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ABSTRACT 

 

Triglycerides, the most well-known fatty acid esters of glycerol, are a subgroup of 

lipids found in vegetable oils and fats, which are abundant biorenewable resources.  The 

effective utilization of triglycerides is one of the key interests in developing renewable 

fuels and products.  However, natively occurring triglycerides are difficult and inefficient 

for use as fuels directly for regular combustion engines.  The area of biodiesel synthesis 

therefore concerns reactions converting triglycerides to methyl or ethyl monoesters for 

better fuel properties.  That process also releases glycerol as a byproduct, a versatile 

chemical promises many industrial applications.  This thesis research aims at developing 

novel biocatalytic conversion of triglycerides and glycerol for the production of fuels and 

chemicals.  

One key challenge in realizing efficient biocatalytic synthesis of biodiesel is to 

improve the reaction velocity and catalyst efficiency (in terms of amount of biodiesel 

produced per unit mass of biocatalyst).  Toward that, this research explored a unique 

approach by developing organic-soluble enzymes for a one-pot synthesis-and-use 

strategy.  Specifically, a lipase, lipase AK, was selected and chemically modified to 

enhance the solubility in organic media in order to catalyze a homogeneous 

transesterification reaction for maximum reaction velocities.  The productivities of the 

modified lipase in a water-free reaction system were found to be over two orders of 

magnitude higher than previously reported results in literature.   The effects of several 

key factors including water content, temperature, and solvent were examined for the 
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solubilized enzyme in comparison with several other commercially available lipases.  

Whereas native lipases showed no activity in the absence of added water, the organic 

soluble lipase demonstrated reaction rates of up to 33 g-product/g-enzyme-h.  The 

biocatalyst remains soluble in the biodiesel product, and therefore, there is no need to be 

removed because it is expected to be burned along with the diesel in combustion engines.  

This provides a promising one-pot mix-and-use strategy for biodiesel production. 

As for the byproduct (glycerol) from biodiesel synthesis, current research has 

mostly focused on derivation of value-added chemicals instead of being used as a simple 

additive in processing of food and personal care products.  Key issues centered on how to 

produce the desired products most efficiently and selectively from glycerol.  Enzymatic 

conversion of glycerol can generate a variety of products by selective oxidizing the 

hydroxyl group(s) of glycerol.  The most exciting route of the selective oxidation of 

glycerol is the production of 1,3-dihydroxyacetone (DHA), a unique and versatile 

chemical with a broad range of application potentials.  DHA has an annual global market 

of around 2000 tons with a market price ~$240/kg.  In this work, DHA production was 

tackled through a novel biocatalytic process.  Focus was placed on several aspects in 

understanding and optimizing the process including selection and improvement of 

biocatalyst, development of novel carbon electrode materials for cofactor regeneration, 

and reactor design.     

To simplify purification and immobilization process of biocatalyst and thus 

reducing overall production cost, a recombinant glycerol dehydrogenase (GDH) tagged 

with 6xHis was produced.  The successful insertion of gldA gene into a pET151/D-TOPO 
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vector with T7 promoter was confirmed through PCR amplification, DNA sequencing, 

and restriction digestion.  Following the transfection, the BL21(DE3) E. coli strain 

produced GDH dominantly in the induced culture, with yields over 10 mg of enzyme per 

gram of cell paste.  The success in expression of recombinant GDH was evaluated with 

immunodetection and amino acid sequencing.  The specific activity (80 unit/mg) and 

stability of isolated GDH were also examined.  The activity of the recombinant GDH was 

slightly higher than that of commercially available products.   

GDH requires a cofactor to catalyze the desired biotransformation of glycerol.  

Cofactor NAD(H) is needed by more than 300 dehydrogenases including glycerol 

dehydrogenase.  Unlike enzymes, cofactors are stoichiometrically consumed.  Taking the 

high price of NAD(H) into consideration, it is apparently not viable for any large-scale 

enzymatic catalysis without regeneration or reuse of the cofactor.  Among all the cofactor 

regeneration methods, electrochemical regeneration offers faster reactions and easy 

operations.  However, the energy efficiency still needs improvements for practical 

application.  One fundamental way is to reduce overpotentials involved in cofactor 

regeneration by developing highly active electrodes.  In this research the development of 

3-D carbon material by using carbonized of cellulosic fibers with branched CNT was 

achieved.  The specific surface area of the resulted fibers reached 291 m2/g as determined 

by using BET method, about 30-fold of improvement over regular carbon fibers.  It was 

also discovered that this novel material showed improved electrochemical activity toward 

oxidation of NADH.  The oxidation potential of NADH decreased from above 0.8 V to 

0.6 V as a result of the introduction of CNT.  Mediated cofactor regeneration methods 
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were also investigated by using Meldola’s blue and poly(methylene green).  Both 

approaches can reduce the oxidation potential of NADH to 0.1 V desired to avoid 

inactivation and dimerization of the cofactor in addition to energy consumption.  

To examine the efficiency of the targeted glycerol oxidation reaction for large 

scale applications, cofactor regeneration was tested for two reaction processes.  In one 

process, glycerol oxidation reaction with immobilized GDH in a fixed bed bioreactor was 

operated along with a separated electrochemical cofactor regeneration unit.  The 

immobilized enzyme catalyzed the glycerol oxidation reaction with continuously fed 

glycerol substrate solution, which reduced the product inhibition effect significantly by 

immediate removal of the product.  The reduced cofactor (NADH) from the enzymatic 

reaction unit was oxidized on a 3-D CNT-carbon electrode at 0.6 V in the cofactor 

regeneration unit, was then recycled back to the reaction unit.   With the regeneration of 

cofactor, the TTN of cofactor reached over 5 in 15 cycles of operation based on the 

original amount of cofactor added.  In a second process, regeneration of cofactor was 

realized in situ in the enzymatic glycerol transformation reactor.   Glycerol oxidation 

reaction was catalyzed by GDH immobilized on microparticles.  NAD+ was again 

regenerated electrochemically, releasing protons carried over from glycerol oxidation 

reaction.  The protons was converted to water by introducing another immobilized 

enzyme—laccase.  With this design, the total turnover number (TTN) of cofactor reached 

over 3500.     

To demonstrate the vast potentials of using the biorenewable carbon electrodes 

developed in this work for a variety of bioprocessing, research on using the carbon 
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fibrous electrodes were conducted for biosensing and carbon capture.  In one effort, a 

model microfiber biosensor was constructed to demonstrate the possibility of detecting 

biochemical compounds and enzymes by taking advantage of the ubiquity of NADH in 

biocatalysis.  The reaction system showed a linear response for glycerol detection up to 

0.25 mM with a detection limit of 0.04 mM.  For the measurements of glycerol 

dehydrogenase activity, the linear range was found between 0.004 and 0.05 U/ml.  In 

another thrust, the reduction of carbon dioxide to formate was examined by applying the 

modified carbon material as a working electrode.  The results showed that formate 

concentration was as high as 30 mM with over 50% current efficiency.  Toward that, the 

3-D carbon electrode was further modified with Sn by electroless plating to improve the 

selectivity toward formate production.  Compared to its parent carbon fiber electrode, the 

Sn-modified electrode demonstrated a 5-fold higher current efficiency.  In addition to the 

effect of CNT, it is believed that the introduction of Sn also afforded much improved 

adsorption of protons and electrode activity, and thus improving the overall efficiency 

toward formate production.   

One potential advantage of using bioelectrochemical method for cofactor 

regeneration is the possibility to integrate the biochemical process with biofuel cells for 

simultaneous chemical production and power generation.  That represents an exciting 

future technology.  Toward that, this thesis explored the necessary fundamental issues, 

including the construction and study of a model glucose/oxygen biofuel cell.  The 

kinetics of the glucose biofuel cell was investigated to determine the limiting factors.  

The reaction kinetic parameters were applied to predict the current generation from an 
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enzyme-based bioanode successfully when it was examined as a single electrode, 

however, the biofuel cells only reached a power density equivalent to <40% of reaction 

capability of the enzyme immobilized on the electrode.  It appeared to us that factors such 

as electron and proton transfer resistances rather than catalytic reaction rate are 

overwhelming in limiting the power generation of the biofuel cell.   
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CHAPTER I 

 

INTRODUCTION 

 

1.1 Research Topics and Significance  

Lipids constitute a large group of natural molecules which have important 

biological functions.  Their main functions are for energy storage, structural components 

of cell membranes, and signaling molecules.  Triglycerides, a subgroup of lipids 

contribute to the bulk of storage fat in animal tissues for energy storage purpose.  Another 

major source of triglycerides is vegetable oil.  The breakdown of triglycerides in 

biological systems is controlled by enzymes, lipases[1].  This reaction releases fatty acids 

and glycerol and provides high caloric content (38 kJ/g), which is more than twice the 

energy release from the breakdown of carbohydrates and proteins.  Free fatty acid can 

readily react with simple alcohols such as methanol and ethanol forming monoesters, 

which can be applied directly to combustion engines and thus are called biodiesel.  The 

theme of this thesis research is to explore effective utilization of triglycerides by 

deploying novel biocatalysis in renewable energy generation and chemical production 

areas.  Topics including enzymatic biodiesel synthesis, catalytic oxidation of glycerol, 

and direct conversion of CO2 will be explored.   
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1.1.1 Biodiesel 

Biodiesel synthetic reaction can be catalyzed chemically with acids or bases, or 

enzymatically.  In the industrial synthesis of biodiesel from triglyceride, all types of 

vegetable oils and animal fats can be utilized.  At present, commercial production of 

biodiesel is mainly achieved through alkali-catalyzed transesterification of soybean oil.  

Albeit its conversion efficiency, several issues in that process are subject to further 

improvement.  These issues include the removal of inorganic salt from the products, the 

recovery of glycerol, dehydration, and the treatment of alkaline wastewater[2, 3].  The 

use of lipase-catalyzed transesterification reactions in low water media has pursued 

recently as a promising approach to overcoming these problems[4].  It was expected that 

the application of lipases could afford high conversion yields of oils and simplify 

downstream product purification at the same time[5, 6].  As reported so far, however, 

native or immobilized lipases require the addition of certain amount of water to redeem in 

most cases only moderate activities.  According to these works, a least water content of 

0.48% (wt) is required to activate the enzymes.  Therefore, additional dehydration steps 

will still be needed for such lipase-catalyzed synthesis of biodiesel.  Anhydrous 

transesterification reactions are hence desirable.  One way to improve enzyme activity in 

anhydrous organic media is to solubilize the enzymes and thus achieving homogenous 

reactions.  One effort of this thesis research is to explore the possibility of a water-free 

biodiesel synthesis process using alkyl-modified lipases.   
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1.1.2 Glycerol processing 

The major byproduct in biodiesel synthesis is glycerol.  Glycerol is a very 

versatile and valuable chemical[7].  However, the glycerol market is currently undergoing 

radical changes, driven primarily by the very large supplies from biodiesel production.  

That have driven researchers to explore new uses for glycerol as a source of raw material 

replacing petrochemicals[8].  Glycerol can be produced into high varieties of chemicals 

via many reactions, including oxidation, reduction, and dehydration reactions.   Among 

other synthetic routes, glycerol can be selectively oxidized into 1,3-dihydroxyacetone 

(DHA), a valuable chemical intermediate and additive a pharmaceutical and personal care 

products, with a market value of about 200-fold higher than that of glycerol.   Currently 

the popular methods for the production of DHA are chemical synthesis and 

microbiological fermentation.  Most of the industrial production of pharmaceutical and 

food grade DHA was preformed through fermentation conversion of glycerol with only 

moderate yields (~20 g/l) and complicated purification and separation requirements[9, 

10].  DHA can also be produced through chemical catalysis from formaldehyde or 

glycerol[11, 12].  Such synthetic routes involve the production of undesired byproducts 

due to the low selectivity of the catalysts.  Although fine tuning of reaction conditions 

and composition of catalysts may improve the selectivity[13, 14], yields of the desired 

product are still generally low[15].  Generally speaking enzymes promise much faster 

reactions than microbial processes, and offer precise molecule control of the products.  

The oxidation reaction of glycerol can be catalyzed by an enzyme, named glycerol 

dehydrogenase (GDH, EC 1.1.1.6), which can be found in a broad variety of bacteria 
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strains such as Enterobacter aerogenes, Cellulomonas sp., and E. coli.  The glycerol 

oxidation catalyzed by GDH has been demonstrated before[16].  In fact the systematic 

studies of GDH may date back to 1953[17, 18].  However, the enzymatic method of DHA 

production is still at an early research stage.  GDH requires either NAD(H) as a cofactor.  

The cofactor acts as an electron carrier during the enzyme catalyzed redox reactions.  

Most of previous studies have been conducted for chemistry and analytical interests[19], 

for which neither cofactor regeneration nor proton accumulation was a critical 

consideration.  Sustainable chemical production has to provide efficient means in dealing 

with those issues.  Investigation of DHA production from glycerol constitutes another 

important part of this thesis.   

 

1.1.3 Cofactor Regeneration 

Another bottleneck problem for enzymatic production of DHA is the high 

production cost of the cofactor, NAD+.  Unlike enzymes, cofactors are consumed 

stoichiometrically in biochemical reactions.  They are often much more expensive than 

the desired products, which costs ~$1,000/kg in the case of NAD(H).  Accordingly, 

efficient regeneration and reuse of the cofactors is vitally important to their large-scale 

applications[20].  Methods including microbial, enzymatic, chemical, photochemical, and 

electrochemical have all been developed for cofactor regeneration[21].  Among these 

regeneration methods, electrochemical approach has advantages over other methods in 

that it provides low cost, easy product isolation, in situ monitoring of reaction progress 

etc.  The reaction on the electrode can be expressed as NADH ↔ NAD+ + H+ + 2e-.  The 
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theoretical redox potential of NAD(H) is +0.32 V vs. standard hydrogen electrode (SHE).  

However, it has been shown that the redox reaction of NADH on electrodes tends to 

involve high overpotentials (potentials above the theoretical redox potential of the 

reaction).  For examples, direct electrochemical oxidation of NADH at pH 7.0 was 

observed at 1.1 V on carbon electrode[22] and 1.3 V on the platinum electrode[23], much 

higher than the ideal case of 0.32 V.  High overpotentials reduce the process efficiency, 

and in many cases, introduce undesired side reactions.  In case of NAD(H), such high 

potentials tend to denature the cofactor and cause the electrode fouling (due to the 

adsorption of denatured NADH and NAD+).  Therefore, many analytical methodologies 

favor the use of highly active mediators to reduce the redox potentials on electrodes[24].  

A number of mediators were developed to realize NADH oxidation at lower potentials, 

but they are generally associated with poor stability, complicated and time-consuming 

modification procedures, and complication with product recovery, making the utilization 

of mediators a daunting task for large-scale bioprocessing applications.  Alternatively, the 

use of nanostructured electrodes can also reduce the redox potential on electrodes without 

using mediators.  Several recently published studies have revealed that carbon nanotube 

(CNT) and nanoparticles could enable efficient regeneration of NAD(H)[25-27].  In this 

study, a novel fabrication method of carbon electrode was realized by using cellulosic 

material.  The electrochemical properties of such material will be tested for the potential 

applications in many fields including cofactor regeneration, biosensing, and biosynthesis.   
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1.1.4 Nanocarbon Electrode Material  

One additional goal of this research is to utilize renewable resources for the 

preparation of nanostructured carbon electrodes.  Previous studies of the fabrication of 

carbon fiber electrode based on synthetic polymers lack the potential of low cast scale-up 

for applications in biochemical processes.  A feasible approach could be carbonization of 

cellulosic materials.  There have been no reported attempts so far in growing CNT on 

surfaces of cellulose-derived carbon fibers to produce nanostructure materials.  This work 

explores the use of naturally derived cellulose materials for preparation of hierarchical 

carbon materials.  Metal-catalyzed growth of nanotubes has been applied widely in recent 

years for preparing a variety of nanostructured materials, such as the fiber-tube and fiber-

fiber[28] hybrid carbon materials, for the purposes of increasing surface area, providing 

higher sensitivities and easy preparation for many applications including field effect 

transistors[29].  The introduction of CNT in this kind of nanostructured materials for 

electrochemical applications has resulted in a great improvement in electrochemical 

properties.  All of these reported fibers for CNT growth are synthetic materials for larger 

scale application, and it is therefore necessary to investigate the use of renewable 

materials for sustainable production of CNT-based electrodes.  A new and facile 

fabrication production method of CNT-carbon fibers is developed through carbonization 

of cotton wool fibers and growth of CNT in the presence of Fe/Ni.   
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1.1.5 Extended Applications of Nanostructured Carbon Electrodes: Biosensor and CO2 

Reduction 

Combining with the development of nanoscale materials and other 

electrochemical means, biological electrochemical devices, ranging from microscale to 

macroscale have boosted in both research and application fields.  Cellulosic carbon 

materials with CNT content is promising in both kinds of applications, since single fiber 

can be fabricated into a microscale electrode, and larger pieces of carbon materials can be 

used as 3-D macroscale electrode for many electrochemical applications.   

Microelectrodes are of great interests because it can be used in many 

microelectronic applications including microbiosensor[30-32] and miniature fuel 

cells[33].  One drawback in using single carbon fiber microelectrodes is that only limited 

surface area is available and thus very weak electronic signals can be detected.  This 

setback is a result of the diameter of carbon fibers are usually in the range of several 

micrometers to tens of micrometers.  Depositing CNT on the surface of fiber can improve 

the overall surface area; therefore, can be helpful to overcome this drawback without 

substantially changing the size of the electrode.  Several approaches have been tested and 

reported in literatures, for examples, CNT was deposited on single carbon fiber 

microelectrode[34] and nanoelectrode[35] by dipping carbon fiber electrodes into CNT 

suspension with the aid of other chemicals, by dip-coating[36]on the electrode in Nafion® 

suspension, and by electrochemical deposition[37].  In addition to surface area 

improvement, CNT can also introduce many favorable properties desired for 

electrochemical applications[38].  For instance, CNT have been found capable of 
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promoting electron transfer, minimizing electrode fouling[39], enhancing electrocatalytic 

activity, and facilitating the immobilization of biomolecules[40, 41].  Nevertheless, the 

reported preparations of CNT-containing electrodes do not promise to fully capitalize the 

potentials of CNT, as the fabrications generally led to CNT that are bundled together or 

embedded inside other supports such as polymers, exposing only a portion of CNT for 

reactions.   

In this work the use of carbon-fiber and CNT hierarchical electrodes with 

nanotubes branched out from the surface of the fibers was explored.  A single CNT-

modified carbon fiber was then used as a microelectrode, and tested for the efficiency of 

oxidation reaction of NADH generated from the glycerol oxidation reaction to explore its 

potential in large scale electrochemical applications involving NADH reuse and 

regeneration.  It is expected that the single CNT-modified carbon fiber will provide 

sensitive detection corresponding to the concentration changes of NADH in glycerol 

oxidation reaction, lower the overpotential of NADH on carbon electrode and reduce the 

electrode fouling.  For sensor applications, single carbon fiber electrodes are especially 

appealing in that they require only a small amount of samples, but provide high 

signal/noise ratios and render short responding times[119-121].  Such sensors have found 

a variety of applications.   

The production of bioproducts and bioenergy attracted attentions from researchers 

and government agency for the biorenewable, biodegradable, and sustainable concerns.  

Moreover, the environmental matter of greenhouse gas has been focused on for decades.  

The solidification of CO2 becomes the challenge tasks[42, 43], and new technology for 
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such application is highly on demand.  CO2 can be regarded as a kind of carbon source 

and reduced to chemicals and fuels.  Reduction methods such as chemical[44], 

photochemical[45], enzymatic[46] and electrochemical[47] approaches have been 

developed.  For example, reduction of CO2 to syngas and fuel has been realized under 

high temperature and pressure by chemical method[44].  Photochemical and enzymatic 

catalyses could reduce CO2 at a relative ambient condition, but the concentration of redox 

product is too low to be economical in the practical applications. Comparing to other 

methods, electrochemical way of CO2 reduction sounds to be a promising route, since 

electricity is currently in low price compare with other energy sources and can be 

generated from renewable substances, such as wind and water power.  On the other hand, 

the concentration of product in electrochemical reduction can be relevantly high and 

suitable for practical applications.  Formic acid/formate is not only the one step reduction 

product of CO2, but also the useful chemical as a fuel or used in fuel cell.  In this study, 

the fabricated carbon based material which composed by carbon fiber with carbon 

nanotubes was used as electrode for CO2 reduction.  CNT-modified electrodes have 

showed some advancement in catalytic ability.   

 

1.1.6 Biofuel cells 

DHA production from glycerol can be designed as a biofuel cell.  The total 

reaction in glycerol biofuel cell is described as OHDHAOglycerol 222

1
+→+ .  The 

theoretical potential of glycerol biofuel cell will be: 0.56 V.  Although many potential 

applications have been proposed since the invention of biofuel cells, no biofuel cells were 
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commercially available for power generation other than in research labs currently.  This 

is mostly due to the lower performance of biofuel cells, compared to conventional fuel 

cells.  So, how to transfer electrons efficiently from the biocatalysts reaction active sites 

to the electrodes becomes the critical issue in direct biofuel cells.  Usually, it is difficult 

for direct electron transfer to the enzymatic electrodes due to the non-conductive protein 

hull which covers active sites of enzymes.  Direct electron transfer was observed only in 

cytochrome c, laccase and several peroxidases[48-51].  Methods of chemical 

modification were also developed to help increasing the enzymes conductivity.  Other 

than the above approaches, mediator also could be used to shuttle between the active site 

and the electrode; therefore, the resistance of enzymatic electrode could be reduced.  

When mediator was used, usually much higher cell efficiency could be reached.  A 

glucose biofuel cell was used as model to study the kinetic limitation, including the mass 

transfer and electron transfer rates in enzymatic biofuel cells.  The knowledge generated 

from this study will be used in the development of glycerol biofuel cell.   

 

1.2 Objectives 

This research focuses on production of valuable chemicals in an economical and 

environmental friendly way.  Glycerol was oxidized into DHA which has a market price 

about 200 folds that of glycerol and being widely used as an intermediate in pharmacy 

and chemical engineering areas.  The reaction is catalyzed by GDH and use NAD+ as 

cofactor.  The reduced form of cofactor (NADH) was oxidized on carbon based electrode 

at the potential ~0.6 V.  This work will provide a brand new approach in electrochemical 



 

  11 

application, which combines chemical production and electrochemical regeneration of 

cofactor.  The understanding of the parameters in this process will benefit the 

biochemical and electrochemical society.  The knowledge developed from this study will 

be able to realize the optimization the whole production procedure and promote 

advancement in bioprocessing technologies.  The schematic illustration of the whole 

process is shown in Figure 1.1.  This study started from triglyceride biomass (soybean oil) 

and produce biodiesel and DHA with the electrochemical regeneration of cofactor.  The 

whole project can also be combined with other operational unit for the production of 

electricity and biodegradable polymers in expanded research.     
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Figure 1.1 Schematic illustration of this research.     
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The primary focus of this research is to achieve the production of DHA from 

glycerol, a byproduct from biodiesel industry, with the assistance of electrochemical 

technology of cofactor regeneration.  The key challenge is realization of efficient 

regeneration of cofactor NAD+ in the production system with competitive rate of catalytic 

reaction.  Accordingly, the specific research objectives include:  

   

(i) Synthesis of biodiesel from soybean oil with enzyme catalyst;  

(ii) Production of recombinant GDH by overexpress gldA gene in E. coli;  

(iii) Production of 3-D carbon based material from cotton with the attachment of 

carbon nanotubes, and the application of carbonized cotton material in microfiber 

biosensing; 

(iv) Exploration electrochemical regeneration methods of cofactor NAD+/NADH on 

carbon based electrodes; 

(v) Evaluation of limitations in enzymatic biofuel cells;  and 

(vi) Application of carbonized cotton material in CO2 reduction to formate.  

 

1.3 Major Approaches 

1.3.1 Synthesis of Biodiesel with Solubilized Enzyme 

In the enzymatic synthesis of biodiesel, native or immobilized lipases require the 

addition of certain amount of water to redeem their activities.  Several recently reported 

works have examined the influence of water on the transesterification activities of lipases, 

which a least water content of 0.48% (wt) is required to activate the enzymes.  That is 
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about 10 times of the regulated 0.05% water allowance for biodiesel in U. S. [52].  

Anhydrous transesterification reactions are hence desirable, as the same for many other 

synthetic purposes[53].  To improve the enzyme activity in anhydrous organic media, 

lipase was solubilized by modification with hydrophobic chemical, thus synthetic 

reaction of biodiesel was achieved in homogenous reactions.  A one-pot water-free 

biodiesel synthesis process was developed using alkyl-modified lipases.  Lipases from 

different sources were screened to improve the conversion of transesterification reactions.  

In this water-free biodiesel synthesis reaction system, factors such as co-substrate, 

temperature, pH, and water content were evaluated.  The efficiency of enzyme catalyst 

and the conversion of biodiesel synthesis reaction were analyzed with GC. 

 

1.3.2 Production of Recombinant Glycerol Dehydrogenase  

An important consideration in biodiesel industry is to utilize the byproduct of the 

reaction – glycerol.  Converting glycerol into value-added product or energy could 

facilitate the sustainable blossom of biodiesel industry.  Glycerol can be converted into 

many chemicals including 1,3-dehydoxyacetone catalyzed by biological catalysts.  

Among those biocatalysts, GDH catalyzes the oxidation reaction of glycerol with the 

assistance of cofactor, NAD+.  GDH is highly pricy in current market due to the low 

production yield in bacteria culture, low specific activity, and easy to denature.  To use 

enzyme in the industrial scale production, an easy immobilization method should be 

provided.  Recombinant GDH was produced by overexpress the gldA gene into E. coli 

with pET151/D-TOPO vector, and tagged with 6x-His for the easy purification and 
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immobilization.  The insertion of gldA gene was confirmed with restriction digestion, 

Polymerase Chain Reaction (PCR) reaction, DNA sequencing, and amino acid 

sequencing analysis.  The recombinant GDH produced was immunodetected with 

western blotting, and purified with affinity chromatography.  The yield of the bacteria 

culture was evaluated in term of activity per culture volume.   

 

1.3.3 Production of Carbon Based Electrode Material from Cotton Wool  

The biooxidation of glycerol can produce various valuable products, including 

several chemical intermediates for pharmaceutical or synthetic applications.  However, 

the price of cofactor usually limits the usage of GDH as catalyst, since one NAD+ will be 

consumed for the production of one molecule of product, i.e. DHA in this study.  This 

makes the regeneration of cofactor necessary for the realization of biocatalytic DHA 

production from glycerol.  Cofactor can be regenerated with many methods, including 

chemical, microbiological, and enzymatic approaches.  Electrochemical regeneration of 

cofactor have shown the advantages of low cost, no consumption of stoichiometric 

regenerating reagent, readily controlled redox potential, and easy monitoring of reaction 

progress.  The concerns, however, lie in the incompatibility with many biochemical 

systems, poor selectivity (especially for reductive regeneration), complex apparatus and 

procedures, requirement in many systems for mediating redox dyes or enzymes, most of 

all, the rapid fouling of expensive metal electrodes.  Carbon based electrode material was 

produced by carbonization of cotton wool in a high temperature oven for the regeneration 

of cofactor in glycerol oxidation system.  The surface area of the material was improved 
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with the formation of multi-wall carbon nanotubes on the surface of carbon fiber 

introduced by metallic nano particles.  The morphology of carbon based material and 

carbon nanotube layer was observed by Scanning Electron Microscope (SEM) and 

Transmission Electron Microscopy (TEM).  The BET surface area of carbon material was 

examined with gas adsorption technique.   

