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Abstract 

  Live green microalgae Chlorella pyrenoidosa was introduced in the anode of 

microbial fuel cell (MFC) to act as an electron donor. The electrogenic capability 

of algae Chlorella pyrenoidosa was investigated in two models of algal microbial 

fuel cells (MFCs) constructed with carbon electrodes and no mediator.  The 

mechanism was studied by results of ATP inhibitor (Resveratrol) and 

protonophore (2, 4-dinitrophenol), which supporting the important role of 

mitochondria in electricity generation. The results of different light intensity and 

algae concentration indicate that low concentration of 10
6
 (OD680nm) and low 

light intensity (2500 Lux) generated higher electricity. In the oxygen controlled 

study, it was found that oxygen generated by algae in anode was a limiting factor 

for electricity generation. Electricity generation was observed in two chamber 

algae MFC lasting at least for 24 hours.  Results might provide a platform for the 

development of self-sustainable algal culturing microbial fuel cell (MFC). 

Electricity was found to increase in response to 4-nitrophenol (4NP) and 

4-nitroanaline (4NA) for both measurements of current and open circle voltage 

(OCV). The positive response of algae to 4NP in increasing the 4NP production 

and electricity generation in MFC proposed the possible application in the 

detection of E.coli, as 4NP is involved in the intermediate step of the detection 

process. Results indicate Algae MFC was suitable for the detection of E. coli. of 

concentration higher than 10
6
 using OCV measurement.  

 



iii 
 

Keywords: Electricity generation, Chlorella pyrenoidosa, Microbial fuel cell. 

Acknowledgements 

I would like to express my sincere thanks to co-supervisor Dr. Karen Poon 

who is my major supervisor during my M. Phil. study, and also Prof. Cai for their 

kind encouragement and valuable advice on my research. The financial support 

from UIC College Research Grant R201207 is gratefully acknowledged. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

   

Table of Contents  

Declaration ................................................................................................................ i 

Abstract ................................................................................................................... ii 

Acknowledgements ................................................................................................ iii 

Table of Contents .................................................................................................... iv 

List of Table ............................................................................................................ vi 

List of Figure ........................................................................................................ vii 

List of Abbreviation ................................................................................................ xi 

1. General Introduction ......................................................................................... 1 

1.1. Development of bio-energy. ....................................................................... 1 

1.2. Introduction of microalgae. ........................................................................ 2 

1.3. Introduction of bio-energy from green algae. ............................................ 3 

1.3.1. Different methods to extract biofuel from green algae. ................... 4 

1.4. Introduction of Microbial fuel cell ............................................................. 6 

1.4.2. Microbes in microbial fuel cell. ....................................................... 9 

1.5. The purpose of research: .......................................................................... 10 

1.6. Scope of study .......................................................................................... 10 

2. Electricity generation of algae grown anode microbial fuel cell ....................... 12 

2.1. Introduction. ............................................................................................. 12 

2.1.1. Development of bacteria microbial fuel cell. ................................. 12 

2.1.2. Development of algae microbial fuel cell. ..................................... 14 

2.2. Materials and Methods ............................................................................. 19 

2.3. Result. ...................................................................................................... 25 

2.3.1. Electricity generation in Model one: Algal MFC with algae grown 

at anode. ................................................................................................... 25 

2.3.2. Electricity generation in Model two: Algal MFC with algae in both 

chambers .................................................................................................. 36 

2.3.3. Improve the function of power generation. ................................... 38 

2.4. Discussion. ............................................................................................... 39 

3. Stress response of algae to 4-NA and 4NP and their electricity generation in 

algae microbial fuel cell ......................................................................................... 46 

3.1.Introduction ...................................................................................................... 46 

3.2. Method and materials. .............................................................................. 49 

3.3. Result ....................................................................................................... 52 

3.3.1. Exposure of 4NA or 4NP to algae individually ............................. 52 

3.3.2. Exposure of 4NA or 4NP to algae simultaneously. ........................ 53 

3.3.3. Algae MFC response to 4NA and 4NP. .......................................... 55 

3.3.4. Algal cell permeability after chemical incubation. ........................ 58 

3.4. Discussion. ............................................................................................... 59 

4. Detection of E.coli by algae grown anode MFC ............................................... 61 

4.1. Introduction .............................................................................................. 61 



v 
 

4.1.1.Microbial biosensor ........................................................................ 61 

4.1.2. MFC based biosensor ..................................................................... 61 

4.1.3.Determination of E.coli. .................................................................. 63 

4.2. Method and material ................................................................................ 66 

4.3.Results ....................................................................................................... 67 

4.3.1.Live and dead cell staining picture. ................................................ 67 

4.3.2.Optimization of external resistant of algae MFC. ........................... 68 

4.3.3.Optimization of substrate concentration in E.coli. ......................... 69 

4.3.4. 4NP concentration at different concentration of E.coli. ................. 71 

4.3.5. Current generation and OCV changes of different concentration of 

E.coli ........................................................................................................ 72 

4.3.6. Real sample with E.coli contamination. ........................................ 74 

4.4. Discussion. ............................................................................................... 77 

5. Future works ...................................................................................................... 79 

5.1. Study the mechanism of algae electricity generation in details ............... 79 

5.2. Algae MFC with function as algae culturing facility ............................... 79 

5.2. Algae MFC based biosensor .................................................................... 81 

Conclusion ............................................................................................................. 82 

Reference. .............................................................................................................. 82 

CURRICULUM VITAE ........................................................................................ 93 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 
 

List of Table 

Tables Captions Pages 

Table 1. Internal resistance and maximum power 

density calculated from different light 

intensity and algae concentration. 

