit * Faraday 7 

constant= 925 mmol/L * 24 mol/mol * 96485 C/mol = 21.4E6 C/L = 21.4E6 As/L = 8 

21.4E6 / 3600 Ah/L = 596 Ah/L solution = 596 Ah/150 g glucose unit = 3970 mAh/g 9 

glucose unit 10 

Suppose voltage is 0.5 V, 11 

596 Ah/L * 0.5 V = 298 Wh/L solution,  12 

3970 mAh/g * 0.5 V = 1985 Wh/kg glucose unit 13 

 14 

On the other hand, traditional lithium ion battery has the energy density of 230 Wh/L or 15 

130 Wh/kg, which equals to 77 Ah/L or 43 mAh/g if assuming voltage is 3 V.  16 
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Chapter 6 Perspectives 1 

 2 

Batteries have more than a hundred billions of dollars of the global market. They have 3 

become an extremely important technology to our daily life, from lumbering lead-acid 4 

blocks used to start cars, to tiny lithium cells for powering e-books and smartphones. 5 

Among them, lithium-ion battery (LIB) is the dominant class of rechargeable batteries 6 

because of its great electrochemical potential and high energy density. However, current 7 

progress on increasing LIB energy density is unable to catch up with the rapid boost of 8 

electronic and information technology, which demands building a better battery with high 9 

energy density, sustainability, and good safety. 10 

 11 

Sugar-powered enzymatic fuel cells will be an appealing alternative to replace LIBs in 12 

the markets of small portable electronics devices (smartphones and iPads) and battery 13 

chargers. Such EFCs possess many unique advantages: (1) renewable and biodegradable, 14 

(2) safe (i.e. no explosion hazard or toxicity), (3) very high energy density (e.g., 300 15 

Wh/kg for a 15% (w/v) maltodextrin solution, nearly triple that of lithium-ion batteries), 16 

and (4) instant charging by adding a sugar solution.  17 

 18 

Till today, there are no commercial EFCs available in the market. It would be estimated 19 

that the potential share of EFCs in rechargeable battery market with reference to the 20 

global market for LIBs. In addition, EFCs are expected to occupy a portion of the 21 

primary battery market. In the future, EFCs would have broad potential applications, 22 

depending on their performances (e.g., power density, energy density, and duration), 23 
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costs (e.g., system, enzymes, and fuel), competing technologies, and purposes. At this 1 

stage, it is estimated that they might have three possible applications. One niche market is 2 

the rechargeable battery chargers, especially for outdoor users or portable military 3 

devices, because EFCs are independent of light, weather, and temperatures, compared to 4 

solar cell-powered battery chargers. Another market is educational toy kits, from which 5 

children can learn how to convert kitch sugar, juices, or Cola to electricity and power 6 

their toys. Another market would be disposable (primary) batteries as EFCs are 7 

biodegradable and environmental friendly. Sugars can be easily obtained from biomass, 8 

leading to a carbon-neutral process for EFCs as well.  9 

 10 

Using synthetic pathway biotransformation, the complete oxidation of sugars has been 11 

demonstrated for the realization of high-energy-density EFCs. However, they have still 12 

some way to go to reach large scale commercialization. Significant scientific research 13 

thrusts on increasing power density and enzyme stability greatly for EFCs are urgently 14 

required. Besides, engineering efforts on configuration design and optimization are 15 

equally important for such applicable devices. For medical purposes, such as pacemaker 16 

batteries or other implantable micro-power devices, biocompatibility issue must be 17 

addressed as well. It has to be noted that for successful commercialization, a significant 18 

cost reduction in systems, enzymes, and fuels for EFCs would also be extremely 19 

important.  20 

  21 
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Chapter 7 Conclusions 1 

 2 

Enzymatic fuel cells have been suggested to become a next-generation, environmentally 3 

friendly, micro- or small-power source for many applications. They are advantageous of 4 

using renewable, biodegradable, highly selective enzymes as biocatalysts that can work 5 

on a diverse of green and abundant fuels (e.g., sugars from biomass with high energy 6 

densities). However, currently they are still at the proof-of-concept or prototype stage 7 

mainly due to the following unsolved problems: (1) incomplete oxidation of most fuels; 8 