  

1.3.4 Construction of Single Microfiber Electrode for Biosensors 

Single carbon fiber electrodes are greatly promising for microelectronic 

applications, and are especially appealing in sensor applications because of fewer 

amounts of samples, higher signal/noise ratios and shorter responding times.  CNT is well 

known as high specific surface area material.  In addition to that, CNT also impart many 

favorable electronic properties desired for biosensing, which includes promoting 

electron-transfer reactions, minimizing fouling of electrode surfaces, enhancing 

electrocatalytic activity.  The carbon-fiber with carbon nanotubes branched out was 

prepared by using renewable resources (cotton wool) as described in section 1.2.3.  A 

single CNT-modified carbon fiber was then fabricated into a microelectrode, and tested 

for the efficiency of oxidation of NADH generated from glycerol oxidation reaction.  The 

electrocatalytic activity of microfiber electrode was evaluated by the oxidation potential 

of NADH employing a cyclic voltammetry analysis in an electrochemical cell.  The 

detect limit and dynamic range of such biosensor for the detection of glycerol and 

glycerol dehydrogenase were measured by amperometry technique (I-t) in the 

electrochemical cell.  The reusability of microfiber biosensor was tested, and the potential 
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of applying 3-D hierarchical carbon material in large scale electrochemical applications 

involving NADH reuse and regeneration was also explored.   

 

1.3.5 Electrochemical Regeneration of Cofactor and DHA Production  

The reversible one-proton redox potential for the couple of NAD+/NADH is -0.32 

V vs. hydrogen electrode[54] at pH 7, higher applied potentials are required to achieve an 

appreciable electron-transfer rate due to the slow heterogeneous kinetics at unmodified 

metal and carbon surfaces[55, 56].  The adsorption of NAD+ and the occurrence of 

uncontrolled side reactions may also cause severe interferences[57, 58].  Due to the high 

overpotential and considerable dimerization, NAD+/NADH cannot direct react on the 

surface of solid electrodes electrochemically.  Therefore, efforts in preparing modified 

electrodes with electrocatalytic activity in NADH oxidation were focused on either using 

electropolymerized films or novel electrode materials to lower the overpotential.  The 

regeneration of cofactor in glycerol oxidation reaction system was studied with both 

approaches.  One approach used was the modification of carbon electrode with poly-

(methylene green); the other was the realization of carbon nanotubes growth on the 

surface of carbonized cotton fiber to develop a new kind of electrode material with 

increased specific surface area.  Both methods were evaluated by the term of NADH 

oxidation overpotential, which was measured with cyclic voltammetry.  Cofactor 

regeneration efficiency was evaluate by regeneration cost, stability of the operational 

process, separation cost of the products, and the kinetics parameters of enzymatic 

reactions[59]. 
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Techniques developed including recombinant enzyme production, carbonized 

electrode material production, and electrochemical regeneration of cofactor were 

integrated into a bioprocess for production of DHA from glycerol.  The process included 

two operation units: catalytic reaction unit and cofactor regeneration unit.  Conversion 

yield, cofactor regeneration efficiency, and some other operational factors were 

optimized.   

 

1.3.6 Construction of 3-D Carbon Electrode for Reduction of CO2  

Formic acid/formate is not only the one step reduction product of CO2, but also 

the useful chemical as a fuel or used in fuel cell.  Producing formate by CO2 reduction 

seems to be a promising way with easy equipment and high efficiency.  Chaplin[60] 

reviewed the effects of reaction conditions and electrode material on the pathways of 

electrochemically reduction of CO2, especially the formation of formate.  Some favorite 

reduction products were found occurring at specific electrodes in electrochemical 

reduction of CO2 in previous research[47, 60, 61].  For example, formate was favorably 

produced on a sp transition metal electrode[47].  To a large extent, the electrode 

properties determine the product of electrochemical reduction of CO2.  Stannum electrode 

has been proven to be an electrode with high current and good selectivity, which are the 

important properties for large scale production of formic acid/formate.  Hori[62] revealed 

that formate was the predominantly product of CO2 reduction on Sn electrode.  Formate 

is produced on the electrode with high overpotential.  According to the theory about 

electrochemical reduction of CO2, the quantity of active site and adsorption of CO2 anion 
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radical on the surface of electrode determines the productivity of CO2.  Nanostructure 

materials were proven to have more active site and higher surface area to realize CO2 

reduction[63].  In addition to that, nanopores can help to create a virtual higher pressure 

on the surface of electrode, therefore, increase the productivity.  We have developed a 

carbon based material being composed of CNT-carbon fiber by carbonization of cotton 

wool fiber deposited with metal catalyst in a high temperature furnace followed by the 

growth of CNT.  Electroless plating of Sn on CNT was designed to improve electrode 

selectivity of formate.  The developed materials were fabricated into a CF-CNT electrode 

to realize CO2 reduction.  The reaction conditions were optimized with formate yield and 

current efficiency as targets.  The reaction kinetic parameters were determined for the 

understanding of the complicated electrochemical reaction mechanism.  Potentials of 

operation were selected by using cyclic voltammetry.  The current efficiency and 

conversion yield was calculated based on the current applied in I-t technology.  The 

products from the reaction were measured in a Gas Chromatography.  

 

1.3.7 Evaluation of Reaction Kinetics in Enzymatic Biofuel Cells  

Currently, use of renewable energy and low-carbon fossil energy technologies are 

highly desired to ensure energy security.  Moreover, clean and efficient energy 

technologies were also demanded for the environment concerns.  The most recognized 

efficient process of using fossil fuels is the conversion of chemical fuels stored in fossil 

fuels directly to electricity.  This process could be realized by fuel cells.  The theoretical 

efficiency of fuel cell process could reach 100%.  In addition to all the advantages of 
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chemical fuel cells, biofuel cells provide much more options in the fuel selections.  

Biofuel cells are even more environmental friendly because both the catalysts and the 

fuels are renewable.  The low power density and stability narrowed the biofuel cells to 

the areas, such as clinic, health care and biomedical applications, which fuel cells were 

not considered.  There were no biofuel cells commercially available in application due to 

the lower performance, compared to conventional fuel cells.  Much more interests had 

been gathered to improve the performance of the direct biofuel cells, in which 

biocatalysts are directly involved in the redox reactions for electricity generation.  

Usually, it is difficult to achieve direct electron transfer to the enzyme molecules from 

the surface of electrode due to the non-conductive protein hulls of enzymes.  Direct 

electron transfer was observed only with small enzymes such as cytochrome c, laccase 

and several peroxidases [48-51].  Methods of chemical modification were also developed 

to help increasing the enzymes conductivity.  Other than the above approaches, mediator 

also could be used to shuttle electron transfer between the active sites of enzyme and the 

electrode; therefore, the resistance of enzymatic electrode could be reduced.  When 

mediator was used, usually much higher cell efficiency could be reached.  A glucose 

biofuel cell was used as model to study the kinetic limitations, including the mass transfer 

and electron transfer rates in the enzymatic biofuel cells.  Parameters, such as Michaelis-

Menten coefficients, were calculated using Ping-Pong Bi-Bi kinetic model.  Both mass 

transfer and electron transfer rates were evaluated in finding out the kinetic limitation in 

enzymatic biofuel cell for further applying glycerol oxidation reaction in a similar device.  
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1.4 Outline 

The outline of this dissertation is given as follows: Chapter II reviews literatures 

about biocatalysis, industrial applications of glycerol and DHA, and cofactor regeneration, 

biosensor and biofuel cells.  The synthesis of biodiesel with solubilized enzyme is 

depicted in Chapter III.  Chapter IV involves the development of recombinant GDH in E. 

coli.  Chapter V reveals the production of carbon based electrode material from cotton 

wool, and the application of single carbonized cotton fiber microelectrode in the 

application of biosensing.  Chapter VI explores the feasibility of regenerate cofactor on 

carbon based electrode with/without the assistance of mediator, and the process of DHA 

production from glycerol with electrochemical regeneration of cofactor.  Chapter VII 

discusses the kinetic limitation of enzymatic biofuel cell with glucose biofuel cell as 

study model, providing further information for future research.  Chapter VIII investigates 

the application of carbonized cotton wool electrode material in electrochemical reduction 

of CO2.  The conclusions are summarized in Chapter IX. 
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CHAPTER II 

 

BACKGROUND  

 

In this study, the research focused on production of valuable chemicals in an 

economical and environmental friendly way by utilizing the excessive glycerol from the 

extensive biodiesel production.  With the objectives of this project, key background 

knowledge and previous research related to the studies conducted in this research are 

summarized in this chapter, including the non-traditional enzymatic catalysis, 

applications of glycerol and 1,3-dihydroxyacetone (DHA), nanostructured materials, 

cofactor regeneration, biosensors and biofuel cells.   

 
 
2.1. Non-Traditional Enzymatic Biocatalysis 

Biocatalysis can be defined as reaction processes using microbes or isolated 

enzymes as catalysts[64-66].  One traditional example of biocatalysis is the production of 

ethanol via yeast fermentation[67].  The presence and action of enzymes were first been 

recognized in 18th century.  Enzymes have been used for various applications since then, 

such as textile, leather and food industries for a fairly long period.  Nowadays enzymes 

have been applied broadly in human’s daily life, as well as in the fields of analytical 

medicine, pharmaceuticals, food, animal feed, crop protection, pulp and paper, chemicals 

and mining[68].  Enzymes have also been found capable of producing a great variety of 

valuable products in controlled in vitro environments.  Comparing with chemical 
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catalysts, enzymes have shown remarkable advantages in selectivity, efficiency and 

environmental friendly.  These superiorities allowed enzymatic technology to attract the 

research interests consistently for centuries.  .  In exploring large scale bioprocessing for 

production of renewable materials and fuels, people still need to substantially improve 

the art of biocatalysis in terms of reducing the cost of enzymes production and improving 

the enzyme activity and stability.   

Enzymes were traditionally considered as biocatalysts limited to aqueous 

environment, considering their biological origins.  When used directly in organic solvents, 

native enzyme molecules tend to aggregate leading to greatly reduced accessibility for 

reaction and consequently unfavorable catalytic efficiency.  However, it was reported that 

enzymes still maintained their catalytic activity in nearly anhydrous conditions[69].  This 

observation made a breakthrough impact on the application of enzymes.  A whole new 

era of biocatalysis has been revealed.  It benefits many biosyntheses involving organic 

substances that are not soluble in aqueous solutions.  Advances in enzymatic synthetic 

technology over the last 3 decades showed a good focus on nonaqueous biocatalysis, 

including the development of active and stable biocatalysts in organic phase[53, 70-73].  

One way to improve enzyme activity in anhydrous organic media is to solubilize the 

enzymes and thus achieving homogenous reactions.  Solubilization of enzymes in organic 

solvents requires modification of native enzyme to increase their surface hydrophobicity 

to prevent it from aggregation or denaturation.  Chemical modification implies altering 

the side groups of amino acid or attaching additional chemical groups to enzymes[74].  It 

is an effective way to tune the properties of the enzyme molecules towards desirable 
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applications.  Typical reagents such as small molecules, surfactants, and polymeric 

materials have been used to increase the solubility or stability of enzyme in organic 

phase[75].  PEG-modified enzymes are probably the most extensively studied enzymes 

for organic-phase homogeneous reactions[76, 77].  However, pegylated enzymes have 

usually limited solubilities.  One work conducted by Distel et al. from our research lab 

reported that enzymes modified with short alkyl chains could achieve very high organic 

solubilities and thus afford high enzyme activities in organic solvents[78].   

Enzyme can also be altered leading to new catalytic features by chemical 

modification.  The redesign of enzyme activity through the chemical modification of 

amino acid side chains is currently a common technique.  It is an intriguing approach for 

catalyst development because chemical modification altered both physical properties and 

catalytic efficiency and provides the enzyme enormous range of functionality[75, 79, 80], 

which was needed in many industrial applications.   

 

2.2. Glycerol and its Industrial Applications 

Glycerol is one of the most versatile and valuable chemical known so far[7].  The 

traditional applications of glycerol, either directly as an additive or as raw materials range 

from food, tobacco and food additive to synthesis of polymers, are shown in Figure 2.1.   
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Figure 2.1 Usage of glycerol in industries. [8](Source: Novaol, May 2002).  

 

The glycerol market is currently undergoing rapid changes, driven by very large 

supplies of glycerol from biodiesel production.  Researchers have been looking at new 

uses for glycerol as a source of raw material[8].  The price of pure glycerol is very low 

(less than ~$1/kg), in some cases, industrial grade glycerol is considered as a waste.  

Glycerol can be converted into various chemicals via selective oxidation, reduction, 

halogenation, dehydration, etherification and esterification reactions[8].  Some examples 

of the products derived from glycerol reaction are shown in Figure 2.2.   
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Figure 2.2 Example of chemicals can be produced from glycerol. 

 

Selective oxidation of glycerol has been shown very powerful in generation a 

spectrum of valuable chemical products.  Chemical, electrochemical and biological 

oxidation methods have been explored vigorously during the last decade to seek a market 

outlet for the large surplus of biodiesel glycerol.  As a result, several major glycerol 

derivatives as shown in Figure 2.3 have been achieved.  One of the most exciting routes 

of the selective oxidation of glycerol is the production of 1,3-dihydroxyacetone (DHA) 

production.  Among the chemicals shown in Figure 2.3, DHA has an annual global 

market of around 2000 tons with a market price of $240/kg.  DHA is a unique and 

versatile chemical with a broad range of applications in cosmetic, pharmaceutical and 

food industries[81].  Section 2.3 provides more background information regarding DHA.  
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Figure 2.3 Oxidized glycerol derivatives [8]. 

 

2.3. The Structure and Applications of 1,3-Dihydroxyacetone 

2.3.1 Structure of DHA 

The DHA monomer is a ketone with three carbon molecules, produced by 

oxidizing the 2’–OH group of glycerol into carbonyl group, as shown in Figure 2.3.  

Recent research has shown that pure DHA occurs as a mixture of monomers and dimers 

in which the dimers predominate[82].  When DHA dimer dissolves in water, the 

conversion to monomer takes within 30 minutes in aqueous solution[83-86].  Usually 

commercial package of DHA contains DHA dimer.   

  

2.3.2 Applications of DHA 

Coppertone® introduced the first consumer sunless tanning lotion containing DHA 

into the market in the 1960s[87, 88].  Since then, various methods have been used for the 
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production of DHA in larger amount and at cheaper rates because of its commercial value.  

DHA was added to the list of approved cosmetic ingredients the Food and Drug 

Administration (FDA) by in the 1970s [89].  The mechanism of DHA tanning effect is 

based on Maillard reaction[90, 91], according to which carbohydrates react with amino 

acids of proteins to produce a golden to brown pigmentation.  DHA reacts with the –NH2 

group of the amino acids present on the uppermost layer of skin, i.e., stratumcorneum to 

produce a darkening effect.  Due to the penetration only up to the dead layer of skin, 

DHA does not cause any harmful effects on the skin.  Thus, DHA provides a tanning 

without the harmful effects of UV rays.   

DHA is also used to treat vitiligo in practice and has been well accepted due to the 

ability of causing pigmentation[92].  Vitiligo is an autoimmune disease in which pigment 

cells (melanocytes) are destroyed resulting in irregularly shaped white patches on the skin.  

The patients suffer from disease called variegate porphyria[93, 94] can also benefit from 

the use of DHA based products as their skin is overly sensitive to sunlight and DHA can 

provide some protection against UVA by react with skin and produce melanoidin 

pigment[95-97].  Although DHA has not been accepted as a sunscreen, a study[98] 

reveals that application of DHA in high concentrations on the hairless mice may lead to a 

delay development of skin cancer with moderate UV doses.  The protection effects of 

DHA against UV is better than most of the natural pigmentation enhancers.  Other than 

application in photoprotection, Niknahad et al.[99] found DHA has antidotal effect 

against cyanide poisoning[100].   
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DHA is an important C3 building block in industrial chemical productions.  Other 

than easily to be oxidized to other ketones[101], DHA can be converted into many 

derivates, such as 1,3-di-o-benzyldihydroxyacetone[102] and 1,3-o-cyclohexylidenedihy-

droxyacetone 1,3-diphenylacetone[103] utilizing the –OH groups on 1’ and 3’ positions.   

These derivates can be widely used in generating sugars and other chemical compounds 

by reacting with organic chemicals such as aldehydes[104].  With the increasing concern 

of environment, biodegradable materials attract more and more attentions in research and 

development.  Building blocks such as lactic acid and ester has been researched for 

cheaper prices and more applications.  DHA also has been used in the production of lactic 

acid[105] with a conversion of 86%, catalyzed by Cu2+ and Zn2+ at 300 oC and 25 MPa.  

The routes of using DHA directly as building blocks to produce biodegradable materials 

were also been researched and developed recently.  Since DHA has two free hydroxyl 

groups, it can be polymerized with the amino or carboxylic group on other chemicals.  

DHA derivates can also be added to the biodegradable material to accelerate the 

degradation rate.  For example, DHA derivate,  hydroxymalonic acid, has been used to 

fulfill such task[106].    

 

2.3.3 The Production Routes of DHA 

The production methods of DHA can be divided into chemical, microbiological 

and enzymatic methods by the catalyst used.  Current industrial processes apply the first 

two methods.  Enzymatic method is still under development.  DHA can be produced 

through chemical catalysis from formaldehyde or glycerol[11, 12].  Precious metals, such 
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as Au and Pt are the most commonly used catalyst.  Even though, pure Pt can be used as 

catalyst, composite catalysts are always preferred for their low cost and better 

performance.  For example, composite catalysts consisting of Au and carbon[107] or 

Pt[108], Pt-Bi[109], Pt-carbon[110] had been used in glycerol oxidation reaction for 

DHA production.  Chemical route for DHA production has the advantage of short 

reaction time, but the disadvantages of low selectivity, low conversion, and high energy 

requirement.  Such synthetic routes involve the production of undesired byproducts due 

to the low selectivity of the catalysts.  Although fine tuning of reaction conditions and 

composition of catalysts may improve the selectivity[13, 14], yields of the desired 

product are still generally low[15].  Most of all, the oxygen content in the oxidation 

reaction of glycerol often cause the poisoning of the metal catalyst easily.   

Microbiological route of producing DHA involves fermentation or mixed 

fermentation of strains such as Gluconobacter oxydans[111] and Acetobacter 

Suboxydsns[111].  The principal is to utilize glycerol as substrate as a result of the 

activity of glycerol dehydrogenase (GDH), the enzyme in glycolysis process inside the 

microbes.  The result of the glycolysis is the oxidation of glycerol at the 2’ position to 

form a carbonyl group and thus leading to DHA.  The problems inherent with the large 

scale application of microbiological production of DHA lies in processing operations, 

since the fermentations processes are usually in batch operations, which are associated 

with long running cycles, high energy consumption on sterilizing the reactor, difficult in 

products separation, low yield and the environmental impacts of the biowaste.  Most of 

the industrial production of pharmaceutical and food grade DHA was preformed through 
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fermentation conversion of glycerol with only moderate yields (~20 g/l) and complicated 

purification and separation requirements[9, 10].  Even though some improved 

fermentation processes can be done continuously in membrane bioreactor[79] and with 

enhancement of products separation, the environmental concerns still exist.  Generally 

speaking enzymatic synthesis promises much faster reactions than microbial processes, 

and offer precise molecule control of the products.   

Compared to microbial and chemical approaches, enzymatic conversion of 

glycerol to DHA has advantages such as high selectivity, high yield, and mediate reaction 

conditions.  In 1950s, Burton and Asnis found GDH in the strain of Aerobacter 

aerogenes[112] and Escherichia coli[18] separately.  Following that, GDH has been 

successfully extracted not only from strains such as Schizosaccharomyces pombe[16, 

113], Cellulonomas.sp[114-116], and Bacillus stearotermophilus[117, 118], also from 

animal muscle[119].  GDH can be divided into three groups according to different 

cofactor required: NAD+-dependent glycerol dehydrogenase (EC 1.1.1.6) which exists 

inside bacteria cell in most of the cases; pyrroloquinoline quinone (PQQ) dependent 

glycerol dehydrogenase (EC 1.1.99.22), which is membrane-bound protein[120, 121]; 

and NADP+-dependent glycerol dehydrogenase (EC 1.1.1.72).  The NAD+-dependent 

glycerol dehydrogenases from different microorganisms are shown in Table 2.1.   
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Table 2.1 Glycerol dehydrogenase structure from different microorganisms[122] 
Microorganism Subunit number Molecular weight (kDa) 

Bacillus megaterium 4 152 

Candida valida 2 76 

Cellulomonas sp. 8 336~344 

Escherichia coli 8 309~320 

Hansenula polymorpha 2 72 

Klebsiella aerogenes 4 160 

Schizosaccharomyces pombe 8 376 

 

The NAD+-dependent glycerol dehydrogenase was widely studied and used since 

it is easily obtained in separation and purification compare to PQQ-dependent glycerol 

dehydrogenase, which is membrane bounded.  The oxidation reaction of glycerol to DHA 

catalyzed by GDH is shown in Figure 2.4[113].  This reaction was regarded as ordered 

Bi-Bi mechanism[114].  The enzyme binds with cofactor (NAD+) first, forming GDH-

NAD+ complex.  The GDH-NAD+ complex then bind with glycerol forming triple 

intermediate complex, followed by the conversion of glycerol to DHA.  After releasing 

DHA from the active site, reduced form of cofactor (NADH) is released as well.  GDH is 

readily to catalyze another reaction again.   
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Figure 2.4 Conversion of glycerol to DHA by NAD+-dependent glycerol dehydrogenase.  
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The bottle neck in commercializing enzymatic production of DHA is the pricy of 

enzyme and cofactor, NAD+.  For example, NAD(H) costs ~$1,000/kg, while NADP(H) 

can be 5-fold more expensive.  Unlike enzymes, cofactors are consumed in biochemical 

reactions stoichiometrically to substrates reacted.  Accordingly, efficient regeneration and 

reuse of the cofactors is vitally important to their large-scale applications[20].  A total 

turnover number (TTN) of cofactor in the order of over 103 is usually desired to make the 

process economically feasible.   

 

2.4. Cofactor Regeneration  

Methods including microbial, enzymatic, chemical, photochemical, and 

electrochemical have all been developed for cofactor regeneration[21].   Cofactors can be 

divided into two broad groups: organic cofactors and inorganic cofactors.  Organic 

cofactors are often vitamins or are made from vitamins, including nicotinamide adenine 

dinucleotide (phosphate) (NAD(P)+), flavin adenine dinucleotide (FAD), flavin 

mononucleotide (FMN), and coenzyme A (CoA).  NAD+ is also called coenzyme I, and 

NADP+ is named as coenzyme II[123].  The research of regeneration, recycling, and 

reuse of cofactors are mostly focused on NAD(P)+ and NAD(P)H, because of their high 

frequency of occurrence in enzymatic reactions.   

The enzymatic conversion of glycerol to DHA has the advantages of fast 

conversion rate, less byproduct, easy product purification, and mild reaction conditions.  

However, the regeneration of cofactor – NAD+ is necessary for the applications of this 

reaction system for the economic considerations of process because the price of cofactor.  
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Other than that regeneration of cofactor also favorite of the forward reaction by removing 

the competitive inhibiter – NADH generated from the reaction[124].  The major 

regeneration methods available now are chemical, microbiological, and enzymatic 

approaches[123].  The summary and comparison of these methods are shown in Table 2.2. 

 
Table 2.2 Comparison of cofactor regeneration methods[125] 

Cofactor regeneration 
method 

Advantages Disadvantages 

Microbiological • Low operational cost, self-
assembling enzyme activity 

• Low price regenerating reagents 
(O2, glucose) 

• high selectivity 

• Relatively primitive state of 
development 

• low reactor volume productivity 
• complicated product isolation 
• poor stability 
• difficulty in controlling relative 

activities of enzymes 
• possible incompatibility with some 

chemical or biochemical components 
Enzymatic • High selectivity, especially for 

NAD(P)+ to NAD(P)H 
• compatibility with enzyme-

catalyzed syntheses 
• high rates for some systems 
• easy monitoring of reaction 

progress 

• High cost and instability of enzyme 
• complexity of product isolation in 

some cases 

Chemical • Use inexpensive and 
commercially available reagents 

• No requirement for added 
enzymes 

• High redox potentials 

• Limited compatibility with 
biochemical systems 

• complexity of product isolation in 
some cases 

• low product yields 
• low TTN  
• Slow rate for some systems (especially 

for oxidative regeneration)  
Photochemical • No stoichiometric regenerating 

reagent in some systems 
• no requirement for added 

enzymes 

• Complex apparatus, limited 
compatibility with biochemical 
systems 

• limited stabilities 
• requirement for photo-sensitizers and 

redox dyes 
Electrochemical • Low cost of electricity 

• no stoichiometric regenerating 
reagent 

• readily controlled redox 
potential 

• easy product isolation 
• easy monitoring of reaction 

progress  

• poor selectivity (especially for 
reductive regeneration) 

• complex apparatus and procedures 
• rapid fouling of electrodes 
• requirement in many systems for 

mediating redox dyes or enzymes 
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2.4.1. Microbiological Method 

For microbial cofactor regeneration, cofactor is regenerated inside living cells.  

To achieve that, substrates and products need to pass through the cell membrane to reach 

the enzymes which catalyze the reaction cycles[126] (Figure 2.5).  Usually the reaction 

rate is controlled by the diffusion rate of substrate/product.  This method has been used in 

industrial scale for its easy operation and low cost of energy source (sugar).  The enzyme 

systems in microorganisms, such as Saccharomyces cerevisiae[125], recombinant E. 

coli[125, 127], and Klebsiella[128], have been studied and utilized for the regeneration of 

cofactors.   
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 Figure 2.5 Cofactor regeneration in microorganism[126].  The dashed line indicates the 
cell membrane of microorganism.  Ep: Producing enzyme; ER: Regenerating 
enzyme in microorganism.  

 

2.4.2. Enzymatic Method for Cofactor Regeneration 

The enzymatic method mimics the reaction pathways inside microorganism for 

the regeneration of cofactor.   Several reaction routes have been examined for enzymatic 

regeneration of NAD(H).  Enzymatic regeneration of cofactor can be divided into 

substrates coupled regeneration system and enzymes coupled regeneration system.  

Usually, each system includes two reactions, one is synthetic (producing) reaction, and 
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the other is cofactor regeneration reaction.  The synthetic reaction is used to produce the 

products, and the regeneration reaction catalyzed by the same enzyme regenerating 

cofactor back to its original form for the purpose of continuous operation[127].  In 

substrates coupled regeneration system, another substrate was provided to the 

regeneration reaction, utilizing the same enzyme to realize the regeneration of cofactor 

(Figure 2.6).  The directions of production reaction and regeneration reaction are reverse, 

and this method is commonly used in cofactor reduction reactions[127].  
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Figure 2.6 Substrates coupled regeneration of cofactor[126]. 

 

Enzymes coupled cofactor regeneration system pairs two enzymatic 

oxidize/reduce reactions, one produce the product desired, another realize the 

regeneration of cofactor (Figure 2.7)[59].  Enzymes coupled cofactor regeneration system 

usually involves formate dehydrogenase, glucose dehydrogenase, alcohol dehydrogenase, 

and amino acid dehydrogenase.     
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Figure 2.7 Enzymes coupled regeneration of cofactor[126].  

 

2.4.3. Electrochemical Method for Cofactor Regeneration 

Chemical and biochemical regeneration methods are generally realized by using a 

second chemical which has to be reactive and cheap.  Those criteria have been difficult to 

satisfy in most large-scale bioprocessing applications, although that is acceptable for 

most analytical applications which require the use of only small amounts of chemicals. 

However, electrochemical regeneration which can make use of renewable energy sources 

such as sun light via photovoltaic cells (photoelectrochemical regeneration) and 

renewable redox species such as hydrogen and oxygen (electrochemical regeneration) 

promises a much more sustainable approach for biofuel and bioproduct industry.  

Photochemical method for cofactor regeneration utilizes visible lights inducing 

the photosensitization reaction of photo sensitizer, such as [Ru(bpy)3]
2+[129], the electron 

is transferred to cofactor by mediator, which reduces cofactor to its redox form (Figure 

2.8).  The drawback of this method is the photo sensitizer usually is not stable in the 

system, and can be easily degraded.  The prevention of such degradation is to use semi-

conductive materials such as titanium dioxide[126] as photo sensitizer.  The regeneration 
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of cofactor with photoelectrochemical method still stays in the experimental stage due to 

complication of system and low efficiency of regeneration.  With the low price of solar 

energy, this method may bring more exciting aspect to current research of cofactor 

regeneration.   
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Figure 2.8 Photoelectrochemical regeneration of cofactor[129]. 

 

With the wide use of enzyme and cofactor on electrodes for the development of 

bioelectronic devices, electrochemical regenerations of cofactor became more and more 

important among the regeneration methods mentioned above.  Electrochemical 

regeneration of cofactor is to oxidize/reduce cofactor to its preferred status by the 

overpotential of electrode.  Electrochemical regeneration method can be divided into 

direct and indirect regeneration[126].  Direct electrochemical regeneration of cofactor use 

overpotential to oxidize/reduce cofactor on the electrode directly.  Electrons transfer 

between cofactor and electrode directly.  The process requires high overpotential which 

makes the fouling of electrode easily.  In order to decrease the potential needed for the 

regeneration of cofactor, dyes such as viologen[130] and metal composite like 

rhodium[131] are often involved as mediator, which could be immobilized on the 

electrode[125].  This method is called indirection regeneration of cofactor (Figure 2.9). 
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Figure 2.9 Indirect electrochemical regeneration of cofactor. 

 

2.5. Biosensor 

One area closely related to bioelectrochemical catalysis is biosensing.  The most 

frequently used biosensor is glucose biosensor which is used by diabetic patients to 

monitor their blood sugar level.  The fundamental subject in manufacturing the enzyme 

electrodes is to improve electron exchange between the enzyme active site and the 

electrode cross the non-conductive protein shell.  Based on this principal, two subgroups 

of biosensor were classified by electron transfer methods: (1) Biosensors using a soluble 

or immobilized mediator; and (2) Biosensors with direct electron transfer (mediatorless). 

Traditionally, biosensors are based on the amperometric detection of the reaction 

products.  This kind of biosensors may suffer from several disadvantages.  For example, 

dissolved gas species, such as oxygen may cause the deviation of the current response to 

substrate concentration.  The dynamic range of detection could also be limited by 

depletion of oxygen in the solution [132].  Diffusion mediators, such as quinines and 

ferrocenes, are commonly used for helping the electron transport of enzyme electrodes to 

overcome the oxygen dependence[133-136].  However, because these diffusion 

mediators are small, the leaching issue of the mediator will be a serious concern in clinic 
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applications.  To eliminate mediator leaching, several larger-size novel diffusion 

mediators, such as 3-methyl-4-hydroxycyclobut-3-ene-1,2-dione (methylsquarate, OHME) 

and 3-phenyl-4-hydroxycyclobut-3-ene-1,2-dione (phenylsquarate, OHPH), were 

fabricated and studied for better electrochemical characteristics[137].  Moreover, 

mediators were also immobilized to reduce the leaching issue[138-141].  For example, 

Ghica et al. described a methyl viologen-mediated amperometric biosensor[142].  The 

mediator, methyl viologen, was directly entrapped with the enzyme together by Nafion® 

cation-exchange polymer.   

Mediator entrapment could alleviate the mediator leaching problem during some 

of the biosensor operations, but could not completely eliminate the possibility of leaching.  

Further studies have been exploited to address this issue, such as the employment of 

conducting polymers to directly wire the enzyme active site with the electrode[143].  

Novel nanostructured materials also were investigated to enhance the electron transfer in 

a biosensor.  For their unique properties in electronic, chemical, and mechanical 

application, the synthesizing nanostructured materials were interested considerably in 

recent years.  Different materials, such as metal, carbon, and polymers, have been used to 

prepare nanostructured materials, nanoparticles[144, 145], nanotubes[146, 147], and 

nanofibers[148].  Three major methods have been investigated in recent years to improve 

the electrode reactivity for the application in biosensors: (1) Carbon nanotubes and 

conductive nanoparticles; (2) Conductive polymers; and (3) Multienzyme system.  

Carbon nanotubes (CNT) have been used in electronic applications and chemical 

and biological detections for the unique structure and property, such as conductivity.  
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Recent studies indicated that CNT could enhance the biological molecular 

electrochemical reactivity and promote the electron transfer in protein reactions[149-151].  

The remarkable high conductivity and high surface absorbent of CNT make it a 

promising candidate in making nanostructured biosensors.  Lim et al.[144, 152] reported 

co-deposit enzyme with palladium nanoparticles onto a Nafion-solubilized CNT film, and 

the resulting electrode allows for fast and sensitive quantification.   

When conductive polymer was used to wire the enzyme active site and the 

electrode directly, polymer could be formed by electrochemical deposition.  Shin et 

al.[153] reported using electrochemical deposition to form polypyrrole/enzyme film.  

Linke et al.[154] described that cross-link enzyme into a 3-dimensional network.  They 

found that in the presence of redox polymer, the formed redox hydrogel electrode has 

high sensitivities.  Besides of direct wiring, multi-enzyme working pathway also could be 

used to replace the mediated reactions in biosensor.  Multi-enzyme biosensor was 

initiated in the late 70s[155], in which different enzymes were coupled either in sequence 

or in cycles on the electrode.  In this way, not only a wider range of species could be 

measured by bioelectroanalytical approach, but the selectivity and sensitivity of 

biosensors could be enhanced[156].   

 

2.6. Biofuel Cells 

Clean and efficient power generation is actively sought worldwide, as the 

demands in energy rapidly grow while concerns over environment pollution and 

petroleum resources remain potent.  Fuel cells, as an alternative power generation 
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technology to thermo-mechanical processes, directly convert chemical energy of non-

nuclear fuels into electricity with a theoretical efficiency of 100% and almost zero 

pollution emission.  Even though the concept of the technology has been demonstrated 

for decades, there are several challenges to overcome to make fuel cells economically 

competitive for general-purpose applications.  For example, conventional fuel cells 

typically use noble metals such as platinum for catalysts on electrodes.  But the precious 

Pt costs about $38,000 per kg, which makes the fuel cells too expensive for many large-

scale applications.  Metals are not renewable and resource-limited.  In addition, metallic 

catalysts usually have to be operated at high temperatures; they are subject to inactivation 

by trace amount of impurities such as CO and sulfur in fuels; and may cause pollution to 

the environment upon discarded[157].  Biofuel cells refer to a class of fuel cells that 

utilize microbial or enzymatic biocatalysts, which can effectively catalyze redox reactions 

under ambient conditions and neutral pH values.  In contrast to noble metals, biocatalysts 

are renewable and the cost of production can be very low, as microorganism and enzymes 

such as detergent enzymes can be economically produced from large-scale fermentation 

processes once the market is developed. In addition, because of the unique catalytic 

activity of biocatalysts, biofuel cells can use a variety of special fuels such as 

carbohydrates and organic pollutants in wastewater[158-160]. 

One major challenge in the development of biofuel cells is their low power output 

density, typically 2-3 orders of magnitude lower than that of chemical fuel cells.  Many 

factors may contribute to that.  Among others, the inefficiency of electron conduction 

between biocatalysts and electrodes is believed to be critical.  In chemical fuel cells, 
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metallic catalysts are deposited on electrodes and, because both catalysts and electrode 

materials are conductive, electrons can transfer between the catalytic sites and the surface 

of electrodes.  Such direct electron transfer (DET) is available only for a few biocatalysts.  

Bacteria including Rhodoferax ferrireducens[161], Geobacter sulfurreducens[162] and 

Shewanella putrefaciens[163], along with several small enzymes such as laccase and 

hydrogenase, were found capable of conducting electrocatalysis with DET.  Enzymes that 

are capable of DET have been mostly examined for biosensors[48, 50, 51, 164-166], 

although biofuel cells using physically adsorbed laccase and hydrogenase have been also 

reported[167]. However, these biofuel cells generally produced low power and current 

output[168]. 

Electron transfer between two sites separated by nonconductive medium is 

possible should the distance between them is short enough[169, 170].  For most enzymes, 

except the smaller enzymes such as laccase and hydrogenase, the protein shells 

surrounding the active sites are often too thick for DET. One strategy to overcome this 

barrier is to transform the protein shell to be conductive by chemical modification[171-

174]. Another popular approach is the use of redox mediators, which carry the electrons 

and shuttle between the enzyme active sites and the surface of electrodes. Many of such 

mediated catalytic systems have been reported for both microbial and enzymatic biofuel 

cells[158-160, 175].  Even though the mediators introduce an additional step in the redox 

reaction chains from fuel to electron generation, much higher performance of biofuel 

cells was usually observed.  One shortcoming of such systems lies in the fact that redox 

mediators are usually small molecules and are difficult to retain during continuous 
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operations.  To address this issue, substantial efforts have been made during the last 

decade to co-immobilization of enzyme and mediators[176-182]. 

The past decade also witnessed the explosive growth of nanotechnology. 

Progresses in synthetic and fabrication methods have greatly extended the application of 

nano-structured materials for many purposes such as the development of electronic, 

optoelectronic, biomedical, and sensing devices. It has been demonstrated that catalysts 

supported by nano-structures well performed for nitrooxide reduction[183], 

hydrogenation[184], hydroformylation[185], and electrochemical catalysis in 

sensors[186] and fuel cells[187].  Recently various configurations of nanomaterials such 

as nanofibers[148, 188, 189], nanotubes[190-192], nano-particles[193, 194] and 

nanoporous materials[195-198] have been reported for use as the supports for enzymes.  

Many of this type of “nanobiocatalysts” displayed enhanced performance in terms of 

catalytic efficiency and durability in comparison with their native parent enzymes[199]. 

The emergence of nanobiocatalysts may also bring up chances for the fabrication of high-

performance bio-electrodes for biofuel cells. Particularly, electrodes based on conductive 

nanomaterials may offer promising opportunities to improve the power output of biofuel 

cells. An example has been reported by Xiao et al[200].  In that work, glucose oxidase 

(GOx) was “wired” to electrode by gold nanoparticles and showed higher activities than 

native enzymes.  Although the electrode was not suited for biofuel cell application due to 

the high over potential, it did show the potentials in developing novel biocatalysts using 

nanoscale manipulation approaches.  Carbon nanotube (CNT) attracted a lot of attention 

for its unique physical, chemical and mechanical properties.  Previously, CNT has been 



 

  44 

extensively studied for biosensing and many CNT-based biosensors showed better 

selectivity and/or improved sensitivity[160, 172, 191, 201-207].  CNT also represents a 

class of ideal materials for electrochemical applications for the good conductivity and 

extraordinary stability.   
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CHAPTER III 

 

AN ORGANIC SOLUBLE LIPASE FOR WATER-FREE SYNTHESIS 

OF BIODIESEL 

 

3.1 Introduction 

Biodiesel is pursued not only for the consideration of the future shortage of 

petroleum, but also for the consideration of environment since the growth of its biological 

origin consumes at least the same amount of CO2 as that of emission from the 

combustion of biodiesel.  The European Union’s Directive published in 2003 estimated 

that a content 5.75% of biodiesel would be used for transportation fuels by the end of 

2010[208].  The National Biodiesel Board of the United States estimated that biodiesel 

industry would reach 650 million gallons annually by 2015, and would add $24 billion to 

the U.S. economy between 2005 and 2015[209].  Although raw vegetable oils can be 

used directly as fuels, their high viscosity and low volatility make them inefficient for 

most combustion engines.  Biodiesel which has a molecular weight of about one third of 

their parent oils in form of either methyl or ethyl monoesters of fatty acids is, on the other 

hand, much easier to handle as a liquid transportation fuel.  All types of triglycerides, 

including vegetable oils and animal fats can be utilized for production of biodiesel.   

At present, commercial production of biodiesel is mainly achieved through alkali-

catalyzed transesterification of soybean oil.  Albeit its conversion efficiency, several 

issues in that process are subject to further improvement.  These issues include the 
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removal of inorganic salt from the products, the recovery of glycerol, dehydration, and 

the treatment of alkaline wastewater[2, 3].  As reported so far, however, native or 

immobilized lipases require the addition of certain amount of water to redeem in most 

cases only moderate activities.  Several recently reported works have examined the 

influence of water on the transesterification activities of lipases, which a least water 

content of 0.48% (wt) is required to activate the enzymes.  That is about 10 times of the 

regulated 0.05% water allowance for biodiesel in U. S.[52].  Anhydrous 

transesterification reactions are hence desirable, as the same for many other synthetic 

purposes[53].   

One way to improve enzyme activity in anhydrous organic media is to solubilize 

the enzymes and thus achieving homogenous reactions.  PEG-modified enzymes are 

probably the most studied enzymes for organic-phase homogeneous reactions[76, 77].  

However, pegylated enzymes have usually limited solubilities (mostly much less than 1 

mg/ml).  Distel et al. reported recently that enzymes modified with short alkyl chains 

could achieve very high organic solubilities (up to 44 mg/ml) and thus afford high 

enzyme activities in organic solvents[78].  In this work, a one-pot water-free biodiesel 

synthesis process using alkyl-modified lipases is examined.    

 

3.2 Materials and Methods 

3.2.1 Materials   

Several commercial available lipases were kindly provided as gifts from Amano 

Enzyme Inc. (Nagoya, Japan).  The sources and protein contents of these enzymes are 
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tabulated in Table 3.1.  Soybean oil, decanoyl chloride, oleic acid, ethyl oleate and 

methyl oleate were obtained from Sigma-Aldrich (St Louis, MO, USA).  Iso-octane, 

methanol and ethanol was purchased from Burdick & Jackson (Muskegon, MI, USA); 

and 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC, 98%) and N-

Hydroxysuccinimide (NHS, 98%) were products of Alfa Aesar (Ward Hill, MA, USA).  

Unless specially mentioned, all other reagents used in the experiments are ACS grade. 

 

Table 3.1 Transesterification reaction catalyzed by different lipases. 

The conversion was measured with 2 ml of soybean oil, 2 ml methanol in the presence of 1 ml water 
and 5 mg lipase.   
 

3.2.2 Preparation of Solubilized Lipase  

The solubilized lipase AK (S-AK) was prepared according to the previously 

reported procedure[78].  Typically, 30 mg of lipase was dissolved in 3 ml of phosphate 

buffer (0.2 M, pH 10) contained in a 20 ml glass scintillation vial.  To start the 

Lipase Source 

Protein 

Content  

(wt-%) 

Observed 

conversion 

 (v/v%) 

Normalized conversion 

(v/v% / h·mg protein) 

AH Burkholderia cepacia 39.2 0.5 0.26 

AK Pseudomonas fluorescens 53.3 35.5 13.3 

AY Candida rugosa 42.9 0.5 0.30 

F-AP Rhizopus oryzae 70.5 1.7 0.48 

G Penicillium camembertii 11.0 0.0 0.04 

M-10 Mucor javanicus 93.7 0.3 0.06 

R Penicillium requeforti 6.9 0.8 2.35 
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modification reaction, 6.0 ml of chloroform containing 15% (v/v) decanoyl chloride was 

added, and the mixture was magnetically stirred at room temperature for 8h.  The pH 

value of the aqueous solution was maintained at 10.0 by adding sodium hydroxide 

solution (10 wt-%) periodically.  The reaction was stopped by centrifugation.  The 

concentration of solubilized lipase in the organic phase was determined by absorbance at 

280 nm.  A typical concentration of modified lipase in the organic was around 4 mg/ml, 

indicating a modification yield of 80%.  

 

3.2.3 Biodiesel Synthesis Reactions  

The transesterification reactions were conducted in 20 ml glass scintillation vials 

under shaking (180 rpm) in water bath (for elevated temperatures) or air (for room 

temperature reactions).  Soybean oil and alcohols were mixed in a molar ratio of 3:1 

unless specified otherwise.  Since the oil and alcohol are not miscible, iso-octane was 

used to generate monophase solutions.  The ratio between iso-octane and alcohol-soybean 

oil mixture was 1:1 (v/v) if methanol was used, and 4:1 (v/v) for ethanol with a total 

volume of 5 ml.  Both native and solubilized lipases were used with an amount equivalent 

to 1 mg/ml.  The reaction was analyzed by monitoring changes in the concentration of 

product.  Typically aliquots of 1 ml sample were taken from the well mixed reaction 

medium, and were centrifuged at 14,000 g for 10 min.  Five hundred micro-liter of 

supernatant was diluted by 4 times with iso-octane and was analyzed by using gas 

chromatography (Shimadzu GC-17A, Kyoto, Japan) equipped with a RTX-5 column 

(15m×0.35nm×1.0µm, Restek, MD, USA).  The column temperature was kept at 200°C, 
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while the injector and detector were kept at 250°C.  Ethyl oleate and methyl oleate were 

chosen as a biodiesel standard for GC analyses.  The conversion of soybean oil was 

calculated in this work by accounting the volume ratio of the detected monoester 

products versus the volume of soybean oil added to the reaction.  

 

3.3 Results and Discussions 

3.3.1 Transesterification Reactions with Different Lipases   

It has been well demonstrated that hydrolases such as lipases and proteases 

catalyze the reversed reactions of their hydrolytic reactions once they are placed in 

organic media, because of the shift in thermodynamics of reaction equilibrium[69, 210].  

Although most of the hydrolyases can catalyze the esterification and transesterification 

reactions of a wide range of substrates in organic media, enzymes may show very 

different preferences of reaction conditions for a given reaction.  Although all lipases are 

efficient enzymes evolved over time in their biological origins to hydrolyze lipids, they 

are expected to show very different efficiency when they are required to function in an 

artificial reaction medium that is very different from their native biological environments.  

In this work, seven commercially available lipases, most of which were developed for use 

as detergent enzymes, were first tested for the transesterification reaction between 

soybean oil and methanol at the same reaction conditions (Table 3.1).  The reaction was 

monitored by detecting the production of biodiesel using gas chromatography (GC).  In a 

typical GC chromatogram using the analytical method described in this work, two 

product peaks were determined (separated by ca. 2 min) with the larger peak matching 
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that of the methyl oleate standard.  The smaller was believed to be corresponding to the 

monoester product of lighter lipid acid components, since the refined soybean oil 

contains ~15% of C16 and ~85% of C18 lipids.  Both peaks are accounted as products in 

the subsequent analysis of reaction rates.  

Although most of the enzymes showed detectable activities, lipase AK showed 

the highest activity with over 35% of soybean oil converted within 1 h of reaction (Table 

3.1).  The gross amounts of enzymes instead of effective enzyme contents were 

controlled in these reactions to keep the phase ratio of liquid to solid of the suspension 

reactions (since enzymes were not soluble in the reaction media) consistent.  After 

normalizing the conversion with the actually protein content of each lipases tested, lipase 

AK still gives the highest activity.  Lipase AK was then selected for further 

transesterification studies.   

 

3.3.2 Factors that Affect the Activity of Native Lipase AK 

In order to examine the primary factors that control the performance of lipase AK, 

experiments were conducted according to a factorial design with respect to 4 factors 

including temperature, water content, pH and molar ratio of substrates, with two levels of 

variations.  Figure 3.1 shows the factorial design and testing results.  Changes in all the 

factors except the substrate molar ratio impacted evidently the production yield of the 

biodiesel.  These sensitive factors were then examined further in the following tests.   
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Figure 3.1 Factorial screening tests for factors that impact the activity of lipase AK for 
transesterification reactions.  The lower level and higher level of the factors 
used in this experiment are described as following: 25oC and 50oC for 
temperatures; 2 v/v% and 5 v/v% for water contents; pH 3 and pH 7 for pH 
values; and 3:1 and 9:1 in ethanol to oil molar ratios.  

 

Temperature may impact the reaction rate through two different mechanisms.  On 

one hand, it promotes faster reactions through Arrhenius relationship; on the other hand, 

it may denature and inactivate the enzyme and thus significantly slow down the reaction.  

The effect of temperature on the activity of lipase AK was further examined in the 

presence of 2% (v/v) water (Figure 3.2).  For the reaction with ethanol, the temperature 

impacts the reaction as expected.  The reaction rate increased first with increase in 

temperature, indicating the effect of thermal reaction kinetics; but it dropped sharply after 

reached a peak activity at 30 oC, implying significant enzyme inactivation at temperatures 

higher than that.  Interestingly, the activity of the enzyme toward the transesterification 

reaction with methanol did not change much within the temperature range tested.  The 

mechanism for that was not clear to the authors, although we tend to believe that the 
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effect of substrate (methanol) inhibition in the case with methanol is more prominent than 

any other factors, as indicated by its low reaction rates.  As to be shown in the following, 

the transesterification reaction with ethanol also showed greater sensitivities than that 

with methanol to changes in pH and water content.  Overall, these observations indicate 

that ethanol is a much more efficient substrate than methanol for the enzymatic 

production of biodiesel with lipase AK.  

 

Figure 3.2 Effect of temperature on the transesterification activity of lipase AK.  
Reactions were executed in water bath for 1 h.  Water (2 v/v %) was added 
into vials and pH of the reactions is 7.0.  (□) – Methanol; (■) - Ethanol.   
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Figure 3.3 Effects of ph on the transesterification activity of lipase AK.  One hundred 
micro-liters of aqueous buffer solutions of variable pH values (1-12) were 
added to 5 ml of the reaction mixture (oil, alcohol, and enzyme).  Reactions 
were conducted at room temperature for 1 h.  (□) – Methanol; (■) - Ethanol  

 

The effect of pH on the activity of lipase AK is shown in Figure 3.3.  It appeared 

that the reaction preferred alkaline conditions, and higher conversions were observed 

when the pH value reached above 7.  The effect of water content was then examined with 

pH fixed at 7.0 (Figure 3.4).  No product was detected within the reaction time with 

either ethanol or methanol without addition of water (aqueous buffer) to the reaction 

media.  The reaction rate with ethanol increased sharply with increase in water content 

and reached a peak high value of 57% at the water content of 10% (v/v).  Subsequent 

increase in water content did not help to accelerate the reaction and the conversion at 

water content of 20% was slightly lower than that at 10%, indicating an adverse effect of 

excess amount of water to the transesterification reaction.  A similar trend was observed 

for the reaction with methanol, only the reaction rate did not change as dramatically as 
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that with ethanol.  The highest enzyme activity was observed at water content of 5% (v/v) 

for methanol, the same optimal water content as reported in a study of methanolysis 

activities of different lipases for synthesis of biodiesel from soybean oil[211].   

 

Figure 3.4 Effect of water content on the activity of lipases.  Reactions were performed at 
room temperature for 21h.  (□) – Methanol; (■) - Ethanol.   

 

As water is not desired in the final biodiesel product and has to be removed to 

satisfy the regulated quality requirement, it is ideal to achieve the reaction without any 

use of additional water.  Since the soybean oil and alcohols are not miscible and that can 

limit the achievable reaction velocity, one possibility to achieve nonaqueous synthesis of 

biodiesel is to dissolve both the oil and alcohol into one common organic solvent to 

improve their availability for reaction.  Accordingly we further tested the use of organic 

solvents for lipase AK.  Solvents including acetone, dichloromethane, tetrahydrofuran 

(THF), chloroform, hexane and iso-octane, were tested for the transesterification reaction 

between soybean oil and ethanol with a volume ratio of solvent vs. substrates as 3:1 with 
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1% of water added to ensure the activity of the enzyme.  No product was detected the 

reactions conducted with acetone, dichloromethane, THF and chloroform, while reactions 

were observed with hexane and iso-octane over the 24-h screening tests.  The results are 

in agreement with the expectation that solvents of higher Log P values afford better 

nonaqueous activities for hydrolyases[212].   

 

3.3.3 Synthesis of Biodiesel with Solubilized Lipase AK  

Although the use of organic solvents can help to achieve a monophasic reaction 

medium, native enzymes are not soluble in the organic phase and thus the reaction 

velocity is still limited by the heterogeneous nature of the reaction.  Our previous study 

has shown that enzymes modified with short alkaline chains can significantly improve the 

organic compatibility of the enzymes, thus achieving high nonaqueous solubility and 

activity[78].   Since alkaline molecules should present no adverse contamination to 

biodiesel product, such a modification for lipase AK was explored in this work.  Figure 

3.5 compares the performances of native and solubilized lipase AK (S-AK) for the 

transesterification of soybean oil with ethanol in iso-octane in the absence of water.  

Within the tested reaction time of 21-h, the native enzyme did not produce any detectable 

products with either methanol or ethanol.  However, the solubilized enzyme catalyzed the 

conversion of the added soybean oil up to 7.3% and 21.3% with methanol and ethanol, 

respectively.   
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Figure 3.5 Transesterification reaction catalyzed by lipase AK and solubilized lipase (S-
AK) in water-free reaction media.  Reactions were at room temperature for 
21h.  .   (□) – Methanol; (■) - Ethanol.   

 

To further improve the reaction rate, the temperature effect on the catalysis of S-

AK was also studied (Figure 3.6).  Interestingly, the solubilized enzyme in the 

homogeneous nonaqueous solution showed much better thermal stability than the native 

enzyme tested in the soybean oil-alcohol-water heterogeneous system (Figure 3.3).  The 

activity of S-AK generally increased with increase in temperature within the temperature 

range from room temperature up to 70 oC.  The highest conversions of the reaction were 

observed at 70 ºC with the maximum conversions of 9.8% and 25.2% for methanol and 

ethanol, respectively.   
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Figure 3.6 Effects of temperature on the transesterification activity of solubilized lipase 
(S-AK) in water-free reaction media.  Reactions were executed in water bath 
for 1h.   

 

Figure 3.7 shows the effect of reaction time on the transesterification using S-AK 

to catalyze ethanol in biodiesel transesterification at optimization condition.  These 

reactions were sampled from 1 to 24 hours.  After 24 hours reaction, the conversion of 

soybean oil reached 71%.  Accounting the amount of enzyme applied (1 mg/ml), the 

catalytic reaction rate obtained with ethanol was 27.5 g-product/g-enzyme·h, which is 

more than 2 orders of magnitude higher than those observed for Novozym 435[213] and  

Lipozyme TL IM (0.245 g-product /g-enzyme·h) [214].   
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Figure 3.7 Time course of transesterification reaction catalyzed by solubilized lipase (S-
AK) in water-free reaction media at 70ºC.  Ethanol was examined in the 
reaction with soybean oil.  

 

3.4  Conclusions 

This work demonstrated that the solubilization of lipase significantly increased its 

activity for synthesis of biodiesel.  The productivities of the solubilized enzyme in a 

water-free reaction system were over two orders of magnitude higher than other enzymes 

reported previously.  This provides the potential to develop a one-pot and impurity-free 

synthesis of biodiesel, as all the components including the solubilized enzyme, substrates 

and products can all be part of the final biodiesel product.  Interestingly, although the 

current industrial biodiesel products from chemical synthetic route are predominantly 

methyl esters, it appeared in our work that ethanol was actually a much more efficient 

substrate than methanol for the biosynthesis of biodiesel.  
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CHAPTER IV 

 

PRODUCTION OF RECOMBINANT GLYCEROL DEHYDROGENASE 

 

4.1 Introduction  

Due to the growing demand for biodiesel, glycerol, the byproduct of biodiesel 

production, is becoming an over-whelming stream of biowaste.  In the early years of 

biodiesel production, glycerol was considered as valuable/marketable byproduct, but the 

current annual output is surpassing the market volume by far.  In the US, the biodiesel 

production could reach 650 million gallons annually by 2015[209], i.e. the glycerol 

generated from biodiesel industry will be around 2 million tons/year.  However, the 

current global market for glycerol is only about 1.5 million tons/year.  Scientists from 

various areas utilized their expertise to explore novel ways for the utilization of glycerol, 

e.g. converting glycerol into high value-added products[11].  Among the various 

approaches discussed in literature, the biotransformation of glycerol is one of the most 

promising approaches since it can be conducted at low cost with high specificity and is 

concomitantly environmental friendly.  

Glycerol dehydrogenase (GDH) is capable to convert glycerol by oxidation into 

1,3-dihydroxyacetone (DHA), which is a product of high value in the personal care and 

chemical synthesis industry.  Although GDH is commercially available, the high price, 

insufficient stability and low activity hamper its application in industrial scale.  A way 

out of this might be engineering of GDH to combine the catalytic property with other 
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features of recombinant proteins, such as high production yield and easy purification.  In 

this chapter, a recombinant GDH conjugated with 6xhis-tag was overexpressed in E. coli 

BL21(DE3) strain.  NAD+-dependent glycerol dehydrogenase from E. coli MC 4100 has 

shown the highest activity in glycerol oxidation reaction as reported in literature [215],  

therefore, the glycerol dehydrogenase gene (gldA) amplified from wild type E. coli 

MC4100 was inserted into directional cloning vector (pET151/D-TOPO®) with T7 

promoter.  The successful transfection of gldA gene was characterized by several 

techniques including PCR, restriction digestion, and sequencing.  The expression of the 

functional GDH was confirmed by SDS-PAGE electrophoresis, western blot and 

activity/structure studies.  The recombinant GDH obtained in the study by homologous 

overexpress of gldA gene provided sufficient amounts for further experiments at a 

reasonable price.  The presence of 6xHis tag also offers an easy immobilization of GDH 

on the supporting material in the bioreactor constructed.   