(2) limited lifetime of enzymes; (3) low power density; (4) cost and stability of systems 9 

and mediators.  10 

 11 

Synthetic pathway biotransformation is to in vitro assemble a number of enzymes and 12 

coenzymes for producing low-value biocommodities. Because of its high product yield, 13 

rate, and titer, board reaction condition, simple process control, and the ability to perform 14 

non-natural reaction, it has been demonstrated to produce hydrogen, liquid biofuels, and 15 

electricity from renewable sugar substrates. 16 

 17 

This dissertation incorporates synthetic pathway biotransformation into enzymatic fuel 18 

cells to demonstrate the complete oxidation of sugar fuels, and to increase the power 19 

density and the lifetime of enzymatic fuel cells.  20 

 21 

In the initial study, a novel non-natural pathway consisting of four enzymes to utilize 22 

maltodextrin as the fuel for enzymatic fuel cells was constructed. Three different 23 
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immobilization approaches were compared. It showed that the method of chemical cross-1 

linking with carbon nanotubes had the highest power density of 0.085 mW/cm2 and could 2 

retain 42% of power output after 11 days. This demonstrated the feasibility of using such 3 

synthetic enzymatic pathway and electron mediated system, and the configuration of the 4 

enzymatic fuel cell. 5 

 6 

A pathway for making a glucose-powered enzymatic fuel cell was introduced based on 7 

the previous one. This pathway featured using a glucokinase instead of traditional ways 8 

based on a glucose oxidase or a glucose dehydrogenase, in order to activate glucose into 9 

glucose-6-phosphate using low-cost, stable polyphosphate. Two dehydrogenases were 10 

immobilized on the bioanode for generating four electrons per glucose unit, compared to 11 

others’ work that only produced two electrons using one dehydrogenase. To prolong the 12 

enzyme lifetime and increase the power output, all enzymes used were from thermophiles. 13 

The power density was 0.02 mW/cm2 at the room temperature, which was 32% higher 14 

than that of an EFC with only one dehydrogenase. When the temperature was increased 15 

to 50 °C, the power density was able to increase to 0.32 mW/cm2. 16 

 17 

To further increase power density, an alternative strategy of using non-immobilized 18 

enzyme systems to conduct enzymatic fuel cells was performed. Two traditional 19 

immobilization approaches including nafion polymer entrapment and covalent bond 20 

cross-linking were compared with the non-immobilized enzyme approach. Non-21 

immobilized enzyme system could retain 100% of native enzyme activity, while 22 

immobilization resulted in the loss of more than 90% of enzyme activity. Therefore, 23 
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power density of the enzymatic fuel cell without enzyme immobilization was 0.13 1 

mW/cm2, around 4-fold or 100-fold as compared to one using the immobilization 2 

approach. Although the relative stability of the cell without enzyme immobilization 3 

decreased compared to that with enzyme immobilization, the former still had higher 4 

absolute value after 10 days. The lifetime could also be increased by using other proteins 5 

and protection reagents.   6 

 7 

Finally, a high-energy-density sugar-powered enzymatic fuel cell was demonstrated. 8 

Utilizing a synthetic enzymatic pathway consisting 13 thermoenzymes, the feasibility of a 9 

maltodextrin-powerd enzymatic fuel cell that was able to generate almost 24 electrons 10 

from each glucose unit was demonstrated for the first time, suggesting a high energy 11 

density of ~ 300 Wh/kg that was several folds higher than that of current lithium-ion 12 

battery. After optimization including fuel concentration and elevated temperatures, a 13 

maltodextrin-powered enzymatic fuel cell was built that had a maximum power density 14 

of 0.741 mW cm-2 at 50 °C and 20 mM fuel concentration. A LED light or a digital clock 15 

was able to be powered using a series of two such cells. These results suggested that 16 

synthetic pathway biotransformation could be successfully applied for enzymatic fuel 17 

cells for achieving high energy density, high power density, and increased lifetime. 18 
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