 

4.2 Materials and Methods 

4.2.1 Purification of Genomic DNA of from E. coli MC4100 

E. coli strain MC4100 was obtained from American Type Culture Collection 

(ATCC), and cultivated in Luria-Bertani (LB) medium using G24 Environmental 

Incubator Shaker (New Brunswick Scientific Co. Inc, Edision, NJ).  Genomic DNA from 

E. coli MC4100 was extracted by using Wizard® Genomic DNA Purification Kit 

(Promega: A1120).  Typically, culture of E. coli MC4100 with 107 to 108 cells (1 ml) was 

added to a 1.5-ml microcentrifuge tube, and centrifuged at 13,000 rpm for 2 minutes to 
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pellet the cells.  After removing the supernatant, Nuclei Lysis Solution (600 µl) was 

added to re-suspend the cells by gently pipetting, followed by incubation at 80oC for 5 

minutes to lyse the cells.  The tube was then cooled to room temperature and 3 µl of 

RNase Solution were added.  After inverting the tube 2-5 times to mix, the cell lysate was 

incubated at 37oC for 30 minutes, and cooled to room temperature again.  Protein 

Precipitation Solution (200 µl) was then added to the tube with RNase-treated cell lysate, 

and vortexed vigorously at high speed for 20 seconds.  The sample was incubated on ice 

for 5 minutes, and centrifuged at 13,000 rpm for 3 minutes.  The supernatant containing 

the genomic DNA of E. coli MC4100 was transferred to a clean 1.5-ml microcentrifuge 

tube containing 600 µl of isopropanol (100%) at room temperature.  After gently mixing 

by inversion until the observation of thread-like strands of DNA, the tube was centrifuged 

at 13,000 rpm for 2 minutes.  The supernatant was carefully removed, and with the 

remaining DNA pellet was then drained.  Ethanol (600 µl, 70%) was added to the tube to 

wash the DNA pellet, and the tube was finally centrifuged at 13,000 rpm for 2 minutes.  

The supernatant was removed and the pellet was air-dried.  Finally, DNA Rehydration 

Solution (100 µl) was added to rehydrate the DNA by incubating the solution overnight 

at 4oC.     

 

4.2.2 Production of Blunt-End PCR Product of gldA DNA   

PCR primers were designed to introduce directional TOPO overhang of CACC 

upstream to allow the directional cloning into the pET151/D-TOPO vector.  Primers had 
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a total length of 22 or 21 nucleotides respectively and the sequence was optimized by 

using the OligoPerfectTM Designer.  The designed primers are shown as below:  

 

Forward Primer (5’ to 3’, Directional TOPO overhang underlined):  

  5’-CACCATGCCGCATTTGGCACTA  

Reverse Primer (3’ to 5’):      AAGGACGTTCTCACCCTTATT-5’ 

 

Table 4.1 Composition of PCR reaction for the production of blunt-end 
gldA PCR product. 

reactions 
Reagents 

gldA Control Blank 

AccuPrime Pfx SuperMix (Invitrogen, 12344-040) 45 µl 45 µl 45 µl 

Genomic DNA template from E. coli MC4100 1 µl - - 

Forward Primer (100 ng/ml) 1 µl - 1 µl 

Reverse Primer (100 ng/ml) 1 µl - 1 µl 

Sterile water 2 µl 2 µl 2 µl 

Control PCR template (750 bp)  - 1 µl - 

Control Forward Primer - 1 µl - 

Control Reverse Primer - 1 µl - 

 

PCR reactions for the production of blunt-end gldA and control products were 

prepared as described in Table 4.1.  The PCR cycler (MiniCycler PTC-150, MJ Research, 

Waltham, MA) was programmed with an initial denaturing at 95 oC for 5 minutes, 

followed by 30 cycles of denaturing at 95 oC for 15 seconds, annealing at 55 oC for 30 

seconds, and extension at 68 oC for 1.5 minutes.  The reaction was concluded with a final 
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extension cycle at 68 oC for 30 minutes.  A negative and positive control was carried 

along with water and Control PCR Template provided in the expression kit.  

 

4.2.3 Agarose Gel Analysis of PCR Products  

To visualize and confirm the amplification of gldA gene from E. coli genomic 

DNA on agarose gel electrophoresis, the samples from PCR reaction were mixed with 

10x BlueJuice™ Gel Loading Buffer (Invitrogen, 10816-015) at a volume ratio of 1:1.  

Sterile water was added to reach a final volume to 10 µl.  Agarose gel (0.6%) was 

prepared with UltraPure Agarose (Invitrogen, 15510-019) in TAE buffer. After the 

solidification of the gel, it was placed in the electrophoresis chamber, and samples were 

loaded and run at 200 V for about 30 minutes.  Gel was stained in 5 µg/ml Ethidium 

Bromide solution for 20 min, and the image of gels were taken under UV on a BioDoc-

It™ Imaging System (UVP, Upland, CA).   

 

4.2.4 Purification of PCR Products  

In order to deploy the PCR products in the TOPO cloning reaction, PCR products 

were purified by using the PureLink PCR Purification Kit (Invitrogen, K3100-01).  

Typically, 200 µl PureLink Binding Buffer HC with isopropanol was admixed to each 

PCR reaction mixture and carefully loaded to a PureLink Spin Column. After incubation 

for 1 min, the spin column was centrifuged at room temperature at 10,000 ×g for 1 

minute. The flow through was discarded and 650 µl of Wash Buffer with ethanol were 

added into the column.  First the column was centrifuged at 10,000 ×g for 1 minute to 
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wash DNA, and then centrifuged at maximum speed for 3 minutes to remove residual 

Wash Buffer.  To elute the PCR products, the column was placed in a clean 1.7-ml 

Elution Tube and loaded with 50 µl of Elution Buffer (10 mM Tris-HCl, pH 8.5), and 

incubated at room temperature for 1 minute.  The centrifugation was carried out at 

maximum speed for 2 minutes.  Concentration and purity of the DNA was estimated by 

DNA gel electrophoresis.  The purified PCR products were stored at -20 oC for TOPO 

Cloning Reaction.    

 

4.2.5 TOPO Cloning Reaction and Transfection 

The optimized TOPO cloning reaction condition is in Table 4.2.  For TOPO 

cloning reaction, three microliters of each cloning batch were transformed into separate 

vials of competent cells (One Shot TOP 10), and gently mixed.  Cells and DNA were 

incubated on ice for 30 minutes and heat-shocked for 30 seconds at 42 oC without 

shaking.  Vials were immediately transferred on ice for a couple of minutes to cool down.  

To each vial, 250 µl S.O.C. medium were added and incubated by horizontal shaking 

(200 rpm) at 37 oC for 1 hour.  To select transformed cells, 100 and 200 µl respectively of 

the cell culture were spread on two LB agar antibiotics selective plates containing 50 

µg/ml of Ampicillin (Fluka, 10044) and incubated overnight at 37 oC.   
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Table 4.2 Optimized TOPO cloning reaction molar ratio  
Reagent Vector Only Vector + Control Vector + gldA 

Sterile Water 4 µl 3 µl 0 µl 

Salt Solution 1 µl 1 µl 1 µl 

PCR Product - 1 µl control PCR product 4 µl PCR gldA 

pET TOPO Vector 1 µl 1 µl 1 µl 

 

4.2.6 Purification of Plasmid DNA 

Transformants were analyzed after picking around 10 colonies from each of the 

two LB agar selective plates and inoculating culture of 5 mL LB medium containing 50 

mg/L Ampicillin.  After incubating overnight at 37 oC while vigorously shaken, the cells 

were harvested by centrifugation at 10,000 rpm in a conventional, table-top 

microcentrifuge (Eppendolf 5415D) for 3 minutes.  Plasmid DNA was extracted by using 

the QIAprep Spin Miniprep Kit (Qiagen, 27104).  The pelleted bacterial cells were re-

suspended in 250 µl of Buffer P1 (provided in the kit), followed by the admixture of250 

µl of Buffer P2 and mixed thoroughly by inverting the tube 4-6 times.  Since LyseBlue 

reagent was contained in buffer P1, the solution turned into blue.  Buffer N3 of 350 µl 

was added and mixed thoroughly by inverting the tube 4-6 times.  The solution turned 

into colorless upon the usage of LyseBlue reagent.  The tubes were centrifuged for 10 

min at 13,000 rpm in a table-top microcentrifuge, followed by carefully transferring the 

supernatant into the QIAprep spin column.  QIAprep spin columns sitting on centrifuge 

tubes were centrifuged for 60 seconds, and the flow through fraction was discarded.  The 

DNA absorbed in QIAprep spin columns was washed by sequentially adding 0.5 ml 

Buffer PB, and 0.75 ml of Buffer PE and centrifugation for another 60 seconds. The flow 
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through was discarded.  The QIAprep spin columns were centrifuged for an additional 1 

min to remove residual wash buffer.  To elute DNA, each QIAprep column was placed in 

a clean 1.5 ml microcentrifuge tube with 50 µl Buffer EB added to the center of each 

QIAprep spin column.  The QIAprep columns were allowed to stand for 1 min at room 

temperature, and centrifuged for 1min.  Concentration and purity of plasmid DNA 

collected in the centrifuge tube was determined by spectroscopy and stored at -20 oC for 

future usage.   

 

4.2.7 Analysis of Transformants by PCR and Sequencing  

To confirm the appropriate N-terminal fusion tag of gldA gene in frame, the 

inserted fragment and the flanking DNA were sequenced by the BioMedical Genomics 

Center (BMGC) in University of Minnesota.  For the sequencing reaction those forward 

and reverse primers that bind to the plasmid DNA flanking the insert and recommended 

by the manufacturer were used.  

 

4.2.8 Expression gldA Gene in E. coli 

To transform the vector construct or the positive control (10 ng each) into BL 21 

Star (DE3) One Shot cells, one vial of competent cells was needed per transformation.  

As pET/D/lacZ was provided in the Cloning and Expression Kit it was used as positive 

control.  One vial of BL21 Star (DE3) One Shot Cells was thawed for each 

transformation.  Purified plasmid DNA (10 ng) (described in section 4.2.6) was added to 

each vial of BL21 Star (DE3) One Shot cells and gently mixed.  Vials were incubated on 
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ice for 30 minutes, followed by heat-shocking the cells for 30 seconds at 42 oC followed 

by immediate cooling on ice before S.O.C. medium (250 µl) was added.  The tubes were 

capped tightly and incubated at 37 oC for 30 minutes while shaken (200 rpm).  The entire 

transformation batch was used for the inoculation of 10 ml of LB containing 50 mg/L 

Ampicillin and grown overnight at 37 oC with shaking.  

The overnight culture (500 µl) was transferred into 10 ml of LB containing 50 

mg/L Ampicillin and incubated at 37 oC under shaking till OD600 of around 0.8 was 

reached.  The culture was split into two aliquots of 5 ml, from which one was induced by 

the addition of IPTG (β-D-thiogalactoside, Invitrogen 15529-019) at a final concentration 

of 1 mM, while the other aliquot served as control.  The resulting cultures were incubated 

at 37 oC and 500 ul were sampled hourly for a total period of 6 hours.  Withdrawn 

samples were centrifuged at maximum speed in a microcentrifuge for 30 seconds to 

recover the cells, while the supernatant was disregarded.  The centrifuged cell pellets 

were stored at -20 oC. 

Cell pellets were thawn and re-suspended in 500 µl of Lysis buffer for further 

analysis.  Cell lysis was promoted by repetitive freezing and thawing cycles in liquid 

nitrogen and 42oC water bath respectively for 3 times.  Insoluble debris was pelleted by 

centrifugation at maximum speed in microcentrifuge for 5 minute at room temperature.  

The supernatant was transferred to a fresh tube and stored on ice.   
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4.2.9 Purification the Recombinant Protein 

The presence of the N-terminal polyhistidine (6xHis) tag in pET151/D-TOPO 

vector allows purification of recombinant GDH with a metal-chelating resin such as 

ProBond or Ni-NTA.  The purification was preformed by using ProBond™ Purification 

System (Invitrogen, K85001).  ProBond™ Column was pre-treated as suggested by 

instructions.  Recombinant protein was purified by using the native buffers, purification 

column and cell lysate.  Typically, 8 ml of cell lysate were added under native conditions 

to a prepared Purification Column.  The resin was reacted with the lysate solution for 60 

minutes with gentle agitation.  After the resin was settled by gravity, the supernatant was 

carefully aspirated out and analyzed by SDS-PAGE.  The resin in the column was then 

washed with 8 ml Native Wash Buffer and settled by gravity.  The supernatant of 

washing solution was carefully aspirated and subjected to SDS-PAGE analysis.  The 

resin was washed for three more times.  Bound recombinant protein was then eluted with 

8 ml of Native Elution Buffer.  Eluting fractions of 1 ml were collected and analyzed by 

SDS-PAGE.   

 

4.2.10 SDS-PAGE  

Samples of cell lysate, washing solutions and eluted fractions were analyzed by 

SDS-PAGE with NuPage 4-12% Bis-Tris Gel (Invitrogen, NP0323BOX).  Samples were 

mixed 2×SDS-PAGE sample buffer and heated at 70 oC for 10 minutes.  The samples 

were loaded at 10 µl to the gel slot as well as 5 µl of BenchMark Prestained Protein 

Ladder (Invitrogen, 10748010) was deployed as protein marker.  Polyacrylamide gel was 
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stained with Coomassie Blue Stain Solution for ~6 hours, and destained for about 30min 

(Destain Solution I), and overnight (Destain Solution II).   

 

4.2.11 GDH Activity Assay  

The specific activity of GDH in the cell lysate and the purification fractions was 

determined with glycerol as substrate, and NAD+ as cofactor [216].  The formation of 

NADH was measured spectrophotometrically at 340 nm.  The protein content of each 

sample was measured using Bradford protein assay [217].   

 

4.2.12 Purification of Recombinant GDH  

Purified recombinant GDH was purified using an ultrafiltration cell (Amicon 

8200, Millipore, MA, USA) with a membrane cut-off of 300 kDa (Amicon MW: 300,000 

Millipore, MA, USA) by 0.05 M phosphate buffer (pH 7.0) to lower the salt 

concentration in the elute, since elevated salt amount might have adverse effects on the 

enzyme.  Finally GDH was freeze-dried for further storage.  The recombinant GDH was 

analyzed in Center for Mass Spectrometry and Proteomics in University of Minnesota to 

confirm the correct amino acid sequence.  The protein structure prediction was done by 

submitting amino acid sequence to I-TASSER web server.   
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4.3 Results and Discussion 

4.3.1 Amplification of gldA gene from E. coli  

The genomic DNA was extracted from E. coli strain ATCC MC4100 and used as 

PCR template for the amplification of the gldA gene.  Primers were designed based on 

the known gldA gene sequence as deposited in the EMBL data base as ECOUW89 under 

accession no. U00006 [218].  The successful amplification was confirmed via DNA gel 

electrophoresis and yielded a band of 1.1 kb, which complies with the known length of 

the gene (Figure 4.1).  
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Figure 4.1 PCR products of gldA and control DNA template on 0.6% agarose gel.  Lanes: 
1: Control PCR product (750bp); 2: gldA sample 1; 3: gldA sample 2; 4: PCR 
reaction blank; 5: 1kb plus DNA ladder.  

 

As shown in Figure 4.1, ~1,1 kb of PCR product of gldA was obtained in the 

extracted gldA samples in two different preparations (Lane 2 and 3), which is close to the 

expected size of gldA gene (1,143 bp).  The PCR product of gldA gene was further 
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purified to remove the short DNA segment and primers for the use in clone reaction.  The 

concentration of purified PCR product was estimated to be 10 ng/µl.   

 

4.3.2 Analysis of Transformants by PCR and Sequencing  

Transformants were analyzed by plasmid purification.  The obtained plasmid 

DNA was used as PCR template T7 primers binding to the DNA sequences flanking the 

inserted gldA gene.  As can be taken from Figure 4.2, the PCR product was slightly 

bigger (1.3 kb) than the gldA gene due to the presence of the 6xhis-tag and flanking DNA.  
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Figure 4.2 PCR amplification result using the plasmid DNA extracted from the 
transformants as template.  Lane 1 clearly indicates that gldA was successfully 
inserted to the vector; lane2: 1kb plus DNA ladder.  

 

The PCR products were purified and submitted to the BioMedical Genomics 

Center (BMGC) of the University of Minnesota for DNA sequencing. By that way it was 
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possible to confirm that the inserted gene is in frame and fully functional.  The obtained 

sequence was aligned with the reference gldA gene sequence cloned from E. coli 

MC4100 [219] because the gldA gene sequence in MC4100 is not available in GenBank 

database.  The alignment is shown in Figure 4.3 and indicates a 100% match.  

10 20 30 40 50 60 70 80 90
....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ...

atgccgcatt tggcactact catctctaaa ggagcaatta tggaccgcat tattcaatca ccgggtaaat acatccaggg cgctgatgtg att

atgccgcatt tggcactact catctctaaa ggagcaatta tggaccgcat tattcaatca ccgggtaaat acatccaggg cgctgatgtg att

110 120 130 140 150 160 170 180 190
....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ...

tgggcgaata cctgaagccg ctggcagaac gctggttagt ggtgggtgac aaatttgttt taggttttgc tcaatccact gtcgagaaaa gct

tgggcgaata cctgaagccg ctggcagaac gctggttagt ggtgggtgac aaatttgttt taggttttgc tcaatccact gtcgagaaaa gct

210 220 230 240 250 260 270 280 290
....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ...

tgctggactg gtagtagaaa ttgcgccgtt tggcggtgaa tgttcgcaaa atgagatcga ccgtctgcgt ggcatcgcgg agactgcgca gtg

tgctggactg gtagtagaaa ttgcgccgtt tggcggtgaa tgttcgcaaa atgagatcga ccgtctgcgt ggcatcgcgg agactgcgca gtg

310 320 330 340 350 360 370 380 390
....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ...

attctcggta tcggtggcgg aaaaaccctc gatactgcca aagcactggc acatttcatg ggtgttccgg tagcgatcgc accgactatc gcc

attctcggta tcggtggcgg aaaaaccctc gatactgcca aagcactggc acatttcatg ggtgttccgg tagcgatcgc accgactatc gcc

410 420 430 440 450 460 470 480 490
....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ...

atgcaccgtg cagcgcattg tctgttatct acaccgatga gggtgagttt gaccgctatc tgctgttgcc aaataacccg aatatggtca ttg

atgcaccgtg cagcgcattg tctgttatct acaccgatga gggtgagttt gaccgctatc tgctgttgcc aaataacccg aatatggtca ttg

510 520 530 540 550 560 570 580 590
....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ...

caaaatcgtc gctggcgcac ctgcacgtct gttagcggcg ggtatcggcg atgcgctggc aacctggttt gaagcgcgtg cctgctctcg tag

caaaatcgtc gctggcgcac ctgcacgtct gttagcggcg ggtatcggcg atgcgctggc aacctggttt gaagcgcgtg cctgctctcg tag

610 620 630 640 650 660 670 680 690
....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ...

accaccatgg cgggcggcaa gtgcacccag gctgcgctgg cactggctga actgtgctac aacaccctgc tggaagaagg cgaaaaagcg atg

accaccatgg cgggcggcaa gtgcacccag gctgcgctgg cactggctga actgtgctac aacaccctgc tggaagaagg cgaaaaagcg atg

710 720 730 740 750 760 770 780 790
....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ...

ccgaacagca tgtagtgact ccggcgctgg agcgcgtgat tgaagcgaac acctatttga gcggtgttgg ttttgaaagt ggtggtctgg ctg

ccgaacagca tgtagtgact ccggcgctgg agcgcgtgat tgaagcgaac acctatttga gcggtgttgg ttttgaaagt ggtggtctgg ctg

810 820 830 840 850 860 870 880 890
....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ...

cgcagtgcat aacggcctga ccgctatccc ggacgcgcat cactattatc acggtgaaaa agtggcattc ggtacgctga cgcagctggt tct

cgcagtgcat aacggcctga ccgctatccc ggacgcgcat cactattatc acggtgaaaa agtggcattc ggtacgctga cgcagctggt tct

910 920 930 940 950 960 970 980 990
....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ...

gcgccggtgg aggaaatcga aaccgtagct gcccttagcc atgcggtagg tttgccaata actctcgctc aactggatat taaagaagat gtc

gcgccggtgg aggaaatcga aaccgtagct gcccttagcc atgcggtagg tttgccaata actctcgctc aactggatat taaagaagat gtc

1010 1020 1030 1040 1050 1060 1070 1080 1090
....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ...

aaatgcgaat tgtggcagaa gcggcatgtg cagaaggtga aaccattcac aacatgcctg gcggcgcgac gccagatcag gtttacgccg ctc

aaatgcgaat tgtggcagaa gcggcatgtg cagaaggtga aaccattcac aacatgcctg gcggcgcgac gccagatcag gtttacgccg ctc

1110 1120 1130 1140
....|....| ....|....| ....|....| ....|....| ...

agccgaccag tacggtcagc gtttcctgca agagtgggaa taa

agccgaccag tacggtcagc gtttcctgca agagtgggaa taa

 
 
 Figure 4.3 Alignment of reference DNA sequence with DNA sequencing obtained by 

PCR amplification using the plasmid DNA extracted from the transformants 
as template.   Sequences: top: reference gene sequence; bottom: gene 
sequence in this study.  
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4.3.3 Characterization of recombinant GDH 

Recombinant GDH was purified by affinity bonding chromatography and 

resulting eluted fractions were analyzed by SDS-PAGE (Figure 4.4).  The expected 

molecular weight of the recombinant GDH is about 44 kDa including the 6xHis tag and 

expression epitope (3 kDa).  As shown in Figure 4.4, the culture cell lysate (lane 1) 

contained multiple proteins including recombinant GDH.  Some recombinant GDH 

molecules were found in the flow-through samples from the ProBond® column (lane 9), 

which indicated the column capacity was reached.  With four times of washing the 

column, unbound proteins were completely removed from the column (as shown from 

lane 10 to 14 by the absence of any protein).  The GDH was eluted after using the 7-fold 

column volume of elution buffer and only one single band with a size of 44 kDa was 

observed (lane 2 to 8), indicating a high purity of recombinant GDH.   

The optimized purification process yielded GDH with a specific activity > 80.6 

U/mg, which outperforms the specific activity of 70 U/mg given for the commercial 

GDH.  The highest yield obtained ranged to 10.2 mg of recombinant GDH per gram of 

wet cell paste, which is more than 3-fold higher than the previous reported yield of GDH 

from Cellulomonas sp. NT3060 [220] or even more than 8 times higher than that of GDH 

purified from Klebsiella pneumoniae[10].       
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Figure 4.4 SDS-PAGE image of the purification of recombinant GDH from cell lysate.  
Lane 1: Culture induced by IPTG for 4 hours; lane 2 to 8: Elution Collection 
Fraction 1 to 7; lane 9: Binding residue sample; lane 10 to 13: Washing 
solution 1 to 4; lane 14: BenchMark Pre-Stained Protein Ladder.   

 

4.3.4 Analysis of Purified Recombinant GDH 

Purified recombinant GDH was analyzed in Center for Mass Spectrometry and 

Proteomics in University of Minnesota to confirm the correct amino acid sequence.  The 

protein structure prediction was conformed by submitting amino acid sequence to I-

TASSER web server for the homology modeling.  The amino acid sequence obtained by 

In-gel Proteolytic Protein Digestion is shown in below, and analyzed by Scaffold 2 

software to compare with the available amino acid sequence in Protein Data Bank.  There 

is no exact match of amino acid sequence in Protein Data Bank.  The probability of 95% 

was given by Scaffold 2 that this recombinant protein is glycerol dehydrogenase.   
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10 20 30 40 50 60 70 80 90 100
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

MPHLALLISKGAIMDRIIQSPGKYIQGADVINRLGEYLKPLAERWLVVGDKFVLGFAQSTVEKSFKDAGLVVEIAPFGGECSQNEIDRLRGIAETAQLGA

110 120 130 140 150 160 170 180 190 200
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

ILGIGGGKTLDTAKALAHFMGVPVAIAPTIASTDAPCSALSVIYTDEGEFDRYLLLPNNPNMVIVDTKIVAGAPARLLAAGIGDALATWFEARACSRSGA

210 220 230 240 250 260 270 280 290 300
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

TTMAGGKCTQAALALAELCYNTLLEEGEKAMLAAEQHVVTPALERVIEANTYLSGVGFESGGLAAAHAVHNGLTQLVLENAPVTAIPDAHHYYHGEKVAF

310 320 330 340 350 360 370 380
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

GTLEEIETVAALSHAVGLPITLAQLDIKEDVPAKMRIVAEAACAEGETIHNMPGGATPDQVYAALLVADQYGQRFLQEWE  

 

However, compared the amino acid sequence of our recombinant GDH compared 

with the reference GDH sequence of E. coli O157:H7 

(http://www.uniprot.org/uniprot/Q8X762) that has 380 amino acids, we found that both 

sequences are highly identical except that lysines at 11 positions (51, 63, 66, 108, 114, 

168, 207, 229, 286, 328, and 334) in E. coli O157:H7 was replaced by leucines in our 

recombinant GDH, and one glycine was replaced by glutamine in position 236, and one 

alanine was replaced by serine in position 301.  The comparison of amino acid sequence 

with the reference sequence was shown below, and 96.6% of the amino acid sequences 

are identical.     
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The major reason we choose E. coli MC4100 to extract the gldA gene for 

amplification is because a higher activity (18.2 micromoles of NAD+ reduced per minute 

per milligram of total protein) of GDH was observed in one of its mutants [215].   

Unfortunately, the underlying reason for this improved activity is not discussed by the 

authors.  It was assumed that the observed mutations in its amino acid sequence might 
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contribute to the enhancement of activity.  The fact which the specific activity of our 

purified recombinant GDH is higher than commercial GDH (80.6 vs. 70 U/mg) also 

indicated that the activity could benefit from those mutations.   

        

Figure 4.5 Protein structure animation of recombinant GDH.  Orange: 6xHis; Red: 
Leucines in position 51, 63, 66, 108, 114, 168, 207, 229, 286, 328, and 334; 
Pink: Glycine in position 236; Yellow: Alanine in position 301.  Spheres: 
predicted binding sites.   

 

The amino acid sequence of recombinant GDH was used for the prediction of 

enzyme structure.  The homology modeling of recombinant GDH was calculated by the I-

TASSER web server, and the resulting protein structure was visualized via the Pymol 

software (Figure 4.5).  In the function prediction of homology model, the homology 

model predicted over 94% that the Enzyme Commission number (EC) is EC 1.1.1.6, 

which represents NAD+-dependent glycerol dehydrogenase.  The results further 

confirmed that the recombinant enzyme obtained in this study is glycerol dehydrogenase.   
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4.4 Conclusions 

The gldA gene from E. coli MC4100 was successfully transfected in E. coli BL 

21 Star (DE3) One Shot cells with T7 promoters as proven by PCR, restriction digestion 

and sequencing.  The recombinant GDH integrated with 6xHis tag was successfully 

expressed as confirmed by SDS-PAGE, western blot and sequence studies in which the 

recombinant enzyme showed the expected size and activity.  The obtained yield of 10.2 

mg·GDH/g·cell pastes is about 3 times higher than what has been reported in literature.  

The measured specific activity (80.6 U/mg) showed improvement of about 10-15% 

compared with the commercial source of GDH from E. coli.  The recombinant GDH 

obtained in the study provided high active and sufficient amount of enzyme for further 

studies. 

  



 

  79 

CHAPTER V 

 

CARBON MATERIAL WITH BRANCHING CARBON NANOTUBES 

AND ITS APPLICATION IN A SINGLE CARBON FIBER 

MICROBIOSENSOR   

 

5.1 Introduction  

In this study the use of carbon-fiber and carbon nanotubes (CNT) hierarchical 

electrodes with the nanotubes branched out from the surface of the fibers was explored, 

and generated CNT structures with surfaces fully open for interactions with surrounding 

solutions.  One additional goal of this research is to explore the use of renewable 

resources for the preparation of such carbon electrodes.  Previous studies of carbon fiber 

electrode fabrication based on fossil-based polymers lack the potential of sustainability.  

A feasible approach could be carbonization of renewable materials from biomass.  

Cellulose, the most abundant polymeric constituent in biomass, is composed of β-D 

glucopyranose units which are linked together in linear chains by 1-4 glycosidic bonds.  

The pyranose units, upon pyrolysis, are dehydrated to a carbonaceous polymer 

intermediates which can be transformed into a polyaromatic structure [221], constituents 

characteristic of carbon materials.  Indeed, many published studies have reported the 

production of carbon fibers from cellulose fibers in the form of native cellulose[222] and 

extruded regenerated cellulose fibers[223].  Hierarchical porous carbon structures have 

also been transformed through pyrolysis of cellulose acetate filters used in cigarettes[224].  
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These cellulose carbonization processes, however, were not aimed at electrochemical 

applications.   

There have been so far no reported attempts in growing CNTs on surfaces of 

cellulose-derived carbon fibers to produce nanostructure materials.  Metal-catalyzed 

growth of nanotubes has been applied widely in recent years for preparing a variety of 

nanostructured materials, such as the fiber-tube and fiber-fiber[225] hybrid carbon 

materials, for the purposes of increasing surface area, providing higher sensitivities and 

ease of preparation for many applications including field effect transistors[29].  The 

introduction of CNTs in this kind of nanostructured materials for electrochemical 

applications has resulted in a great improvement in electrochemical properties.  All of 

these reported CNT growth are on fossil-based materials, and it is therefore necessary to 

investigate the use of renewable materials for sustainable production of CNT-based 

electrodes.   

Single carbon fiber electrodes are greatly promising for microelectronic 

applications including high performance biosensor[30-32] and miniaturized energy 

devices such as fuel cells[33].  For sensor applications, single carbon fiber electrodes are 

especially appealing in that they require only a small amount of samples, but provide 

high signal/noise ratios and render short responding time[226-228].  Such sensors have 

found a variety of applications.  For example,  single carbon fiber electrodes have been 

applied for measurements of real time chemical release from single cells[229] and as 

neurotransmitters for in vivo monitoring of signal generation in brain cells[230, 231].  
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One drawback in using carbon fiber microelectrodes is that they provide only a 

limited surface area and thus very weak electronic signals which require very sensitive 

instrumental detection.  This setback is a result of the small diameter of carbon fibers that 

ranges from several micrometers to tens of micrometers.  One way to overcome this 

drawback is to deposit carbon nanotubes (CNTs) on the fiber surface to improve the 

overall surface area without substantially changing the size of the electrode.  CNT 

deposition had been attempted on single carbon fiber microelectrode[34] and 

nanoelectrode [35] by dipping carbon fiber electrodes into CNT suspension with the aid 

of dispersing agents, such as surfactant (sodium dodecyl sulfate).  Suspensions of CNTs 

in Nafion® solution were also used for CNT deposition on electrode by dip-coating[36] 

and by electrochemical deposition[37].  In addition to improving specific surface areas, 

CNTs also impart many favorable electronic properties desired for high performance 

biosensing and nano-electronic fabrication[38].  CNTs have also been found capable of 

promoting electron-transfer reactions, minimizing fouling of electrode surfaces[39], 

enhancing electrocatalytic activity, and facilitating the immobilization of enzymes and 

antibodies on the surface of electrodes[40, 232].  As such, CNT-fabricated carbon fiber 

microelectrodes have been examined for biosensors[233], micro-column separation[234], 

and biofuel cells[235].   

Advances were made on preparing and using CNT-containing electrodes for 

oxidation of NADH but the advantages of CNTs have yet to be more fully tapped.   Viry 

et al. reported a method for producing CNT fibers by co-electrospinning CNT with poly 

(vinyl alcohol) polymer, followed by a heat-treatment procedure to remove the polymer, 
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producing fibers in the form of CNT bundles[236].    Such CNT fibers were used as 

micro disk electrodes and examined for glucose assay, and were found able to offer 

improved activities for the oxidation of NADH as compared to single carbon fiber 

electrodes.  In another effort, similar CNT fibers were prepared by a simple particle-

coagulation spinning process, involving the injection of a homogeneous CNT dispersion 

in a polymer solution, and the produced fibers have an interconnected CNT/polymer-

chain network[237].  Such CNT-containing fiber microelectrodes exhibited good 

electrocatalytic activities and effectively reduced the NADH oxidation potential by ~0.2 

V[238].  To our opinion, the abovementioned preparation of CNT-containing electrodes 

does not promise to fully capitalize the potentials of CNTs, as the fabrications generally 

led to CNTs that are bundled together or embedded inside other supports such as 

polymers, exposing only a portion of CNTs for reactions. 

This work explores the use of cellulose materials for preparation of hierarchical 

carbon materials.  A new and facile fabrication production method of CNT-carbon fibers 

is developed through carbonization of cellulosic fibers and growth of CNT in the 

presence of Fe.  A single CNT-modified carbon fiber was then used as a microelectrode, 

and tested for the efficiency of oxidation reaction of NADH generated from the glycerol 

oxidation reaction to explore its potential in large scale electrochemical applications 

involving NADH reuse and regeneration.  It is expected that the single CNT-modified 

carbon fiber from cellulose will provide sensitive detection corresponding to the 

concentrations changes of NADH in glycerol oxidation reaction, lower the overpotential 

of NADH oxidation on carbon electrode and reduce the electrode fouling.   
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5.2 Materials and Methods  

5.2.1 Production of CNT-modified carbon microfiber 

Cellulose fiber, acquired as medical grade cotton wool from Malaysia (Weng 

Thye Heng SDN BHD, Penang, Malaysia) and U.S. (U.S.P. Sterile Absorbent Cotton 

Roll, U.S. Cotton (CANADA) Co. Canada) were pre-treated before modifying with CNT.  

For easy discussion in the following sections, the fiber samples are named as Malaysia- 

and US- accordingly.  The pre-treatment involved dipping of a cotton wool pad (2 × 2″) 

into 50 ml of well suspended dimethylformamide solution containing 3.3 wt% of Fe (III) 

acetylacetonate (Fe(C5H7O2)3, (>99.9%, Aldrich, St. Louis, MO, USA) for 2 hours at 

room temperature.  The pre-treated sample was dried at room temperature in a 

convection-flow fume hood for overnight before carbonization.  Carbonization and CNT 

modification were performed in a high temperature tubular furnace (Sentro Tech., Model 

STT-1200-3.5-12, Cleveland, OH, USA) with a procedure adopted from reference[219] 

with modification.  The furnace has a max power of 7 kW, max temperature of 1200oC.  

The schematic illustration of the setup was depicted in Figure 5.1.   

The chamber of furnace was first purged with argon at a flow rate of 450 ml/min 

for 30 min.  After loading of the pre-treated cotton wool pad, the sample was annealed at 

250oC for 3 hours.  The Fe3+ ions loaded on cellulosic fibers were reduced to Fe by 

introducing hydrogen into the furnace chamber at a flow rate of 150 ml/min for 4 hours 

after the temperature stabilized at 500oC in the argon atmosphere.  The cellulosic sample 

was carbonized at 850oC for 30 min, and then cooled to 700oC.  For the carbonization of 

cellulosic sample without modification of CNT, the sample was cooled down further to 
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room temperature with all other steps remain the same except that the pre-treatment step 

was omitted.  The growth of CNT on carbon fibers, conducted at 700oC, was initialized 

by adding hexane vapor as the carbon source carried by argon at the flow rate of 600 

ml/min.  The desired length of CNT was controlled by the feeding time of hexane, which 

is in the range of 3~20 min.   

 

Figure 5.1 Schematic illustration of the setup of carbonization process.  

 

The morphology of carbonized samples was studied by using scanning electron 

microscopy (Hitachi S3500N Variable Pressure SEM) and transmission electron 

microscopy (Philips CM12 Transmission Electron Microscope).  The surface areas of 

samples were determined by using gas sorptometer (ASAP 2000, Micromeritics, 

Norcross, GA, USA) based on physical adsorption of nitrogen gas molecules.  The 

adsorption isotherm was analyzed using the BET method[239] to calculate for the 
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quantity of gas involved in the monolayer coverage of material surfaces, thereby allowing 

estimation of specific surface area.  All measurements above were preformed in 

accordance with standard sample preparation protocols.  

 

5.2.2 Fabrication of carbon fiber microelectrode 

One single carbon fiber (modified with or without CNT) was pulled out from 

respective carbonized sample pads, and glued with conductive carbon paint (SPI supplies, 

West Chester, PA, USA) on a segment of copper wire (L = 85 mm) inserted through a 

capillary (Drummond Scientific Company, Broomall, PA, USA).  Both ends of the 

capillary tube were sealed with epoxy glue (Armstrong Products Company, Easton, MA, 

USA).  The exposed fiber length was measured under an optical microscope, and 

controlled by trimming to 3 mm.  The resulting microelectrodes are named as carbon 

fiber microelectrode (CFME) and CNT-carbon fiber microelectrode (CNT-CFME).  The 

schematic illustration of fabrication is shown in Figure 5.2.  After drying at room 

temperature for overnight, the fabricated carbon fiber microelectrode was used in the 

following electrocatalytic measurements.   
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1. CNT-carbon fiber; 2. Epoxy resin glue; 

3. carbon paste; 4. Cu wire; 5. glass capillary. 

 

Figure 5.2 Scheme of illustration and image of fabricated CNT-CFME electrode. 

 

5.2.3 Electrocatalytic studies of carbon fiber microelectrodes  

The electrochemical properties of microelectrodes were tested with the CHI 760C 

electrochemical workstation (CH Instruments, Inc. Austin, TX, USA) with a three- 

electrode system.  CFME or CNT-CFME was used as the working electrode.  The 

Ag/AgCl electrode and Pt wire electrode were used as reference and counter electrodes, 

respectively.  The effective electrocatalytic surface area of each microelectrode was 

measured by using cyclic voltammetry at different scan rates (0.01 to 0.3 V/s) with 

K3Fe(CN)6 as electrolyte in 0.1 M KCl.  The oxidation of NADH on CFME and CNT-

CFME was investigated by cyclic voltammetry of 0.5 mM NADH (Sigma, St. Louis, MO, 

USA) in 0.05 M NH4Cl-NH4OH buffer (pH 9.0).  When CFME or CNT-CFME was 

applied in the regeneration of NAD+ in glycerol oxidation reaction, 4 ml of total reaction 

system containing 25 mM of glycerol (Sigma, St. Louis, MO, USA), 0.24 U/ml of 
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glycerol dehydrogenase (Sigma, St. Louis, MO, USA), and various concentrations of 

NAD+ ranging from 0 to 2 mM were used.   

 

5.3 Results and Discussion 

5.3.1 Effects of Fiber Source on Morphology of Carbonized Material 
 

Cellulosic fibers from different regions of growth were examined in this study.  

One kind of cellulosic fiber was from Malaysia with tropical climate, and another kind of 

cellulosic fiber was grown in USA.  The cellulosic fibers were selected for testing the 

universality of the method developed in this study.  The growth and morphology of CNT 

on carbon fibers are evidenced with SEM.  The images of carbonized cellulosic fibers are 

shown in Figure 5.3.  The Malaysia- cellulosic fiber tends to yield straight fiber after 

carbonization, and the US- cellulosic fiber showed curly and spiral in morphology.  As 

shown in Figure 5.3A, the surface of cellulosic fibers showed some uniform roughness 

patterns along the fiber length.  After the cellulosic fiber was loaded with Fe precursor, a 

continuous thin film is uniformly coated onto the surface (data not shown).  During the 

reduction of Fe3+ to Fe with H2, different sizes of iron particles were formed on the 

surface of carbonized fiber surface (Figure 5.4).  Since the surface of cellulosic fiber is 

not smooth, the Fe particles are not uniformly formed.  Individual cellulosic fibers have 

an average diameter of ~20 µm (Figure 5.3A), which was reduced to ~15 µm after 

carbonization, suggesting a loss of material as reported in another study on cellulose 

carbonization [222].  Other than the differences in morphology, carbonized Malaysia-

cellulosic fibers is less hydrophobic during applications.   
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A                                      B                        A                                      B                        

 

Figure 5.3 Comparison of carbonized fiber from different sources.  (A) Carbonized 
Malaysia-fiber; (B) Carbonized US-fiber.  

 

This study examined the growth of CNT on the surface of carbonized cellulosic 

fibers.  Controlled growth of carbon nanotubes on fiber surfaces was realized via 

deposition of metal particles without addition of dispersing aids.  When cotton pad was 

deposited with Fe3+ salt (pre-treatment) followed by carbonization and reduction, the Fe 

salts were successfully reduced to Fe nanoparticles.  Using Malaysia-fiber as an example, 

the Fe catalyst formed a layer of nanoparticles (~500 nm in diameter) on the surface of 

carbonized Malaysia-fiber before the initiation of CNT growth (Figure 5.4).   
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Figure 5.4 Carbonized Malaysia-fiber with metal catalyst on the surface of carbon fiber.  
Catalyst: Fe 3% in DMF solution; Hexane feeding: 0 min; (A) Carbonized; (B) 
Carbonized US-fiber.   

 

When hexane was provided as carbon source for 5 min in order to grow CNT on 

the surface of carbonized fiber, uniformly grown CNT were observed on both samples, as 

shown in Figure 5.5.   

 

A                                      B                        A                                      B                        

 

Figure 5.5 Comparison of carbonized fiber with CNT grown on the surface from different 
sources.  Catalyst: Fe 3% in DMF solution; Hexane feeding: 5 min; (A) 
Carbonized Malaysia-fiber; (B) Carbonized US-fiber.   
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5.3.2 Effect of Feeding Time of Hexane on the Growth of CNT   

Hexane works as carbon source for CNT growth on the surface of carbonized 

cellulosic fiber.  It is obvious that the longer of supplying time of hexane, the longer CNT 

can grow.  Upon CNT growth, however, the diameter of individual fibers was reduced to 

a range of 10 to 15 µm.  This diameter decrease could be attributed to the prolonged heat 

exposure during the CNT growing stage, causing a diameter shrinkage that prevailed over 

the diameter gain from the grown (protruded) CNTs.  The hexane supply time influenced 

the length of CNT grown on the carbonized fiber surfaces.  As shown in Figure 5.6, two 

different batches of preparation with 5 min and 20 min of hexane feeding are compared.  

In Figure 5.6B, CNT with length of couple of microns have been produced on the surface 

of carbonized fiber with 20 min of hexane feeding.  A longer hexane exposure time 

resulted in longer CNT.   

 

A                                      B                        A                                      B                        

 

Figure 5.6 Effect of hexane feeding on the length of CNT grown on the surface of 
carbonized fiber.  Cellulose fiber used: Malaysia-fiber; catalyst: Fe 3% in 
DMF solution; (A) hexane feeding for 5 min; (B) hexane feeding for 20 min. 
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The carbonized fibers prior to CNT growth maintained 30.3% of the original 

weight.  On the other hand, the cotton pad without loading of Fe salt weighed 26.5% of 

the original weight after undergoing the same procedure of carbonization, thus the 

deposited metal particle amounted to 3.8% of the fiber weight.  The CNT-grown carbon 

fibers exhibited a weight gain that corresponds to the increased CNT length.  The weight 

of (CNT-enabled) carbon fibers, as a percentage of the starting cellulose fibers, increased 

linearly (from 30.3% to 42.2%) at the first 10 min of hexane exposure.  The weight gain 

slowed down after 10 minutes, with a weight ratio of 45.4% at 20 min.  This observation 

could be attributed to the limited space adjacent to the fiber surface for CNTs at high 

growth density.   

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 5 10 15 20 25

Time (min)

W
e
ig
h
t 
ra
ti
o

 

Figure 5.7 Weight ratio of carbonized fiber with different supplying time of hexane.   
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5.3.3 Effect of Catalyst on CNT Growth on Carbon Fiber   

Catalyst plays an important role in the carbonization process of cellulosic fiber.  

In this study, Fe and Ni salts were introduced in the pretreatment of cellulosic fiber, and 

were reduced to metal nanoparticles to initiate the growth of CNT.  No observable 

difference was found by using two solvents and metal catalysts.  However, the 

electrochemical properties of carbonized materials with different metal catalyst were 

different on the desired applications, which will be discussed in the following chapters.  

 

5.3.4 Surface Area of CNT-Carbon Fiber   

The CNT-carbon fibers prepared was further investigated, and monitored with 

TEM.  Samples of these fibers were first suspended in an ethanol/H2O mixture and 

sonicated for 2 minutes.  In TEM images, coiled and branched CNT were observed on the 

surface of carbon fibers, with the iron particle core on the tip of CNT (Figure 5.8), 

verifying that CNT growth was enabled at the catalysts locations.  This observation is in 

agreement with previously reported CNT growth on synthetic electrospun 

polyacrylonitrile (PAN) fibers[219] in which CNT were grown at the location where 

catalysts exist.  Two different diameters of CNT were found (~100 nm and ~10 nm), and 

the thinner CNT was not observable in SEM images.  These TEM results also indicated 

that the Fe precursor formed different sizes of particles during reduction, but only the 

large Fe particles could be observed with SEM.  The TEM images also revealed that 

thinner CNT (~10 nm) are hollow and branched, while thicker (~100 nm) CNT are on the 

surface of carbon fiber.  A similar anchorage of carbon nanofibers on structured carbon 
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microfibers has also been reported[28].  However, this previous study reported growth of 

nanofibers on the surface of carbon microfibers, while our present study clearly 

demonstrates the growth of carbon nanotubes.  

 

 

Figure 5.8 TEM image of CNTs on carbon fiber.  Two different sizes of CNT (~100nm 
and ~10nm) are shown.   

 

In a bigger dimensional scale, the CNT-modified carbon fibers produced in this 

study are a 3-D structured material (Figure 5.9).  Our success in producing such materials 

from renewable fibers strongly contrasts other research with CNT growth, which was 

conducted on fossil-based fibers [219].  In addition to the size shown in Figure 5.9, 

different geometries of materials can also be produced with the same protocol.   
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Figure 5.9 Image of 3-D CNT coated carbon fiber material.  

 

To investigate surface areas of the carbonized samples, two samples were selected 

(carbonized fibers and CNT-carbon fibers) for the BET measurement.  The BET surface 

area of blank carbon fibers was below the measurement limit (10 m2/g).  The BET result 

for CNT carbon fiber was 36.4 ± 0.2 m2/g, thus showing a dramatic increase in the 

surface area with the growth of CNTs on carbonized fibers.  This surface area is 

comparable to the reported data (23 m2/g) for CNT grown on carbon felt[28] for 1 to 9 

hours.  Moreover, after optimization of operational parameters, BET surface area of 

CNT-carbon fiber reached up to 291 m2/g.   

In addition to BET surface area of bulk samples, the effective surface area of 

single fiber available for electrochemical reaction was measured using cyclic 

voltammetry.  Carbon fiber (Figure 5.3A) and CNT-carbon fiber (Figure 5.6B) were 

made into microelectrodes, and named as the carbon fiber microelectrode (CFME) and 

CNT-carbon fiber microelectrode (CNT-CFME) consequently.  Both microelectrodes 

were tested at different scan rates in 4 mM of K3Fe(CN)6 in 0.1 M of KCl solution.  

Results are shown in Figure 5.10.  
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Figure 5.10 Cyclic Voltammograms of CNT-Carbon Fiber Microelectrode.  The 

electrolyte used is 4 mM K3Fe(CN)6 in 0.1 M KCl solution, and the scan rate 
varies as 0.01, 0.025, 0.05, 0.075, 0.1, 0.15, 0.2 and 0.3 V/s.  Arrow in the 
figure indicates the increasing of scan rate.   

 

The effective surface area of CFME and CNT-CFME were calculated based on 

the Randles Sevich equation[240]: 

2/12/12/351069.2 vACDnI p ×=    (1) 

where, n is the electron numbers transferred, in this case n=1 for K3Fe(CN)6; 

A is the electrode surface area;  

C is the concentration of K3Fe(CN)6; 

D is the diffusion coefficient of K3Fe(CN)6, which is 7.62×10-6 cm2/s in 

0.1 M KCl solution[241];  

v is the scan rate in cyclic voltammetry.  

Values of the effective surface area of single CFME and CNT-CFME were, 

respectively, 2.0 × 10-4 and 2.6 × 10-4 cm2/mm.  The fiber surface area/volume could be 

estimated from the length (1 mm) of the exposed fiber and the fiber diameter (11.2 
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micron for CFME, and 14.4 micron for CNT-CFME) determined from SEM.  Results 

showed that the surface area of CFME and CNT-CFME were 1.2 × 105 and 2.7 × 105 

m2/m3, respectively, suggesting an over two-fold increase in the effective electrode 

surface area.  Such an increase is less compared to the BET measurement which revealed 

more than 3-fold enhancement in specific surface area.  The disparity can be explained by 

the difference in diffusion patterns between the K3Fe(CN)6 used in cyclic voltammetric 

measurements and the nitrogen gas used in BET adsorption measurements.  Since smaller 

molecules such as nitrogen can diffuse into smaller pores, more surface area is detected 

in BET measurements.  Indeed, the BET measurement gave an average pore size of 9.67 

nm in the presence of thinner CNT, and this pore size is large enough for the diffusion of 

small molecules.   

Since carbonized fibers in this study will be used in electrochemical applications, 

electrical conductivity is a very important factor to study.  Conductivity results of the 

carbonized cellulosic fiber and CNT grown carbonized cellulosic fiber were, respectively, 

calculated to be 3030 ± 550 S/m and 4592 ± 828 S/m by measuring the current passing 

through a single fiber when a known voltage was applied.  The electrical conductivity of 

polyacrylonitrile (PAN) based electrospun fiber and the CNT-PAN nanofiber have been 

reported, respectively, to be 480 S/m [242] and 1315 S/m [219].  The conductivity of our 

carbonized cellulosic fiber is over six folds higher than that of the electrospun PAN fiber, 

indicating that carbonized cellulosic fibers have the potential to be widely used in 

electrocatalytic area.  When branched CNT were grown on the surface of the carbonized 

cellulose fiber, the conductivity increased another 1.5 times.   
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5.3.5 Electrochemical Oxidation of NADH on Single Fiber Microelectrode   

CFME and CNT-CFME electrodes were used as working electrodes in a three-

electrode electrochemical setup for detecting the oxidation of NADH.  NADH is the 

reduced form of nicotinamide adenine dinucleotide (NAD+), an important electroactive 

biomolecules.  The NAD+/NADH is shared by over 300 dehydrogenase enzymes as 

cofactor[39].  In bioelectrochemical applications, the recycle of NADH to NAD+ is 

important for the purpose of sustainability.  The direct oxidation of NADH to NAD+ was 

hardly realized on traditional electrodes, such as gold, platinum, and glassy carbon 

electrode, due to the high overpotential (>1.0 V) caused by sluggish charge transfer 

kinetics[55, 56] and electrode fouling by the adsorption of NADH and the produced 

NAD+[243].  The CNT-based electrode illustrated the possibility of reducing the 

overpotential of NADH.  It has been reported that the catalytic ability on the oxidation of 

NADH was improved by modifying the electrodes with CNT[244]. 

In the present work the different oxidation properties of NADH on CFME and 

CNT-CFME were first investigated by cyclic voltammetry in the presence/absence of 0.5 

mM NADH in 0.05 M NH4Cl-NH4OH buffer (pH 9.0).  As shown in Figure 5.11, both 

electrodes showed catalytic ability for the oxidation of NADH without the presence of 

any mediator.  However, the oxidation current of NADH started to increase after the 

potential reached 0.45 V on CFME, while it started right after the potential reached 0.2 V 

on CNT-CFME.  The result for CNT-CFME is comparable to the previously published 

oxidation potential (+0.4 V) of heat treated multi-walled carbon nanotubes fiber 

microelectrode[238].  The higher surface area and the presence of CNT served to 



 

  98 

facilitate the oxidation of NADH on carbon fiber electrode and to lower the overpotential.  

When the potential of both electrodes stays at 0.6V, the oxidation current of NADH on 

CNT-CFME is 0.28 µA, which is over 10 times higher than that on CFME.  From the 

cyclic voltammograms, we also observe that the current became stabilized at the potential 

range of 0.55V to 0.78V, thus allowing us to conclude that within this potential range, the 

oxidation rate of NADH on the surface of CNT-CFME reached equilibrium with the 

diffusion rate of NADH to the electrode surface.   
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Figure 5.11 Cyclic Voltammograms of CNT-CFME and CFME (insert).  The electrolyte 
used is 0.5mM NADH solution (pH=9.0) in 50 mM NH4Cl-NH4OH buffer 
(pH 9.0); scan rate 100 mV/s.    

 

The oxidation of NADH on CNT-CFME was investigated by examining currents 

generated in cyclic voltammetry and amperometry, respectively.  As shown in Figure 

5.12A the oxidation currents of NADH in both measurements were closely agreeable, and 

the linear range for NADH detection is up to 2.5 mM.  The detection limit of CNT-

CFME electrode was 0.008 mM for NADH, which is slightly lower than the 0.01 mM 
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reported in the literature on a polymer-modified carbon fiber electrode [245].  A typical 

current response to changes of NADH concentrations is shown in Figure 5.12B.  From 

the amperometry experiment, the current response time was ~14 seconds, i.e. it took 

about 14 second for the current to reach 95% of the stable reading. 
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Figure 5.12. Current Responses in Detecting NADH.  (A) Current of NADH oxidation to 
the change of NADH concentration on cyclic voltammogram and 
Amperometry.  Filled diamond (♦): current reading from CV; Open square 
(□): current reading from I-t; (B) Typical current response to NADH 
concentration in amperometry without stirring.  Aliquot of NADH solution 
was injected to the electrochemical cell, with [NADH] = 0.15 mM in the 
first injection, and an increase of 0.35 mM each time thereafter. 

 

5.3.6 Single Fiber Microbiosensor   

The highly sensitive and efficiency redox reaction of NADH can therefore be 

applied to many bioassays that involve the activity of NADH.  We explore in this work 

the reaction of glycerol oxidation catalyzed by GDH.  The glycerol oxidation reaction 

was carried out in a 4-ml 3-electrode electrochemical cell, with CNT-CFME electrode as 

the working electrode and Ag/AgCl and Pt wire electrodes as the reference and counter 

(A) (B) 
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electrodes.  The reaction was conducted at initial concentrations of 50 mM of glycerol, 2 

mM of NAD+, and 26.7 U/ml of GDH.   

The time course of NADH concentrations (Figure 5.13) in the reaction system 

was recorded from the increasing peak current at 0.55 V in cyclic voltammograms in a 

non-stirring system.  The potential was selected to be 0.55 V based on the high oxidation 

current of NADH in the range of 0.55V to 0.78V from cyclic voltammogram.   
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Figure 5.13 Signal response of NADH oxidation current in cyclic voltammetric 
measurement in a non-stirring system.  Reaction conditions: [Glycerol] = 50 
mM; [NAD+] = 2 mM; [GDH] = 26.7 U/ml in 50 mM NH4Cl-NH4OH buffer 
(pH 9.0). 

 

Figure 5.13 shows that the current increased with time linearly for the first 10 

minutes, thus exhibiting the concentration of product-time relationship at the initial 

reaction of Michaelis-Menten kinetic model.  When a longer reaction time was allowed, 

the oxidation current tends to reach a stationary stage.  Therefore, data at the point of 20 

min were used in the following studies, since the measurements were more stable.   
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To examine current efficiency of NADH oxidation on the CNT-CFE electrode, 

the stabilized current readings at 0.55 V on cyclic voltammogram was compared to the 

currents calculated from NADH oxidation.  The NADH generation at various NAD+ 

concentrations can be respectively measured by monitoring NADH absorbance at 340 nm 

using a UV-Vis spectrometer.  From the absorbance of NADH at 340 nm, the 

concentration of NADH generated in the reaction can be calculated.  The current of 

oxidation for such an amount of NADH can be determined from the NADH generation 

rate, with the assumption that one NADH provides one electron to the electrode at the 

oxidation potential.  Comparisons of current readings on cyclic voltammograms and 

theoretical currents calculated are presented in Figure 5.14.  The current efficiency could 

be calculated by dividing current measurements from cyclic voltammograms with the 

theoretical current at each NAD+ concentration.  The oxidation current at different initial 

NAD+ concentrations reached different efficiency levels, ranging from 65% at 0.5 mM of 

NAD+ to 93% at 1.0 mM of NAD+, indicating that the NADH generated from glycerol 

oxidation reaction can be nearly completely oxidized on CNT-CFME electrode at an 

NAD+ concentration larger than 1.0 mM.  This indication signifies the promise for large 

scale bioelectrochemical applications by using our CNT-modified cellulose-based carbon 

fibers as the electrode.  

 



 

  102 

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.00 0.20 0.40 0.60 0.80 1.00 1.20

[NAD] (mM)

C
u
rr
e
n
t 
( µµ µµ
A
)

 

Figure 5.14 Comparison of kinetics of glycerol oxidation reactions in microelectrode 
system measurement and traditional UV-Vis readings.  [Glycerol]=25 mM, 
[GDH]=0.24 U/ml, and [NAD+] varies from 0 to 2 mM.  Empty squares (□): 
stabilized I-t current reading; full circles (●): current calculated from NADH 
absorbance at 340nm in UV-Vis reading.    

 

Other than regenerating NADH in large-scale bioelectrochemical applications, the 

single carbon fiber microelectrode presented in this chapter can also be used in 

biosensors involving enzyme reactions with NAD+/NADH as a cofactor.  Using glycerol 

oxidation reactions catalyzed by glycerol dehydrogenase as an example, all three 

components (glycerol, NAD+, and glycerol dehydrogenase) can be measured 

electrochemically based on the principle of NADH oxidation on CNT modified carbon 

fiber microelectrodes.  Based on equations 2 and 3, the measured current from the 

oxidation of NADH on the electrode would indicate the concentration of a component 

(glycerol, NAD+, or glycerol dehydrogenase) if the other two components were provided 

in excess. 
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Figure 5.15 Linear detection ranges of glycerol dehydrogenase and glycerol with constant 
NAD+ concentration (2 mM).  (A) Current response by detecting NADH 
generation in glycerol oxidation reaction to the changes of glycerol 
concentration, [GDH] =0.4 U/ml; (B) Current response by detecting NADH 
generation in glycerol oxidation reaction to the changes of glycerol 
dehydrogenase concentration, [Glycerol] = 20 mM.      

 

Calibration curves of glycerol and glycerol dehydrogenase at 0.6 V in 

amperommetry with a constant NAD+ concentration (2 mM) are shown in Figure 5.15.  

For detecting glycerol, the linear detection range was from 0 to 0.25 mM (Figure 5.15A), 

and the detection limit was 0.04 mM (data not shown).  The detection limit of glycerol on 

this CNT-CFME is the same as the detection limit reported on a NAD+ modified carbon 

paste electrode[246].  For the measurements of glycerol dehydrogenase activity, the 

linear range of glycerol dehydrogenase measurement (Figure 5.15B) is from 0.004 to 

0.05 U/ml, and the detection limit is 0.004 U/ml.  These figures demonstrate the multiple 

B A 
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applications that this kind of CNT-carbon fiber electrodes can be used for.  Moreover, for 

other dehydrogenase enzymes that work with NAD+, a broad range of substrate can also 

be detected with methods similar to the approach in this paper.  The benefits of lower 

cost of electrode materials, less amount of samples used and smaller system setup can 

also be realized.    

 

5.4 Conclusions 

A new method of fabricating carbon microfiber electrodes is reported in this 

chapter by growing carbon nanotubes with carbonization of a cellulosic material (cotton 

wool) in the presence of metal ions as the catalyst in a high temperature furnace.  Process 

was optimized in the factors of cellulosic fiber sources, pretreatment catalyst, 

pretreatment solvent, and supplying time of carbon source.  The process provides a fast 

approach in the manufacturing of carbon materials for electrochemical applications.  The 

resulting carbon materials were fabricated into carbon microelectrodes and tested in the 

detection of NADH oxidation.  The overpotential of NADH decreased from over 0.8 V to 

0.6 V for CNT modified carbon fiber electrode, indicating that the presence of CNT 

could lower the overpotential of NADH oxidation on carbon electrode and thus reduce 

possibilities of electrode fouling.  The single fiber microelectrode is promising for 

applications such as enzyme, glycerol, and NADH biosensors.  Combining with a wide 

range of dehydrogenase that can be selected to work with NADH, the applications of 

such a microelectrode can be expanded to include biomedical devices, bioenergy 

processes, and production of many enzyme-catalyzed products.  The carbonization 
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method of cellulosic fibers reported is also expected to be an appealing approach for the 

production of large geometry electrodes suitable for industrial scale electrochemical 

processes.   
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CHAPTER VI 

 

ELECTROCHEMICAL REGENERATION OF COFACTOR ON 

CARBON ELECTRODE AND PRODUCTION OF DHA FROM 

GLYCEROL 

 

6.1 Introduction 

It has been reported in many literatures that oxidation of NADH on bare 

electrodes tends to involve high overpotentials, for example, direct electrochemical 

oxidation of NADH at pH 7.0 was observed at 1.1 V on carbon electrode[22] and 1.3 V 

on the platinum electrode[23].  In the case of NAD(H), such high potentials tend to 

denature cofactor and cause the fouling of electrode.  Therefore, highly active mediators 

are favorite in reducing the overpotentials on electrodes[24].  A number of mediators 

were tested in NADH oxidation at lower potentials, but they are generally associated with 

high toxicity, poor stability and reusability due to the leaching problem.  The use of 

mediator also complicates the purification and recovery of product, which makes the 

utilization of mediators a daunting task for large-scale bioprocessing applications.  As 

another approach, and reported in many previous studies and the results presented in this 

study, NADH can be directly oxidized on electrode of gold, platinum and carbon, 

however, a large overpotential (>1 V) is usually required due to the sluggish charge 

transfer kinetics[55, 56].  With the surging development of new materials and 

nanotechnology, carbon nanotube (CNT) material was applied on the surface of electrode 
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to reduce the oxidation potential of NADH [204, 207, 238, 247-251].  Oxidation peaks of 

NADH were observed at 0.33 and 0.36 V on single- and multi-walled carbon nanotubes 

coated electrodes, respectively[248].  It was also reported that carefully arranged CNT on 

electrode were able to oxidize NADH at ~0 V[207].  However, the overpotential 

decrements varied greatly in different coating schemes of electrode or various approaches 

of CNT-assembly[249, 252-255].  Other than that, the electrochemical activities of CNT 

are very dependent on the approaches of synthesis and pretreatment because the different 

functional groups generated are responsible for catalytic performances in some cases.  

Higher density of such oxygen-related groups e.g. hydroxyl, carboxyl, and quinone[248, 

256] on CNT might result in better electrochemical catalytic performance.  One 

drawback is that CNT displayed remarkable nonselective catalytic properties towards the 

oxidation of biological substances that other than the targeted cofactor, such as ascorbate, 

acetaminophen, dopamine and urate, etc.[257].  That made it difficult to use CNT 

electrodes to oxidize NADH selectively in the presence of those impurities.  The reaction 

system concerned in this study, however, lacks such common biological impurities and 

CNT electrode is therefore a handy choice.  

The electrochemical method of NADH oxidation as described in Chapter V has 

been developed for biosensor applications in detecting glycerol, glycerol dehydrogenase 

(GDH), NADH, and other compounds and enzymes where reaction involves NAD(H) as 

a cofactor.  The same method can also be applied for regeneration of NAD+, facilitating 

the production of 1,3-dihydroxyacetone (DHA).  It has also been demonstrated by others 

that electrochemical regeneration of NAD+ could be realized more efficiently through the 
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use of redox additives as mediator to the reaction system.  For example, Meldola’s blue 

(8-dimethylamino-2,3-benzophenoxzine, abbreviated as MB), one of phenoxazine dyes 

containing naphthaline group, was used as an electron relay for NADH oxidation by 

adsorbing MB onto glassy carbon electrodes (GCE)[258], and methylene green (MG) 

immobilized on CNT electrode[259] was applied as a mediator for NADH oxidation to 

accelerate the electron transfer rate between NADH and the electrode.   

Recombinant GDH produced in Chapter IV was also characterized for the 

catalysis of glycerol oxidation reaction in this chapter.  The reaction mechanism and 

product inhibition kinetics were studied.  Immobilized recombinant GDH was used in the 

catalysis reaction of glycerol oxidation to test stability and reusability of such enzyme in 

large scale applications.  Electrochemical regeneration unit of NADH was able to couple 

with immobilized GDH reaction unit in the constructed production system.  The 

operational parameters were studied as well.   

 

6.2 Methods 

6.2.1 Preparation of MB-CNT Electrode 

Carbon nanotubes (length: 1~5µm, diameter: 30±15 nm) were purchased from 

Nanolabs, and sulfuric acid (95~98%), nitric acid, and Meldola’s blue were purchased 

from Sigma-Aldrich.  Typically, 100mg of Carbon nanotubes were first pretreated by a 

mixture of 7.5 ml of sulfuric acid and 2.5 ml of nitric acid in a 20ml vial.  The vial was 

sealed and shaken at 200 rpm for overnight.  After overnight shaking, the CNT 

suspension was diluted with 100 ml DI water and vacuum filtered using glass fiber filters 
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(S&S Biopath, Riviera Beach, FL), and dried at 80 oC in an oven for overnight.  Before 

coating, the GCE was polished with 0.05 µm aluminum slurry followed by sonication in 

DI water and ethanol for 5 min each.  The treated electrode was applied for continuous 

cyclic sweeping from -0.5V to +1.0V vs. Ag/AgCl reference electrode at a scan rate of 50 

mV/s in phosphate buffer (pH 7.0) for 20 cycles to make sure that electrode was properly 

cleaned.   CNT suspension in 0.5% of Nafion® solution (20 µL) was added on the surface 

of GCE, and dried at room temperature until uniform film of CNT was formed on glassy 

carbon electrode.  The MB-CNT electrode was prepared by immersing the CNT-GCE 

electrode in 1 mM MB solution (pH 7.0 PBS) for 10 min, as described in reference[258].  

The prepared electrode (denoted as MB-CNT-GCE henceforth) was washed with DI 

water and then dried at room temperature.   

 

6.2.2 Preparation of MG-CNT Electrode 

Glassy carbon electrode was pretreated as described in section 6.2.1, and 

methylene green was polymerized on CNT-GCE by electrochemical polymerization.  The 

resultant electrode is hereafter named as MG-CNT-GCE.  For DHA synthesis system, 

carbon cloth (2 cm×2 cm) was used.  Poly(methylene green) modified electrode was 

prepared by cyclic sweeping at a CNT-carbon electrode from -0.5 to +1.2 V at 50 mV/s 

in phosphate buffer containing 1.5 mM methylene green.  The sweeping lasted for 20 

cycles.  The modified electrodes were then rinsed with phosphate buffer and stored at 4 

oC in the same solution for further use.   
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6.2.3 Electrochemical Property of Electrodes for NADH Oxidation 

The cyclic voltammetry of modified CNT-GCE electrode was performed in a 3-

electrode electrochemical cell with 10 ml of 0.1 M phosphate buffer solution (pH 7) by 

using Ag/AgCl electrode as reference, and Pt wire electrode as counter electrode.  The 

amperometry of NADH oxidation reaction was examined at 0.1 V vs. Ag/AgCl in the 

buffer system as mentioned above under various NADH concentrations.  The whole 

electrochemical system was purged with nitrogen for at least 20 minutes to remove 

oxygen from the solution.  Another effort for electrochemical regeneration of cofactor is 

that the CNT-carbon fiber material prepared in Chapter V was used directly as electrode 

in DHA synthesis system.  

 

6.2.4 Kinetics Study of Recombinant GDH  

The kinetic parameters of glycerol oxidation reaction catalyzed by recombinant 

GDH were studied by varying the concentrations of glycerol and NAD+.  The reaction 

velocity was measured by recording the absorbance of NADH at 340 nm, and the initial 

velocity on glycerol oxidation was calculated with respect to the concentration of NAD+ 

at fixed concentrations of glycerol.   

 

6.2.5 DHA Synthesis with Immobilized GDH and in situ Cofactor Regeneration System 

Enzyme and cofactor were immobilized on microparticles (Polybead Carboxylate 

Microspheres, 5.68×109 particles/ml, Polysciences Inc., Warrington, PA, USA), with the 

average diameter of 2 µm.  The typical procedure of immobilization was conducted by 
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using PolyLink Protein Coupling Kit for carboxyl Microspheres (PL01N, Bangs 

Laboratory Inc., Fishers, IN, USA)[260].  In a typical preparation of immobilization, 0.5 

ml of microparticles suspension was immobilized with 0.5 mg of enzyme (GDH or 

laccase).  For immobilization of cofactor on microparticles, 1.5 mg of β-NAD+ was used 

in the immobilization procedure versus 0.5 ml of microparticles suspension.     

The glycerol oxidation reaction was conducted in a 50-ml ultrafiltration cell 

(Millipore, Billerica, MA, USA) equipped with ultrafiltration membrane (pore size 1.2 

µm).  Immobilized enzyme and cofactor on microparticles were stirred at 200 rpm and 

the reaction solution was circulated by a peristaltic pump (ColeParmer, Vernon Hills, IL) 

at the rate of 2 ml/min. 

 

6.2.6 DHA Synthesis with Immobilized GDH and Stand-alone Cofactor Regeneration 

System 

Recombinant GDH was immobilized on the ProBond® resin by attaching 6xHis 

tag with Ni2+ ion on the resin.  A fixed bed chromatography column loaded with such 

resin was used in DHA synthesis system as a bioreactor.  In a separated unit of mediator-

free cofactor regeneration, direct oxidation of NADH was realized in a 3-electrode 

electrochemical cell with 3-D CNT-carbon fiber electrode (developed in Chapter V) as 

working electrode, Ag/AgCl electrode as reference electrode; and carbon paper electrode 

as counter electrode.  The potential was applied with an electrochemical workstation 

(CHI 760C, CH Instruments, Inc. Austin, TX, USA).  
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6.2.7 Analysis of DHA  

DHA generated from glycerol oxidation reaction was analyzed on HPLC after 

modified with pentafluorobenzyloxime[261] (PFBHA, O-(2,3,4,5,6-

Pentafluorobenzyl)hydroxylamine hydrochloride, 76735 Fluka, St. Louis, MO).  

Typically, 150 µL of sample or DHA standard solution was mixed with 50 µL of 

saturated NaCl solution prepared in DI water.  PFBHA solution (10 mg/ml) of 150 µL 

was added to the mixture, and shaken at 200 rpm for 10 minutes.  The reaction solution 

was then mixed with 150 µL of saturated NaCl solution and 1 ml of acetonitrile for 

extraction.  The solution was shaken at 1000 rpm for 15 minutes.  Samples from 

acetonitrile phase was taken (150 µL) and analyzed in HPLC equipped with a C18 

column and UV detector.  The program was designed as 50% of acetonitrile in water for 

the first 9 minutes, followed by increasing acetonitrile percentage to 90% at 10 minutes, 

and the percentage was maintained until 13 minutes and returned to 50% at 14 minutes.   

DHA concentration was also determined by florescence spectrometry as reported 

by Sawieki et al.[262].  Typically, 2 ml of reaction flow-through solution in a 20-ml vial 

on ice was mixed with 3 ml of 0.1% anthrone (A1631 Sigma, St. Louis, MO) in 

concentrated sulfuric acid.  After cooling down the mixture to room temperature, 3 ml of 

glacial acetic acid was added to the vial.  The excitation and emission of the sample were 

measured on a fluorescence spectrophotometer (Cary Eclipse Fluorescence 

spectrophotometer, Varian, Palo Alto, CA, USA).  
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6.3 Results and Discussion 

6.3.1 Cofactor Regeneration of Modified CNT-GCE Electrode  

The prepared MB-CNT-GCE electrode was first scanned in the reaction buffer 

system (0.1 M phosphate, pH 7) to determine the oxidation potential of NADH.  The 

cyclic voltammetry was executed in a three-electrode electrochemical cell with MB-

CNT-GCE electrode as working electrode, Ag/AgCl electrode as reference, and Pt wire 

electrode as counter electrode.  The electrolyte used was 50 mM phosphate buffer (pH 7) 

with various concentrations of NADH.  As NADH concentration increased in the 

electrochemical cell, the oxidation current increased as shown in Figure 6.1.  From the 

cyclic voltammogram, NADH oxidation peaks can be identified at the potential of 0.1 V.  
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Figure 6.1 Cyclic voltammograms of Meldola’s Blue modified CNT-GCE electrode in (a) 
50 mM phosphate buffer (pH 7), (b) a + 25 µM NADH; Scan rate, 50 mV/s. 

 

With the NADH oxidation potential of 0.1 V on MB-CNT-GCE electrode, the 

oxidation current was measured by amperometry (I-t) with the increase of NADH 
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concentration to test the response time of the electrode to the substrate.  The I-t curve is 

shown in Figure 6.2.  The results of both cyclic voltammetry and amperometry 

techniques indicated that the MB-CNT-GCE electrode can oxidize NADH successfully at 

the potential of 0.1 V.  However, the adsorption of Meldola’s blue on electrode can not 

prevent the mediator from leaching, which caused many other problems including 

difficulties in product purification and reusability of electrode. 
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Figure 6.2 Amperometric response of the Meldola’s Blue-CNT electrode for successive 
additions of 10 µM NADH (except 20 µM NADH at time of 3.5 min).  
Applied potential, l00 mV; Stirring rate, 200rpm.   

 

Other than Meldola’s blue, several other mediators have been reported in 

oxidizing NADH[246, 263-266], such as methylene green.  Methylene green can be 

electrochemically polymerized on the surface of electrode, which is regarded as 

immobilized mediator with minimum leaching problem.  In this study, poly(methylene 

green) was immobilized on CNT-GCE electrode for the study of electrode property, and 

also applied on carbon cloth electrode for the oxidation of cofactor (NADH) in reaction 
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system.  The cyclic voltammogram with/without the presence of NADH using CNT-GCE 

electrode is shown in Figure 6.3.  The oxidation current of NADH began to increase 

when the potential is higher than 0.1 V, which is similar to the oxidation potential of 

NADH on MB-CNT-GCE electrode.  The MG-CNT-GCE electrode was tested for 

reusability study, and no significant leaching phenomenon was observed during 

oxidization reactions, which is desired in the following study.   
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Figure 6.3 Cyclic voltammogram of poly(methylene green) modified CNT-GCE 
electrode in (a) 50 mM phosphate buffer (pH 7), (b) a + 2 mM NADH; Scan 
rate, 10 mV/s. 

 

6.3.2 Buffer Selection for Glycerol Oxidation Reaction  

The MB-CNT-GCE electrode demonstrated a good catalytic activity on the 

oxidation of NADH in neutral buffer system.  However, basic buffer system was usually 

selected in reality because of the high reaction rate of glycerol oxidation reaction.  The 

reaction rate (NADH generation rate) was used as an indicator for the selection of buffer 

system suitable for glycerol oxidation reaction.  K+ and NH4
+ ions are known as 

activating compound to GDH from E. coli[122].  A series of buffer containing such ions 
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were used to measure the reaction rate of glycerol oxidation in the presence of NAD+ as 

cofactor.  Reaction was carried out in a 20ml-vial, with total reaction volume of 1.5 ml 

containing 0.1 M glycerol, 20 mM NAD+ and 3µg/ml recombinant GDH in buffer 

solution.  At each time point, 20 µL of reaction solution was pipetted out and diluted with 

980 µL of desired buffer solution in a 1.5 mL disposable cuvette.  Absorbance of NADH 

at 340 nm was recorded.   

It has been seen in Figure 6.4 that the reaction rates are very high in buffer 

systems of NH4OH-NH4Cl buffer (pH 10), NH4OH-NH4Cl buffer (pH 10) with additive 

of KCl, and K2HPO4-KOH buffer (pH10) with additive of NH4Cl, which is 

corresponding to the previous report that K+ and NH4
+ ions are activating compounds for 

GDH activity.  Figure 6.4 also indicated that NH4
+ has a better activation effect on 

glycerol dehydrogenase activity than K+, since the reaction rate in K2HPO4-KOH buffer 

is very low, but increased dramatically after adding NH4Cl.  The above three buffers have 

also been used to test the stability of mediator (Meldola’s blue).  Meldola’s blue has two 

peaks on its UV scan chromatogram at 320 nm and 570 nm, which is responsible for the 

electrochemical activity of NADH oxidation.  The stability of Meldola’s blue was 

monitored by the peak at 570 nm.  The results showed that the mediator stability in 

K2HPO4-KOH buffer system was very poor, thus, it was eliminated from the candidate 

buffer systems of reaction.  Therefore, NH4OH-NH4Cl buffer system was used in the 

following study.  
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Figure 6.4 Reaction rate of glycerol oxidation in different buffer system.  Buffers: 0.1 M 
NH4Cl-NH4OH (pH 10) (♦); 0.1 M K2HPO4-KOH (pH 10) with 0.1 M NH4Cl 
(■); 0.1 M NH4Cl-NH4OH (pH 10) + 0.1 M KCl (◊); 0.1 M K2HPO4-KOH 
(pH 10) (□).   

 

6.3.3 The Kinetics and Inhibition of Recombinant Glycerol Dehydrogenase 

The kinetic parameters of GDH in glycerol oxidation reaction were studied by 

varying the glycerol and NAD+ concentrations.  Intersecting lines in the double reciprocal 

plots indicate a sequential mechanism for the enzyme reaction (Figure 6.5).  As 

reported[124], glycerol oxidation reaction to DHA follows a ordered Bi-Bi mechanism, 

thus, the Km and Vmax values of recombinant GDH were calculated based on this 

mechanism.  From the experimental data, the Km was calculated to be 25.7 mM while 

Vmax value was estimated to be 69.9 µM/min.  The Km value obtained from our 

recombinant GDH was slightly lower than the reported Km value of GDH produced in 

wild strain of MC4100 (38 mM), while the Vmax value is about 3-fold higher than that in 

MC4100 wild strain[215].  Comparing to other GDH from enzyme database[122], the Km 
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value of the GDH is this study is in the lower end of the Km values of GDH across 

different strains.  The Kcat value calculated from Vmax is 121.2 s-1.  
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Figure 6.5 Lineweaver-Burk plots for glycerol oxidation reaction catalyzed by 
recombinant GDH.  Glycerol concentrations: 25 mM (□); 50 mM (∆); 75 
mM (◊); and 100mM (○).   

 

The inhibition kinetics was studied by varying NADH and DHA concentration 

presented in the reaction system.  Product inhibition studies indicated that NADH is a 

competitive inhibitor with respect to NAD+ at the saturated level of glycerol (Figure 6.6A) 

according to the Dixon plot, thus, the Ki value of NADH was calculated to be 0.028 mM.  

It was seen from Figure 6.6B that DHA is a noncompetitive inhibitor with respect to 

glycerol at the almost saturated concentration of NAD+, thus, the Ki value of DHA is 

0.064 mM.  
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Figure 6.6 Product inhibitions by NADH and DHA for glycerol oxidation. 

 

6.3.4 DHA Synthesis with Immobilized GDH and in situ Cofactor Regeneration System 

To transform glycerol into high value-added DHA, an integrated in situ cofactor 

regeneration system was studied.  GDH was immobilized on microparticles as described 

in section 6.2.5.  The reaction setup with in situ cofactor regeneration is shown in Figure 

6.7.   
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Figure 6.7 Experiment setup for DHA synthesis with in situ cofactor regeneration.  The 
regeneration potential of NADH was controlled at 0.1 V vs. Ag/AgCl 
electrode.  Enzymes and cofactor were immobilized on microparticles.   



 

  120 

Briefly, glycerol oxidation reaction was catalyzed by immobilized GDH and 

produced NADH, which is oxidized on poly(methylene green) modified carbon electrode 

(2 cm×2 cm).  The proton released from NADH oxidation reaction was converted to 

water by immobilized laccase on another electrode.  The reaction system was constructed 

by an ultrafiltration cell equipped with a membrane with pore size of 1.2 µm to retain the 

microparticles inside of the reactor, and the microparticles with immobilized enzymes 

(GDH and laccase) was suspended by stirring at 200 rpm by magnetic stirring. 

The DHA generated from the reaction was monitored by HPLC to calculate the 

total turnover number (TTN) of NAD+.  A typical chromatogram of HPLC operation is 

shown in Figure 6.8.  With the reaction time of 2 h and 5 h, the TTN number of NAD+ 

calculated based on initial NAD+ concentration applied is 2,512 at 2 hours and 3,547 at 5 

hours.  The TTN number of cofactor regeneration in this reaction system reached scale up 

requirement for the DHA production.   
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Figure 6.8 Typical HPLC chromatogram of DHA analysis in glycerol oxidation reaction.  

The arrow indicates DHA peak, retention time around 5 min.  The peak 
around 6.5 min is the peak for excess PFBHA, and the peak at 8 min is 
internal standard (hydroxyacetone).   



 

  121 

6.3.5 DHA Synthesis with Immobilized GDH and Stand-alone Cofactor Regeneration 

System 

To eliminate the usage of mediator in DHA synthesis, a stand-alone 

electrochemical regeneration process of NADH without involvement of mediator was 

conducted for the production of DHA from glycerol.  The reactor includes two units: 

reaction unit and regeneration unit, as shown in Figure 6.9.  The reaction unit was 

constituted by a fixed bed reactor packed with ProBond® resin immobilized with 

recombinant GDH purified from E. coli culture.  The 6xHis tagged enzyme has affinity 

bonding with Ni2+ ion on the resin, which prevents the leaking of enzyme from the 

reactor.  Glycerol solution in desired buffer with NAD+ was fed to the reactor, and 

unreacted glycerol and generated NADH were collected from the flow-through of the 

column.   
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Figure 6.9 Schematic illustration of reaction process of DHA production.   
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The direct oxidation of NADH on a 3-D CNT-carbon fiber electrode was used in 

the mediator-free regeneration unit.  The NADH in flow-through fraction from reaction 

unit was regenerated in a separated electrochemical cell equipped with three electrodes: 

Ni-CNT-carbon fiber electrode as working electrode; Ag/AgCl electrode as reference 

electrode; and carbon paper electrode as counter electrode.  The applied regeneration 

potential is 0.6 V.  The solution regenerated was fed back to the fixed bed reactor for the 

second cycle of reaction.   
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Figure 6.10 Total turnover numbers of NADH in DHA synthesis reaction system with 
stand-alone cofactor regeneration.  The arrow indicates the adding of 
additional glycerol in reaction reagent.   

 

A typical operation with reaction and regeneration cycles is shown in Figure 6.10, 

the amount of DHA accumulated with the increase of NAD+ reuse cycles.  The TTN of 

NAD+ tends to reach platform (~2) at the cycle 8 due to the depletion of glycerol in 

reaction reagent.  When fresh glycerol was added in reaction reagent, the yield and 
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concentration of DHA increased further.  After 15 cycles of recycling in 5 hours, the 

TTN of NAD+ reached more than 5.   

 

6.4 Conclusions 

The use of mediators immobilized on carbon electrode successfully reduced the 

overpotential of NADH oxidation from over 0.8 V on carbon electrode to 0.1 V.  

Especially the carbon electrode modified with poly(methylene green) tends to show 

improved stability and better reusability, which the electrode was continuously operated 

in DHA synthesis system for 5 hours.  Cofactor regeneration was examined through two 

reaction routes, i.e., enzymatic reaction separated from electrochemical cofactor 

regeneration and integrated reaction-regeneration.  For the integrated in situ cofactor 

regeneration system, the TTN number of NAD+ was as high as ~3,500 in a 5-h operation.  

Results in the stand-alone regeneration system with mediator-free condition indicated that 

direct oxidation of NADH was realized on 3-D CNT-carbon fiber electrode with 

relatively low overpotential (0.6 V).  With NAD+ regeneration in a separate 

electrochemical unit, the TTN number of DHA produced from glycerol oxidation 

reaction reached over 5 after 15 cycles.  Although the TTN number of NAD+ in this 

stand-alone regeneration system is relatively low due to the limitation of apparatus, the 

advantages of this setup includes easy enzyme immobilization, direct oxidization and 

environment friendly.     
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CHAPTER VII 

 

KINETIC LIMITATIONS OF A BIOELECTROCHEMICAL 

ELECTRODE USING CARBON NANOTUBE-ATTACHED GLUCOSE 

OXIDASE FOR BIOFUEL CELLS 

 

7.1 Introduction 

Nanotechnology has expanded rapidly over the past decades into a broad range of 

areas such as electronic, sensing, smart materials, and biomedical technologies. In the 

case of biocatalysis, nanoscale materials provide the upper limits in balancing the 

contradictory factors including surface area, mass-transfer resistance, and effective 

enzyme loading for maximum efficiency[267]. Nanomaterials of various configurations 

such as nanofibers, nanotubes, nanoparticles, and nanoporous materials have been 

examined as supports for enzymes[268-270]. Many of this type of ‘‘nanobiocatalysts’’ 

displayed enhanced performance in terms of catalytic efficiency and durability in 

comparison with their native parent enzymes. The emergence of nanobiocatalysts also 

brought about chances for high-performance bio-electrodes for biosensors and biofuel 

cells. For electrochemical applications, supports of biocatalysts have to possess a good 

electronic conductivity. For that, glucose oxidase (GOx) has been attached to gold 

nanoparticles[54, 55, 271]. However, the use of noble metal catalysts may not be suitable 

for large-scale devices. On the contrary, carbon nanotubes (CNT) are preferred as a 

supporting material in bioelectronic applications, as CNT could afford both a good 
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conductivity and a low price ($0.4–1.75/g) at the same time. Therefore, CNT-enzyme 

hybrid materials that integrate the structural and electronic features of CNT with the 

bioactivity of enzymes have manifested great potentials for bioelectrochemical 

applications[7-9].  Enzyme-polymer single-walled CNT composites have been prepared 

and examined for biocatalytic performance in a previous study[190]. Improved enzyme 

activity was observed in comparison with enzyme-containing composites without using 

single-walled CNT. CNT have also been intensively studied for biosensing, and many 

CNT-based biosensors showed better selectivity and/or improved sensitivity[272-276]. 

Driven by the increasing demand in clean and efficient power generation, fuel 

cells, as an alternative technology to thermo-mechanical power generation processes, can 

directly convert chemical energy of non-nuclear fuels into electricity with a theoretical 

efficiency approaching 100% and zero pollution emission. Biofuel cells with microbial or 

enzymatic biocatalysts can effectively catalyze redox reactions under ambient conditions 

and neutral pH values. In contrast to noble metals, biocatalysts are renewable and the cost 

of production can be very low, as microorganisms and enzymes such as detergent 

enzymes can be economically produced from large-scale fermentation processes once 

their market is developed. In addition, because of the unique catalytic activity of 

biocatalysts, biofuel cells can utilize biomass such as carbohydrates and organic 

pollutants in wastewater whereas metal catalysts need pure and simple structure fuels 

such as pure hydrogen and methanol[158-160].  Exciting advances in this area have been 

made since the first enzyme-based biofuel cell was reported in 1964[158, 175, 277, 278].  

For example, GOx and microperoxidase-11 have been monolayer assembled on a gold 
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electrode (0.4-cm-diameter disk) and applied in a glucose/cumene peroxide biofuel cell. 

A power output corresponding to 4.1mW/cm2 based on the projected electrode area was 

observed[279]. Much improved power density per volume (1.7mW/mm3) was achieved 

with miniaturized glucose/O2 biofuel cells[176].  In another study, a cell lifetime of up to 

45 days was reported with enzymes entrapped in a modified Nafion membrane[182, 280].  

More studies using CNT-based enzyme catalysis have been published with different 

approaches to improve the electron transfer or power output in biofuel cells[8, 29, 30]. 

Still, the performance of biofuel cells, in terms of power density, lifetime, and operational 

stability, falls far behind those of traditional fuel cells. It is widely accepted that the low 

power density of biofuel cells is a result of the slow reactions associated with the 

immobilized biocatalysts. However, hitherto there are no systematic studies on the role of 

reaction kinetics in determining the performance of biofuel cells. Since glucose oxidase-

catalyzed reaction has been well studied in the applications of biosensors and biofuel 

cells[273, 274, 281], in this study, we present the kinetic analysis of CNT-attached 

glucose oxidase on electrode, and the correlation of that to the performance of biofuel 

cell. The results are expected to be of interests as well to other areas such as biosensors 

where enzyme-based electrodes are involved. 

 

7.2 Materials and Methods 

7.2.1 Materials   

Glucose oxidase (Type X-S, from Aspergillus niger, 157,500 U/g), β-D(+)-

glucose, Nafion1 perfluorinated ion-exchange resin (5 wt%), and 1,4-benzoquinone (98%) 
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were purchased from Sigma–Aldrich (St. Louis, MO). Hydroquinone (HQ) was 

purchased from EMD Chemicals (Gibbstwon, NJ). N-ethyl-N'-(3-dimethylaminopropyl)-

carbodiimide (EDC), N-hydroxysuccinimide (NHS, 98+%), and carbon felt (3.18mm 

thick, 99.0%) were purchased from Alfa Aesar (Ward Hill, MA). Customized membrane 

cathodes were purchased from FuelCellStore.Com, Inc. (Boulder, CO). Multi-wall CNT 

(CNT, OD: 30±15 nm; length: 1~5 mm) was provided by NanoLabs, Inc. (Newton, MA). 

Glassy carbon electrode (GCE, D¼3mm), platinum wire electrode and Ag/AgCl 

reference electrode were purchased from CH instruments, Inc. (Austin, TX). Graphite rod 

(1/16″×6″) was ordered from Poco Graphite, Inc. (Decatur, TX). MES buffer salt was 

obtained from Pierce (Rockford, IL) and prepared as manual suggested. Unless specially 

mentioned otherwise, all other reagents were of ACS grade or higher. 

 

7.2.2 Covalent Attachment of Enzyme on Carbon Nanotubes  

CNT were treated with strong acids prior to the immobilization of enzyme. 

Typically, 20 mg of CNT was added into an acid solution consisting of H2SO4 (98%, 

150mL) and HNO3 (70%, 50 mL), followed by overnight shaking (200 rpm) at room 

temperature.  The resulting CNT were washed with deionized water and dried at 80 oC 

in a vacuum oven.  For the surface functionalization, the acid treated CNT (2 mg/mL) 

were re-suspended and stirred for 1 h in 250mM MES buffer containing 87mM of NHS 

and 5.3mM of EDC.  After stirring, the suspension was washed with 100mM MES 

buffer (pH 6.5).  The covalent attachment of GOx to the CNT surface was achieved by 

mixing the functionalized CNT (1 mg/mL) and GOx (10 mg/mL) by the volume ratio of 



 

  128 

2:1.  The mixture was allowed to react for 1 h under shaking at room temperature.  The 

final preparations were washed with 100mM sodium phosphate buffer (pH 7.0) until no 

GOx were detected in the washing solution.  The GOx loading on CNT was determined 

by using reverse biuret protein assay, and the procedure is described as following: the 

analytical reagent A was prepared by dissolving 15 mg CuSO4·5H2O, 45 mg of 

potassium sodium tartrate, and 2.4 g of NaOH into 100 mL DI water, while reagent B 

was prepared by dissolving 25 mg ascorbic acid and 37 mg of bathocuproinedisulfonic 

acid disodium salt in 100 mL DI water.  Typically, 0.05 mL of CNT–GOx suspension 

was added to 0.2 mL of reagent A, and incubated at 37 oC for 5 min.  Then 1.0mL of 

reagent B was added and incubated for an additional 0.5 min. The solution was filtrated 

through 0.2 mm syringe filter and the absorbance at 485nm was measured on UV–Vis 

spectrophotometer (UV-1601, Shimadzu, Kyoto, Japan).  The protein content was 

calculated using BSA determined through the same procedure except CNT–GOx sample 

was replaced with the same volume of BSA solution. 

 

7.2.3 Bioanode Preparation  

To prepare the enzyme electrodes, a final concentration of 3 mg-CNT/mL of 

CNT–GOx was dispersed in 0.5 wt% Nafion® solution in phosphate buffer (100 mM, pH 

7.0).  Nafion solution was prepared by mixing 5 wt% of Nafion® perfluorinated ion-

exchange resin with of phosphate buffer (100 mM, pH 7.0) in the volume ratio of 1:9.  

Aliquot (20 mL) of suspension was dropped on the polished surface of electrode while 

using GCE.  When carbon felt was used as electrode supporting material, the electrode 
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(0.33 cm2) was immersed directly into the solution of CNT–GOx.  The electrodes coated 

with CNT–GOx were allowed to dry under ambient condition for 2 h, followed by 

washing with fresh phosphate buffer. The electrode was stored at 4 oC prior to any using. 

 

7.2.4 Kinetic Study of Biocatalysis with Native, CNT–GOx, and Bioanode 

The kinetic studies of native GOx and CNT–GOx were performed by using 

benzoquinone (BQ) as the electron acceptor and monitoring the absorbance of HQ at 

290nm without applying potential and current on the working electrode.  The working 

solution consisted of varying concentration of glucose and BQ in 100mM phosphate 

buffer (pH 7.0).  In each measurement, working solution and a small aliquot of GOx or 

CNT–GOx were mixed in a 3-mL cuvette.  The absorbance of HQ at 290 nm was 

recorded in UV–Vis spectrophotometer.  For electrode coated with CNT–GOx, the 

working solution consisted of 100mM of glucose and 10mM of BQ.  The electrode was 

incubated in the working solution, and reaction time course was obtained by sampling 

periodically 1mL of working solution.  Kinetic measurements at each glucose/BQ 

concentration have been repeated three times, and the model calculation was based on the 

average of three measured values. 

 

7.2.5 Amperometric Study of Bioanode 

Amperometry analysis was performed with an Electrochemistry Workstation 

760B (CH instruments, Inc.).  A three-electrode testing cell was used with glassy carbon 

bioanode as the working electrodes, Ag/AgCl electrode and a Pt wire as the reference and 
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counter electrode separately.  Before each test, the electrolyte (100mM phosphate buffer 

contained 10mM of BQ) was purged with nitrogen for 20 min with stirring to remove 

oxygen from solution, and all electrodes were allowed to equilibrate.  The working 

electrode was hold at 0.6 V versus reference electrode. Small aliquots of glucose stock 

solution were added, and the current response to the glucose concentration was recorded.  

 

O2 H2O

Glucose/BQ 

solution

Pt Cathode

Nafion membrane

Ag/AgCl Enzyme Anode

O2 H2O

Glucose/BQ 

solution

Pt Cathode

Nafion membrane

Ag/AgCl Enzyme Anode

 

Figure 7.1 Scheme of glucose biofuel cell system. 

 

7.2.6 Glucose Biofuel Cell with Bioanode 

The carbon electrode coated with CNT–GOx composites was applied as an anode 

in a model glucose/O2 biofuel cell as shown in Figure 7.1.  The bioanode was pressed 

against the customized proton diffusion membrane-cathode with a graphite rod.  

Typically, the anodic electrolyte containing 100 mM glucose and BQ (10mM) as the 

redox mediator was used as fuel.  Oxygen was supplied to the cathodic chamber at a flow 

rate of 100 mL/min as oxidant.  The capacity of anodic chamber was 7mL.  Voltage, 

current and the anodic and cathodic potentials were monitored using Keithley 2700 

digital multimeter (Keithley Instruments, Inc., Cleveland, OH).  The current and power 

densities were calculated based on the projected surface area of bioanode. 
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7.3 Results and Discussions 

7.3.1 The Attachment of GOx to CNT  

GOx was attached onto multi-wall CNT, which were preactivated with strong 

acids as reported previously[282].  We evaluated the efficiency of acid activation of CNT 

via conductance titration[283], which showed the content of carboxylic group (–COOH) 

reached 0.19±0.02mmol/g-CNT, indicating ~2% activation of all the carbon content of 

CNT.  The enzyme loading was determined to be 40 ± 2 mg-GOx/g-CNT through reverse 

biuret method[275]. According to the estimation of specific surface area of CNT 

(125m2/g) following the method reported by others[276], it implies that ~15% of the 

external surface area of CNT was covered by GOx.  A bioanode was constructed by 

coating the CNT–GOx composite to carbon felt along with Nafion® (0.5 wt%) through a 

doping–drying process.  A good distribution of CNT–GOx on the surface of fibers of 

carbon felt was achieved (Figure 7.2).  Assuming CNT contact directly with the carbon 

felt which serves as the electrode; such an electrode configuration promises immediate 

access of conductive surface in the vicinity of the enzyme molecules, thus, shortening the 

distance for the mediator, the electron carrier, to shuttle between them. 

 
A B

10µm 10µm

A B
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Figure 7.2 Microscopic images of carbon felt electrodes.  (A) SEM image of blank 
carbon felt; (B) SEM image of carbon felt coated with CNT-attached GOx.   
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7.3.2 Model Development 

It is generally believed that the mediated glucose oxidation reaction takes place 

through several transformation steps.  Using BQ as mediator, the reactions can be 

expressed as: 

GOx(FAD)  +   Gluc. GOx(FAD)-Gluc.  (1)

GOx(FADH2)  +  Gluconolactone   (2)

GOx(FADH2)  +BQ GOx(FADH2)-BQ (3)

GOx(FAD)  +  HQ (4)

GOx(FAD)-Gluc.

GOx(FADH2)-BQ k4

k-3

k3

k2

k-1

k1

 

 

BQ has been a widely applied mediator for enzymatic redox reactions[284]. BQ 

has a redox potential of 0.1 V versus SHE electrode[285], which is similar to that of 

methylene green; its reaction rate constant, however, can be over 100-fold higher than the 

latter[286].  The reaction kinetics for the BQ mediated oxidation of glucose has been 

generally regarded as a Ping-Pong Bi Bi model[287] .  With the replacement of glucose 

oxidase with the other enzyme catalyzed oxidation reactions and BQ with the other 

mediators, the proposed model in this study can be applied to the other biofuel cell 

systems with the same principal shown here.  To analyze the enzymatic reaction (glucose 

oxidation reaction) and electron transfer rates, kinetic studies were carried out with BQ as 

an electron acceptor.  The process was monitored by measuring the absorbance of HQ at 

290nm.  The working solution consisted of varying concentrations of glucose and BQ 

dissolved in phosphate buffer (pH 7.0, 100 mM).  The kinetic study of carbon felt 
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electrode coated with CNT–GOx was performed with 100 mM of glucose and 10mM of 

BQ.  The electrode was immersed in the working solution, time course of the reaction 

was obtained by sampling 1 mL of the reaction solution periodically.  At each given 

concentration of BQ, the dependence of reaction velocity (v) on the concentration of the 

glucose ([S]) can be described in the following equation (Eq. 5): 

][

][
''

max SK

S

V

v

m +
=                         (5) 

where, v is the reaction velocity (mM/s); V'max and K'm is apparent Michaelis–

Menten parameters, unit as mM/s and mM; [S] is glucose concentration (mM). 

Similarly, the dependence of v on the concentration of BQ at a given glucose 

concentration can also be expressed in the same way.  When concentrations of both 

substrates, benzoquinone ([BQ]) and glucose ([G]), are considered as variables, reaction 

rate will be[288]: 
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  (6) 

Vmax: the limiting rate of the enzymatic reaction (mM/s);  

[BQ], [G]: the concentration of benzoquinone and glucose;  

αKm
G = (k-1+k2)/k1: the limiting Michaelis constant for glucose when BQ is 

saturating, and  

α = k4/k2; Km
BQ = (k-3 + k4)/k3: the limiting Michaelis constant for BQ when 

glucose is saturating. 
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7.3.3 The Reaction Kinetics of CNT–GOx 

The above model was first applied to evaluate the impact of immobilization on 

the activity of GOx.  The intrinsic kinetic parameters of GOx and the corresponding 

apparent parameters of CNT–GOx and the CNT–GOx on carbon felt electrode were 

obtained by best fitting the model to time courses of reactions.  Experimental data were 

obtained for different formats of GOx by varying the concentration of the substrates (with 

[G] controlled as 10, 25, 45, 90, and 150 mM; [BQ] as 0.1, 0.5, 1.0, 2.0, and 5.0 mM).  

Example fittings (same fitting effect was observed for all other sets of experimental data) 

with determined kinetic parameters are shown in Figure 7.3A and B. 
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Figure 7.3 Model predictions of reaction rate and current density.  The reactions were 
controlled to the same amount of enzyme, 1 µg.  (A) Best fitting with 
reaction rate (v) as a function of glucose and BQ for native GOx: BQ 
concentrations were kept at 2.0 mM (▲) and 5 mM (●);  (B) Best fitting with 
reaction rate (v) as a function of glucose and BQ for CNT-attached GOx: 
glucose concentrations were kept at 25 mM (♦) and 90 mM (■);  (C) 
Comparison of the predicted current generation with amperometric 
measurement of CNT-GOx electrode: amperometric readings at 0.6 V (▲) 
with [BQ] = 10 mM.  Solid lines (─): model prediction.  Electrode has a 
projected surface area of 0.33 cm2. 

 

7.3.4 The Efficiency of CNT-Based Biofuel Cells 

A biofuel cell was constructed by coupling the bioanode with a Pt cathode.  The 

Pt cathode was chosen with intent to minimize the limitation of cathode reaction.  The 
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potential-current (V–I) and power density-current (P–I) curves of such a biofuel cell are 

shown in Figure 7.4.  The biofuel cell result in Figure 7.4 represents a typical 

measurement with bioanode, even though here experimental result of a single run is 

reported.  The open-circuit potential of the biofuel cell was measured as 0.57 V, and a 

maximum power density of 77 mW/cm2 was reached at 0.51 V.  The observed power 

density is about eight times higher than that of a similar glucose/O2 biofuel cell but with 

laccase as the cathode catalyst[289] .  We may assume that such a difference between the 

two types of biofuel cells essentially reflected the limitation of the laccase-based cathode.  

The potential of the biofuel cell maintained unchanged when the current was low; but 

started dropping sharply when the current density reached 150 µA/cm2 and eventually 

reached short-circuit current at ~206 µA/cm2, a point at which the power generation of 

the system was limited by concentration polarization of the mediator on the surface of the 

bioanode.  When performing repeating experiments of biofuel cells with bioanode from 

same preparation, the current and power densities results were very consistent. 
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Figure 7.4 Characteristic curves of glucose/O2 biofuel cell with CNT-GOx bioanode.  
Electrode has a projected surface area of 0.33 cm2.  (■) V-I;   (♦) P-I.   

 



 

  137 

It appeared, however, that the maximum power density observed for the biofuel 

cell was much lower than what implied by the catalytic capability of GOx on the 

electrode.  According to the model prediction, the GOx applied to the electrode should be 

able to catalyze the reaction at the rate of 1.3×10-4 mmol/h·µg-GOx.  Albeit being much 

slower than that of free GOx, that reaction rate, which has included the effects of reduced 

enzyme accessibility and additional mass transfer resistance (both glucose and the 

mediator BQ), points to a current density of 22 µA/cm2·µg-GOx or 528 µA/cm2.  When 

accounted for power density at 0.51 V, the CNT–GOx anode should be able to produce 

~270 mW/cm2.  The projected current density is about 2.6 times the value of the short-

circuit current density, indicating that the fuel cell reaction only reached 39% of the 

catalytic power of the CNT–GOx-based electrode.  Accordingly, major loss of power 

generation should attribute to factors such as internal electron and proton transfer 

resistances inherent in the fuel cell system.   

One may argue that whether enzyme immobilization is necessary as in most cases 

there is no direct electron transfer between the enzyme active site and electrode.  To 

address this question, we tested power generation using free GOx at the anode 

compartment.  Despite the fact that free GOx can afford much faster reactions, the 

maximum current density obtained was 2.3 µA/cm2·µg-GOx, 10 times lower than that 

observed with CNT–GOx electrode, representing only 0.007% of the catalytic capability 

of free GOx.  Apparently, immobilization of enzyme on the electrode helped to improve 

the performance of the fuel cell.  Even though the apparent reaction rate of the electrode-

immobilized enzyme was low because of the limited enzyme accessibility and additional 
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substrate diffusion resistance, the shortened distance for the mediator to shuttle between 

the enzyme active sites and the surface of the electrode overweighed the accessibility and 

diffusion limitations.  Enzyme immobilization is desired for better performance. 

 

7.4  Conclusions 

In summary, the kinetic model with parameters determined in this study 

successfully predicted the current generation from an enzyme-based bioanode when it 

was examined as a single electrode.  We also observed that the biofuel cell employing the 

CNT–GOx anode was only able to generate a power density equivalent to <40% of 

reaction capability of the enzyme immobilized on the electrode.  It appeared to us that 

factors such as electron and proton transfer resistances rather than catalytic reaction rate 

are overwhelming in limiting the power generation of the biofuel cell. 
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CHAPTER VIII 

 

APPLICATION OF TIN-MODIFIED CARBON FIBER ELECTRODE 

FOR ELECTROCHEMICAL REDUCTION OF CARBON DIOXIDE 

 

8.1 Introduction 

Carbon dioxide (CO2) is one of main green house gases concerned for global 

warming.  With the rising public awareness about this issue, the lowering the CO2 content 

in the atmosphere has been identified as one of the key challenges faced in today’s 

world[42, 43].  In developing new technologies toward carbon sequestration, people 

favor concepts that promise production of valuable chemical or fuel products from CO2, 

beyond the simple CO2-fixation are favored that yield a valuable product in form of 

chemicals or fuels.  The reduction of CO2 has been realized through several approaches 

including chemical[44], photochemical[45], enzymatic[46] and electrochemical[47] 

methods.  For example, reduction of CO2 to syngas, which can be subsequently used for 

synthesis of fuels, was realized by using chemical catalysts under high temperature and 

pressure [44].  Photochemical and enzymatic methods have been proven to reduce CO2 at 

ambient conditions, though the concentration of the product is generally too low to be 

applied for large scale applications.  Among the above mentioned techniques, the 

electrochemical reduction of CO2 appears to be more promising because as electricity is a 

relatively cheap and can be generated from renewable resources, such as wind and solar 

energy.  As widely reported, formate[61], methanol[290], methane[291] and other long 
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chain hydrocarbon[292] can be produced by electrochemical reduction of CO2.  The final 

products of electrochemical reduction of CO2 are usually a mixture of carbon monoxide, 

formate, methanol and hydrogen due to similar standard electrode potentials (E0).  

Furthermore, reaction parameters such as temperature, pressure, electrolyte and electrode 

properties are also critical[293] for the composition of the final reduction products.  Thus, 

as shown in previous studies [47, 60, 61], certain products can be promoted at specific 

electrodes and conditions in electrochemical reduction of CO2.  For example, formate 

was favorably produced on sp-group metal electrodes[47], whereas hydrocarbons were 

selectively generated on a Cu electrode[60].  Hence, the electrochemical properties of the 

electrode will determine the product species obtained from electrochemical reduction of 

CO2.  

Formate is not only the direct reduction product of CO2, in fact it is a useful 

chemical to be converted into fuel or used in fuel cells.  The standard electrode potential 

of CO2 conversion to formate is -0.2 V vs. NHE (normal hydrogen electrode)[61].  

Production of formate by CO2 reduction can be achieved with simple equipment and at 

high efficiency and have been the matter of ongoing research.  For example, Chaplin[60] 

reviewed the effects of reaction conditions and electrode material on electrochemical 

reduction of CO2 pathways, especially the formation of formate.  Other studies showed 

that formate can be produced on Hg, In, Pb, Cd and Sn electrode with high selectivity[47].  

Hori[62] revealed that formate was the predominant product of CO2 reduction on Sn-

electrode.  The utilization of Sn electrode offered high current and good selectivity, 

which are the critical prerequisites for large scale operations.  The production of formate 
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by CO2 reduction using Sn based electrodes has been investigated by several other 

researchers.  Mahmood[294] used a gas diffusion electrode based on Sn for the reduction 

of CO2 to formate and reached a yield of about 50% in current efficiency (CE).  Li and 

Oloman[61] also reported the development of mesh tinned-copper[295, 296] and pure Sn 

granules electrodes[296] for the continuous production of formate by electrochemical 

reduction of CO2.  However, metal based electrodes have some drawbacks since they are 

expensive and easily susceptible to fouling.  Therefore, metal catalysts incorporated into 

carbon based electrode materials were favorite in CO2 reduction reaction to formate 

because of low price of carbon material and its sustainability.  A carbon fiber based 

electrode[297] was used as cathode in reducing CO2 at ambient condition.   

Carbon dioxide is a highly stable molecule and difficult to be reduced because of 

the double bonds between carbon and oxygen molecules.  Excess energy input, effective 

reaction conditions, active catalysts are required for the electrochemical reduction of CO2.  

The electrochemical reduction of CO2 occurs on the cathode and is enabled by the 

supplied electrical energy.  Reaction equations (1-5) represent the possible reduction 

route of  CO2 conversion into formate [291].   
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CO2 CO2 ads

CO2 ads+ e-

CO2 ads + e-H2O + COOHads OH-+

CO2 ads

COOHads + e-
COOH-

 ads

COOH-
 ads COOH-

 aq

(1)

(2)

(3)

(4)

(5)
 

Where, CO2 ads represents adsorbed CO2 molecules on cathode electrode; CO2
·-

ads 

is CO2 ads radical; COOHads is adsorbed formate produced from the reaction; COOH-
ads is 

formate radical; and COOH-
aq is the formate radical in solution.   

 

The mechanism of formate production can be summarized as below.  Firstly, 

hydrated CO2 is adsorbed on the electrode, accepts one electron to form CO2
- radial, 

which reacted with water or H molecule adsorbed on catalytic activity site forming 

adsorbed HCO2
- radical and OH- ion.  The HCO2

- radial is adsorbed on electrode and 

accepted one electron to be reduced to formate ion; finally, formate ion broke away from 

electrode surface to solution.  According to the mechanism of electrochemical reduction 

of CO2, the adsorption of CO2 anion radical on the surface of electrode and the quantity 

of active site available for catalytic reaction determine the productivity of reduction 

reaction.  The selection of appropriate electrode materials and the fabrication of electrode 

are crucial for effective CO2 reduction.  Comparing to conventional materials, 

nanostructure materials, such as carbon nanotubes (CNT) have been proven to possess 

more active sites and higher specific surface area to realize CO2 reduction[63].  

Combining the porous structure and unique catalytic ability of CNT, fabricated carbon 
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electrode deployed with CNT with metal catalyst could result in higher reaction activity 

for electrochemical production of formate from CO2.   

In this study, as described in Chapter V, a 3-D carbon based material which 

composed by carbonized cellulosic fiber (CF) with CNT was developed.  Cellulosic 

fibers were first deposited with Fe or Ni catalyst, and carbonized in a high temperature 

tubular furnace followed by the growth of CNT.  The resultant material was denoted as 

carbon nanotubes-carbon fiber (CNT-CF).  Sn plating on CNT-CF material was designed 

to further improve the electrode selectivity of formate.  This Sn-CNT-CF electrode was 

developed and tested in the realization of CO2 reduction to formate.   

 

8.2 Methods 

The carbonization of cellulosic fiber materials and the growth of CNT were 

performed as described in Chapter V.   

The 3-D carbonized electrode material was immersed in DI water for three times 

to remove adsorbed amorphous carbon, and the resultant material was dried at room 

temperature.  After drying, the CNT-CF material surface was first sensitized in a solution 

of 0.1 M HCl with 20 g/L SnCl2 (dehydrate, 98+%, Acros Organics) for 30 min and then 

activated in 0.25 M HCl with 0.8 g/L PdCl2 for 3 hours.  After rinsing with DI water, a 

Sn film was formed on the surface of CNT-CF by electroless Sn plating at room 

temperature within 5 hours, and the composition of electroless plating solution is showed 

in Table 8.1.  Finally, CNT-CF material with Sn film was rinsed with DI water, and dried 
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at room temperature.  The resultant material was fabricated into an electrode and used for 

electrochemical reduction of CO2.  

Table 8.1 Composition of electroless plating solution  
Ingredient  Concentration 

SnCl2·2H2O  30 g/L 

HCl  50 ml/L 

CO(NH2)2  80 g/L 

Na3C6H5O7·2H2O  60 g/L 

NaH2PO2·H2O  80 g/L 

 

Firstly, the dried Sn-CNT-CF material was cut into cubes with an edge length of 1 

cm and connected to a carbon rod by carbon paint (SPI supplies, West Chester, PA, USA).  

Then, the electrode was wrapped with one piece of thin plastic film.  The film was 

punctured to allow the diffusion of substrate, as shown in Figure 8.1.  The 

electrochemical characterization of the electrode was performed on an electrochemical 

workstation (CHI 760C, CH Instruments, Inc. Austin, TX, USA) with a three electrodes 

system.  Carbon dioxide was supplied by bubbling through a water container 

continuously into the sealed electrochemical cell, and the tail gas was collected into a 0.5 

mL sealed H2O bottle on ice.  Ag/AgCl electrode and Pt wire electrode were used as 

reference and counter electrode respectively.  The electrolysis were conducted under 

controlled potentials at room temperature (25 oC) with CO2 bubbled into 4 mL electrolyte 

solution.  The electrolyte solution containing the formed formate was analyzed by gas 

chromatography (GC430, Varian, Palo Alto, CA, USA) [298].  
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1 cm1 cm  

Figure 8.1 Image of Sn-CNT-CF electrode.  

 

8.3 Results and Discussion 

8.3.1 Electrode Material for the Electrochemical Reduction of CO2 to Formate 

Carbon materials were modified with Sn plating to assist the formate production, 

as discussed previously.  The SEM-images of CF, CF with Sn plating, CNT-CF, and 

CNT-CF with Sn plating materials are presented in Figure 8.2.  In Figure 8.2B, the 

surface of carbon fiber was covered by a uniform layer of tin coating, comparing to the 

bare surface of carbon fiber presented in Figure 8.2A.  After growing of CNT on the 

surface of cellulosic carbon fiber, the SEM images without and with Sn plating are shown 

in Figure 8.2C and Figure 8.2D.  From Figure 8.2D, the Sn plating smoothly covered the 

surface of both CNT and carbon fiber as well.   
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Figure 8.2 SEM images of (A): carbonized cellulosic fiber; (B): carbonized cellulosic 
fiber with Sn film; (C): carbonized cellulosic fiber with CNT, and (D): 
carbonized cellulosic fiber with CNT and Sn film.   

   

As formate is the desired product of this study, the usage of a novel composite 

electrode material might be applied and help to leverage this technology towards the 

production of formate based on literatures discussed previously.  The performance of 

novel carbon composite electrode material produced in this study was evaluated by the 

determination of formate concentration and current efficiency.  The results were used to 

judge the feasibility of large scale production.  To compare the performance of Sn-CNT-

CF material in the electrochemical reduction of CO2 with other commercial available 

carbon materials, electrodes made of carbon paper, CF, CNT-CF and CNT-CF with Sn 

plating were used as cathode in electrochemical reduction of CO2.  The comparison of 
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results using carbon paper (1 cm2), cubic CF and CNT-CF electrodes as cathode are listed 

in Table 8.2.   

Table 8.2 Formate productivity using different materials 
Materials Concentration (mM) Current Efficiency (%) 

Carbon paper <0.0173 0 

CF 0.112 6.0 

CNT-CF (Fe) 0.0953 3.0 

CNT-CF (Ni) 0.353 7.1 

CNT-CF (Fe) with Sn 9 10.0 

CNT-CF (Ni) with Sn 30 29.0 

 

No or only negligible amounts of formate were produced on either carbon paper 

or carbon fiber electrode as shown in Table 8.2.  Carbon fiber with branched CNT 

produced in the presence of Fe and Ni catalysts only showed a moderate catalytic activity 

with a current efficiency below 10%.  Yamamota et al[297] studied the electrochemical 

reduction of CO2 in the micropores of carbon fiber activated with Fe and Ni catalysts.  In 

the same element group, Fe and Ni have similar catalytic properties concerning the 

hydrogenation and the hydrogen evolution in course of the electrolysis of water.  

Yamamota et al. showed the activation of carbon fiber with Ni is superior over Fe 

regarding the formate production, which is same as we observed in this study.  The 

reason of higher formate yield was explained by Yamamota et al. with a steric factor of 

the catalytic Ni which enables of the efficient production of formate.  Steric configuration 

of Ni particles is beneficial to adsorb the CO2-CO2
·- adduct.  In this study, CNT were 

grown by incorporation Fe and Ni catalysts on the surface of carbon fiber, and Fe and Ni 
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particles stayed on the tip of CNT after growth, as shown in Figure 5.8 (Chapter V).  In 

this context Ni particles on CNT might supply a hydrogen-enriched surface by bonding 

more H and consequently facilitating the formate production[299].  The experimental 

data of formate production from CNT-CF electrode agree with the above theory  

In order to further improve the selectivity and current efficiency of 

electrochemical reduction of CO2 to formate, some other catalysts need to be introduced.  

Sn, In and Pb electrodes have been proven to be favorable in producing formate [62].  For 

this investigation Sn was selected because the toxicity of In and Pb make them 

environmental unfriendly.  In this study, in addition to the increased surface area enabled 

by Ni particle and growth of CNT on the carbon fiber, the Sn film was deposited on CNT 

in order to provide as many reaction sites as possible for the catalysis reaction. The 

deposition of the Sn film can be realized by plating[63], chemical vapor deposition[300] 

and e-beam deposition [301].  Electroless plating was selected in this study for the 

deposition of Sn film, since the drastic stirring or acid treatment involved in other 

methods would peel off CNT from carbon fibers.  The resulting Sn-CNT-CF electrode 

allowed the formation of 30 mM formate with a current efficiency of around 30%, as 

shown in Table 8.2.   

 

8.3.2 Reduction Potential of CO2 to Formate  

The potential of CO2 reduction is affected by many factors, including catalyst 

type and electrolyte species.  In this study, the electrochemical reduction occurred in a 

15-mL reactor containing 4 mL of electrolyte (typically 0.5 M NaHCO3 is used).  
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Electrodes made of Sn-CNT-CF material were used as cathode, while a Pt wire was used 

as counter electrode.  In the so assembled electrolysis cell, the following electrochemical 

reactions occur on the electrodes: 

H2 (gas)H2O + 2 e- 2OH- +

Cathode reactions

+ 2 e-CO2 COOH-H2O+ + OH-

Anode reaction

H2O O2 (gas) + +2H+ 2 e-
2

1

(6)

(7)

(8)

H2 (gas)H2O + 2 e- 2OH- +

Cathode reactions

+ 2 e-CO2 COOH-H2O+ + OH-

Anode reaction

H2O O2 (gas) + +2H+ 2 e-
2

1

(6)

(7)

(8)

 

Different redox potentials were applied on cathode in order to maximize formate 

concentration and current efficiency.  Formate concentration and current efficiency are 

explored against the applied redox potentials in range of -0.8 V to -2.3 V.  Apparently the 

minimum threshold of the redox potential is -1.6 V since values below do not account for 

the detection of significant amounts of formate.  Raising the redox potential from -1.6 to -

1.9 V was responded by a steadily increasing formate concentration up to 35 mM, and 

remained on this level when the voltage was further increased up to -2.3 V.  Current 

efficiency showed a maximum value of 53% at -1.9 V.  Therefore, the optimum redox 

potential of -1.9 V is selected because both formate concentration and current efficiency 

reached the maximum.  The formate concentration did not improved much with further 

increasing redox potential of operation to -2.3 V, but the current efficiency dramatically 

decreased from 53% to about 35%.  It indicates that more side products were produced at 

a higher potential.  As optimum potential a voltage of -1.9 V was identified, which is the 

same as reported standard potential of CO2
·- formation (-1.9 V vs. N.H.E) [302].  This 
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high negative potential is needed for the formation of CO2
·- due to a large 

reorganizational energy between the linear molecule and bent radical anion.  Based on the 

mechanism of CO2 reduction, the negatively charged CO2
·- radical is usually presumed to 

be an intermediate upon the acceptance of one electron after the adsorption of CO2 to the 

electrode. The subsequent protonation of CO2
·- completes the conversion to formate.  

When the applied potential was far below the potential of CO2/CO2
·- redox couple, only 

low amounts of formate were produced.  This indicates that the CO2
·- formation is the 

limiting step in the whole reaction. 

0

10

20

30

40

50

60

-2.4-2-1.6-1.2-0.8

Potential (V)

C
fo
rm
a
te
 (
m
M
)

C
u
rr
e
n
t 
E
ff
ic
ie
n
c
y
 (
%
)

 

Figure 8.3 Effect of redox potential on the production of formate from CO2 reduction.  
Concentration of formate: solid diamonds; current efficiency: open squares.   

 

8.3.3 Effect of Electrolytes on CO2 Reduction to Formate 

Because the CO2
·- radical is only formed at high overpotential, the reaction 

mechanism involves not only the electron transfer on the electrode interface, but also the 

characteristics of used electrolyte might have an influence on the productivity of formate.  

Therefore, various electrolytes were investigated in order to maximize the production of 
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formate and current efficiency.  Firstly, pure water, Na2SO4 and KHCO3 were used as 

electrolyte in CO2 reduction.  Figure 8.4 shows that the obtained redox current efficiency 

of CO2 in Na2SO4 and KHCO3 solutions is much higher than that observed with pure 

water.  It might be explainable by the fact that pure water is not as easy ionizable as 

Na2SO4 and KHCO3.   
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Figure 8.4 Redox current efficiency observed with different electrolytes.   

 

The effect of electrolyte on formate productivity was also studied in two 

conditions:  with and without bubbling CO2 into the electrolyte solution.  The results 

show that bubbling CO2 can dramatically increase the formate productivity.  These 

results suggest that a great number of bubbled gaseous CO2 gets adsorbed on the surface 

of the electrode to undergo a reduction reaction.  It was also observed, that the formate 

productivity in 0.1 M KHCO3 solution was higher than in 0.1 M Na2SO4 because the 

bicarbonates equilibrium in KHCO3 might promote more CO2 hydrate molecule to react 

on the electrode.  In addition to that, the concentration of electrolyte also had effects on 
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the productivity.  Higher concentrations of electrolyte are beneficial in producing more 

formate with a higher current, since more salt molecules result in higher conductivity in 

electrolyte.   

0.5 M 

KHCO3

0.1 M 

KHCO3
H2O

0.1 M 

Na2SO4

0

5

10

15

20

25

30

35

H2O 0.5 M

Na2SO4

0.1 M

KHCO3

0.5 M

KHCO3

C
fo
rm
a
te
 (
m
M
)

Electrolyte Type  

Figure 8.5 Formate concentration in different electrolyte solutions with/without CO2 
bubbling.   Blank bar: without CO2 bubbling; Shadowed bar: with CO2 
bubbling.  

 

8.3.4 Effects of Electrolysis Temperature of CO2 Reduction to Formate  

Theoretically, increasing reactor temperature will favor reactions with higher 

activation energy.  Increasing temperature in this study may elevate reaction rates and 

reduce overpotential, but it may also reduce the amount of adsorbed species on an 

electrode and CO2 solubility in electrolyte.  In this section, Sn-CNT-CF electrode was 

used as working electrode to reduce CO2 to formate with CO2 gas continually bubbled 

into KHCO3 solution.  The large surface area of CNT-CF material was expected to 

adsorb CO2 molecules easily, and Sn film could improve the selectivity towards formate 

production.   
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Solubility of CO2 in water is 3.36 g/L at 0 oC and 1.449 g/L at 25 oC, respectively.  

Carbon dioxide molecules exist in aqueous solution as equilibrium between H2CO3 and 

HCO3
-.  The more CO2 molecules are present in the electrolyte, the more CO2 molecules 

can be adsorbed on the cathode to get reduced, enhancing the yield for formate.  

Therefore, formate concentration and current efficiency were tested at 0 and 25oC, and 

the results showed formate production at 0 oC was lower than 25 oC (Table 8.3).  The 

results indicate that the solubility of carbon dioxide in electrolyte is not the limiting factor 

in the reduction of CO2 to formate.  With the elevation of the temperature, even though 

the solubility of CO2 in electrolyte decreased, the temperature effect on the facilitation of 

reaction rate is more dominant.   

Table 8.3 Impact of temperature on formate productivity 
Temperature (oC) Concentration (mM) Current Efficiency (%) 

0 9.1 10.9 

25 24 27.7 

 

8.4 Conclusion 

In most of the previous studies the electrochemical reduction of CO2 has been 

tackled by using metal electrodes, and only a few recent reports discussed the selectivity 

of CO2 reduction products on carbon electrodes.  Carbon based electrodes have the 

advantages of low cost, high specific surface area, and of being renewable.  In this study, 

3-D carbon fiber material was prepared by the growth of CNT on the surface of carbon 

fiber in the presence of Fe or Ni catalyst.  Different catalysts (Ni and Fe) were studied 

regarding their performance in formate production.  Moreover, this material was 
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modified with Sn by electroless plating to improve the catalytic selectivity towards 

formate production.  The resulting new Sn-CNT-CF electrode combined the porous 

structure of CNT-carbon fiber, the ability for hydrogen enrichment of Ni, and Sn’s 

unique catalytic behavior beneficial toward the formate production.  With this Sn-CNT-

CF composite material a formate concentration of 30 mM was reached corresponding to a 

current efficiency higher than 50%.  This result complies with the previously reported 

redox current efficiencies at some metal electrodes.  Compared with regular CF electrode, 

the current efficiency of Sn-CNT-CF electrode was 5 times higher.  The increased 

productivity of formate was because of the improvement of hydrogen adsorption and the 

introduction of Sn catalytic on electrode.  Even though more systematic studies will be 

needed for the optimization of reaction conditions, based on the results in this chapter, it 

becomes obvious that this new material has the potential to outrange the traditional metal 

electrode material in the electrochemical application of CO2 reduction.   
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CHAPTER IX 

 

CONCLUSIONS AND PATH AHEAD 

 
9.1 Conclusions 

This research focused on utilization of natural resources (soybean oil, carbon 

dioxide and glycerol) for the production of value-added products (dihydroxyacetone and 

formate), and explored novel biocatalysis for high efficiency bioprocessing,  bioenergy 

generation and cofactor regeneration.  Major biotransformation reaction processes 

concerned in this study included biodiesel synthesis and DHA production.   The major 

approaches were to manipulate microenvironment of enzyme catalysts and incorporation 

of enzymes with nanostructured materials.  This study combined the concepts of 

biocatalysis and electrochemistry to generate unique enzymatic catalysis systems for 

potential industrial biotransformation.  Toward that, recombinant glycerol dehydrogenase 

with 6xHis tag was produced via the transfection of gldA in E. coli BL21(DE3).  For 

electrochemical regeneration of cofactor, a novel carbon fibrous electrode was developed 

and its catalytic capability, stability and efficiency were investigated and enhanced by 

employing concepts of nanotechnology, electrochemistry, and chemistry.  In other efforts, 

the potential applications of the carbon electrode were also examined for micro-biosensor 

and CO2 reduction.   The specific conclusions are:    

 

(I) This project demonstrated for the first time the biosynthesis of biodiesel in a 

water-free biocatalytic reaction system using an organic soluble lipase, and proved that 
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the organic soluble enzyme afforded much improved catalytic efficiency through 

homogenous reaction kinetics.  The organic soluble lipase showed the best catalytic 

activity towards the synthesis of biodiesel at 55 oC.  The productivity of such a 

solubilized enzyme (in terms of g-product/g-enzyme·h) was over two orders of 

magnitude higher than other enzymes reported previously.  It can be concluded that 

highly efficient biocatalysis can be greatly promising for biodiesel synthesis.   

 

(II) In this study, the transfection of gldA in E. coli BL21(DE3) with a T7 promoter 

was used to produce histag glycerol dehydrogenase.  The yield of enzyme reached 10 

mg·GDH/g·cell paste, which is about 3 times higher than that previously reported with 

Cellulomonas sp. NT3060.  The specific activity and stability of the recombinant enzyme 

were also found improved in comparison with commercially available products.   

 

(III) A novel approach of utilizing cellulosic material for biochemical processes was 

developed.  The process provided a fast approach in the manufacturing of carbon 

materials with high specific surface area for electrochemical applications.  We 

demonstrated that the development of 3-D carbon electrode materials by using 

carbonized cellulosic fibers with branched CNT.  The specific surface area of the 

electrode was increased substantially, reached 291 m2/g, which is about 30-fold higher 

than that of carbon fibers without CNT.  Such material was applied successfully in the 

subsequent development of large-size 3-D electrode, and appeared to be highly efficient 

in realizing NAD+ regeneration, biosensing and CO2 reduction.   
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(IV) Electrochemical cofactor regeneration for continuous production of DHA from 

glycerol using immobilized GDH was examined.  The effect of mediators, including 

Meldola’s blue and poly(methylene green) were investigated for NAD+ regeneration.  

Both mediator modified electrodes reduced the oxidation potential of NADH to ~0.1 V. 

On the other hand, the use of mediators is generally expected to shorten the lifetimes of 

electrodes.  Two DHA production processes, namely in situ and stand-alone cofactor 

regeneration, were therefore developed with one approach examines the use of mediators 

for higher reactivity, while the other probes better stability without the use of mediator.   

It was shown that when cofactor regeneration was achieved through a separated unit 

without the use of mediators, 15 regeneration cycles was realized with no observable 

activity loss for both the enzyme and electrode.  The separated operation was also 

designed to protect the enzyme from product inhibition.  It appeared that for such a 

reactor design, the electrochemical regeneration of NAD+ is the limiting step, presumably 

due to the slow reaction on the surface of electrode.  When cofactor regeneration was 

achieved in situ in the presence of mediators, the total turnover number (TTN) of NAD+ 

reached over 3,000 in a 5-h operation, driven by the improved activity of the electrode for 

cofactor regeneration. In addition, immobilized laccase also showed efficient conversion 

of protons to water along with the enzymatic production of DHA.  Although further 

extensive studies are needed to further optimize the overall process, the current research 

achieved better understanding on the use of the 3-D carbon electrode for cofactor 

regeneration toward enzymatic production of DHA.    
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(V) The growth of branched CNT on surface of carbon fiber electrode reduced the 

overpotential for direct oxidation of NADH from originally over 0.8 V to lower than 0.6 

V.  Lower overpotentials are desired for the electrochemical processes not only for the 

consideration of energy consumption, but also for the reduction of electrode fouling.  

Taking advantages of the improved electrochemical activity and specific surface area of 

the hierarchical structure, a highly sensitive and stable micro biosensor was developed 

using a single CNT-carbon fiber.  The biosensor was applied successfully for detection of 

glycerol and GDH, with detection limits of 40 µM and 0.004 U/ml achieved for glycerol 

and GDH, respectively.  It is expected that the applications of such a miniaturized 

biosensor can be expanded to many fields including biomedical devices, bioenergy 

processes, and biocatalytic synthesis.   

 

(VI)  The direct reduction of carbon dioxide to formate was realized by applying the 

modified CNT-CF material as the working electrode.  It was observed that the catalyst 

composition on the carbon electrode determines the current efficiency of the process, and 

the introduction of Sn by electroless plating to the 3-D carbon electrode significantly 

improved the current efficiency.  While the use of Ni achieved a current efficiency that 

was 2 times higher than that with Fe reduction of CO2, the use of the Sn-CNT-CF 

electrode afforded a current efficiency 5-fold higher than that of CF electrode.  

Integrating with solar panels, we expect that the findings from the current research can 

eventually contribute toward economic and sustainable carbon capture.  
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(VII) To explore the feasibility of applying biofuel cell technology for biochemical 

production, biocatalysis fundamentals especially reaction kinetics of a model biofuel cell 

system was examined.  A model glucose-oxygen biofuel cell with the application of 

immobilized glucose oxidase as anode catalyst was studied to determine the kinetic 

limitations of enzymatic biofuel cells.  The kinetic parameters were used successfully in 

the prediction of current generation from an enzyme-based bioanode when it was 

examined as a single electrode.  The biofuel cell employing the CNT–GOx anode was 

only able to generate a power density equivalent to <40% of reaction capability of the 

enzyme immobilized on the electrode.  It appeared to us that factors such as electron and 

proton transfer resistances rather than catalytic reaction rate are overwhelming in limiting 

the power generation of the biofuel cell.  This study will facilitate future development of 

electro-biocatalytic production of DHA using a biofuel cell process.   

 

9.2 Path ahead 

Enzymes offer precise molecule control in producing chemicals from renewable 

raw materials possessing multiple functional groups such as glycerol concerned in this 

study.  The application of biofuel cell technology for DHA production is greatly 

attractive as it produces energy and value-added product simultaneously.  This research 

has set a solid basis toward technology development down that direction, and future 

research regarding application of the 3-D carbon electrode for glycerol-based biofuel 

cells should be conducted.    
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The current research promises economic production of DHA.  That will not only 

facilitate the traditional applications of DHA, but will also trigger exploration of a 

broader range of new applications. For example, the market price of DHA is set at 

~$240/kg as a result of the inefficiency of the currently available technologies, 

eliminating the possibility of using DHA for general-purpose materials.  Full 

capitalization on the potentials of the technologies revealed through this research, it is 

possible to reduce the production cost of DHA substantially to be lower than that of lactic 

acid, therefore making it affordable to be used as a renewable building block for plastics 

and polymers.  Enzymatic conversion of DHA into acids and alcohols has also been 

proven feasible, in addition to many chemical conversion routes.  That can be expected to 

expand the scope of glycerol-base products even more dramatically.   
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APPENDIX 

 

A.1 LB (Luria-Bertani) Medium and Plates  

A1.1 LB (Luria-Bertani) Medium 

a. Dissolving 10 g of Tryptone (BD-Bacto, 251420), 5 g of Yeast Extract (BD-Bacto, 

212730) and 10 g of NaCl (Mallinckrodt Chemicals, 758112) into DI water and 

make the total volume into 1 L.   

b. Autoclave on liquid cycle for 30 minutes.  

c. Allow solution to cool to ~55 oC and added Ampicillin (Fluka, 10044) if needed. 

d. Store at room temperature or at +4 oC.  

A1.2  LB Agar plates 

a. Prepare LB medium as above, but add 15 g/L agar (BD-Bacto, 214010) before 

autoclaving.  

b. Autoclave on liquid cycle for 30 minutes.  

c. After autoclaving, cool to ~55 oC, add antibiotic and pour into 10 cm plates.  

d. Let harden, then invert and store at +4 oC, in the dark.  

 

A.2 S. O. B. Medium (with Antibiotic) 

a. Dissolve 20 g tryptone, 5 g yeast extract, and 0.5 g NaCl in 950 ml deionized 

water.  

b. Make a 250 mM KCl solution by dissolving 1.86 g of KCl in 100ml of deionized 

water.  Add 10 ml of this stock KCl solution to the solution in step a.  
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c. Adjust pH to 7.5 with 5 M NaOH and add deionized water to 1 liter.  

d. Autoclave this solution, cool to ~55 oC, and add 10 ml of sterile 1 M MgCl2.  You 

may also add antibiotic, if needed.  

e. Store at +4 oC.  Medium is stable for only 1-2 weeks.   

 

A.3 10X TAE Buffer (pH 8.18~8.29)  

Dissolving 48.4 g Tris-Base (Sigma, T1503), 10.9 g Glacial Acetic Acid 

(FisherSci, A35-500) and 2.92 g EDTA (free acid f.w.292.25) into DI water, and make 

the total volume into 1L.  

 

A.4 5X TBE buffer (pH 8.13~8.23) 

Dissolving 54.0 g Tris base (Sigma, 93352), 27.5 g Boric acid (Sigma, B0394) 

and 2.92 g EDTA (FisherSci, BP120-500) into DI water, and make the total volume into 

1 L.  

 

A.5 1M IPTG Stocking Solution 

a. Dissolve 2.83g of isopropylthio-β-galactoside (Invitrogen, 15529019) in 8 ml 

H2O; 

b. Bring to a final volume of 10ml with molecular biology grade water; 

c. Filter sterilize with 0.22um syringe filter; 

d. Store in 1ml aliquots at -20 oC.  
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A.6 Lysis Buffer 

a. Prepare 1 M stock solution of KH2PO4 and K2HPO4.  

b. For 100 ml, dissolve the following reagents in 90 ml of deionized water: 

i. 0.3 ml KH2PO4 

ii. 4.7 ml K2HPO4 

iii. 2.3 g NaCl 

iv. 0.75 g KCl 

v. 10 ml glycerol (Sigma, G5516) 

vi. 0.5 ml Triton X-100 (Sigma, T9284) 

vii. 68 mg imidazole (Fluka, 56750) 

c. Mix thoroughly and adjust pH to 7.8 with HCl.  Bring the volume to 100 ml.  

Store at +4 oC.  

 

A.7 2X SDS-PAGE Sample Buffer 

a. Combine the following reagents: 

viii. 0.5 M Tris-HCl, pH 6.8   2.5 ml 

ix. Glycerol (100%)   2.0 ml 

x. β-mercaptoethanol   0.4 ml 

xi. Bromophenol Blue   0.02 g 

xii. SDS    0.4 g 

b. Bring the volume to 10 ml with sterile water 

c. Aliquot and freeze at -20 oC until needed.   
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A.8 Electrophoresis Stain and Destain Solutions 

A8.1 Coomassie Blue Staining Stock Solution 

Dissolving 0.25g of Coomassie Brilliant Blue R250, 400 ml of methanol and 70 

ml of acetic acid into DI H2O, and make the final volume to 1L.  

A8.2 Destain Solution I  

Dissolving 400 ml of methanol and 70 ml of acetic acid into DI H2O and make the 

final volume to 1L.  

A8.3 Destain Solution II 

Dissolving 50 ml of methanol and 70 ml of acetic acid into DI H2O and make the 

final volume to 1L.  

 

A.9 1X Running Buffer  

Mixing 50 ml 20x MOPS SDS Running Buffer and 950 ml DI water.  

 

A.10 1X Running Buffer + Antioxidant  

Mixing 200 ml of 1X Running Buffer (above) and 500 µl antioxidant.  

 

A.11 20X NuPAGE® Transfer Buffer  

To prepare 20X NuPAGE® Transfer Buffer, dissolve the following reagents in 

100 ml of deionized water:  

Concentration (1X)  

Bicine 10.2 g 25 mM  
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Bis-Tris (free base) 13.1 g 25 mM  

EDTA 0.75 g 1 mM  

Chlorobutanol* 0.025 g 0.05 mM  

Mix well and adjust the volume to 125 ml with deionized water. The pH of the 

buffer is 7.2, and store at room temperature. The buffer is stable for 6 months at room 

temperature.   For transfer, dilute the 20X NuPAGE® Transfer Buffer.  *Chlorobutanol is 

used as a preservative. 

 

A.12 10× TBST 

90 g NaCl 

100 ml 1 M Tris·Cl, pH 7.5  

10 g Tween 20 

Add H2O to 1 liter  

For 1× TBST dilute 1 part 10× TBST with 9 parts water prior to use 

Store indefinitely at room temperature 

 

A.13 5× Native Purification Buffer  

Prepare 200 ml solution (250 mM NaH2PO4, pH 8.0, 2.5 M NaCl):  

a. Add Sodium phosphate, monobasic 7 g and NaCl 29.2 g to 180 ml deionized 

water; Mix well and adjust the pH with NaOH to pH 8.0. 

b. Bring the final volume to 200 ml with deionized water. 

c. Store buffer at room temperature.  
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A.14 1X Native Purification Buffer 

To prepare 100 ml 1X Native Purification Buffer, combine: 

a. 80 ml of sterile distilled water;  

b. 20 ml of 5X Native Purification Buffer; 

c. Mix well and adjust pH to 8.0 with NaOH or HCl. 

 

A.15 Native Binding Buffer:  

Use 30 ml of the 1X Native Purification Buffer (Without Imidazole) for use as the 

Native Binding Buffer (used for column preparation, cell lysis, and binding). 

 

A.16 Native Wash Buffer  

To prepare 50 ml Native Wash Buffer with 20 mM imidazole, combine: 

a. 50 ml of 1X Native Purification Buffer;  

b. 335 µl of 3 M Imidazole, pH 6.0; 

c. Mix well and adjust pH to 8.0 with NaOH or HCl. 

 

A.17 Native Elution Buffer 

To prepare 15 ml Native Elution Buffer with 250 mM imidazole, combine: 

a. 13.75 ml of 1X Native Purification Buffer; 

b. 1.25 ml of 3 M Imidazole, pH 6.0; 

c. Mix well and adjust pH to 8.0 with NaOH or HCl. 
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A.18 Standard Curve of Protein Concentration of Bradford Method 
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A.19 Calibration curve of DHA concentration by spectrophotofluorimetry 
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A.20 BET surface area measurements for the samples 
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