35 

Table 2. Maximum power density in comparison 

with other works 

45 

Table 3. Plate counting result 75 

 

 



vii 
 

List of Figure  

Figure Captions Pages 

Figure 1 Schematic diagram of two chamber 

microbial fuel cell (Logan et al., 2008) 

 

8 

Figure 2 Polarization curve of MFC (Fan et al, 

2008) 

 

9 

Figure 3.1 Model 1: Algal MFC with algae at anode 

and potassium ferricyanide in cathode 

 

21 

Figure 3.2 Model 2: Algal MFC with algae at both 

anode and cathode. 

 

22 

Figure 3.3 Photo of equipment one: 150ml MFC 

used for model 1 study. 

 

22 

Figure 3.4 Photo of equipment two: 5 ml min MFC 

used for comparison study of model 1 

with 150 ml MFC (Fig.3.3.) and model 2. 

 

23 

Figure 3.5 Photo of equipment three: 200ml MFC 

used for the enhancement production of 

power density. 

 

23 

Figure 4.1. Current (A) generated from algae at 

anode of MFC under different intensity of 

light  

 

26 

Figure 4.2. Current (A) generated from algae at 

anode of MFC with different algae cell 

density  

 

26 

Figure 5 Current (A) generated from algae in 

model 1 MFC of control sample and the 

current change after the addition of RVT 

(ppm) and DNP (ppm) 

 

27 

 

 

 

 

 

 



viii 
 

Figure 6.1. Current (A) generated from algae at 

anode of MFC with the addition of 

Na2SO3(1g/L) under different intensity of 

light  

 

29 

Figure 6.2. Current (A) generated from algae of 

different cell density at anode of MFC 

with the addition of Na2SO3(1g/L). 

 

 

  29 

Figure 7.1. Dissolved oxygen (DO) mg/L in algal 

anode (5.94 x 10
6
 cells/ml) under 

different intensity of light with and 

without the addition of Na2SO3(1g/L ) 

 

32 

Figure 7.2. Dissolved oxygen (DO) mg/L in algae at 

light intensity of 3500 Lux without the 

addition of Na2SO3(1g/L) at different cell 

density (cells/ml) 

 

32 

Figure 8.1. Power density curve and polarization 

curve at different light intensity with the 

addition of Na2SO3(1g/L) 

 

33 

Figure 8.2. Power density curve and polarization 

curve at different cell density with the 

addition of Na2SO3(1g/L) 

 

34 

Figure 9.1. Current density of one chamber algae 

using equipment 1 and equipment 2 

 

36 

Figure 9.2. Power density curve and polarization 

curve by using equipment 2 at optimized 

light intensity and cell density 

 

36 

Figure 10.1. Current generation in two chamber algae 

mini MFC. 

 

36 

Figure 10.2. Polarization curve of power density curve 

of two chamber algal mini MFC at 

optimized condition 

 

37 

Figure 11.1 Current generation and DO level by using 

equipment 3 

39 



ix 
 

 

 

 

Figure 11.2 

 

 

Power density curve and polarization 

curve of equipment 3 

 

 

39 

 

 

Figure 12 Electron transport chain in mitochondria 

 

41 

Figure 13 Plot of log concentration of 4NA and 4NP 

at different conditions of algae 

 

53 

Figure 14 Concentration difference (initial 

concentration minus concentration at one 

hour) of 4NA and 4NP in the algae 

exposure medium one hour in normal 

condition 

 

54 

Figure 15.1 Influence of 4NA on OCV change. 

 

56 

Figure 15.2. Influence of 4NA on current changes. 

 

56 

Figure 16.1. Influence of 4NP on current change. 

 

57 

Figure 16.2. Influence of 4NP on OCV change. 

 

58 

Figure 17 The cell staining pictures. 

 

59 

Figure 18 CTC/DAPI double staining for E.coli 

 

67 

Figure 19 Current generation at different external 

resistance. 

 

69 

Figure 20 Concentration of 4NP at different 

concentration of 

4-nitrophenyl-beta-D-glucuronide. 

 

69 

Figure 21.1 HPLC Chromatogram of 4NP standard of 

125 ppm. 

 

71 

Figure 21.2. HPLC Chromatogram of 4NP of E.coli 

sample. 

 

71 

Figure 22. Concentration of 4NP at different 71 



x 
 

concentration of E.coli. 

Figure 23. Current change at different concentration 

of E.coli. 

72 

Figure 24. OCV changes at different concentration 

of E.coli. 

 

73 

Figure 25. OCV changes at milk tea sample with 

different portion of E.coli. 

 

74 

Figure 26. Pictures of E.coli coliform in plating 

counting. 

 

75 

Figure 27. Algae culturing facilities suggested for 

future work 

80 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xi 
 

List of Abbreviation 

 

 

Abbreviations 

 

Full terms 

MFC 

 

Microbial fuel cell 

4NA 

 

4-nitroanaline 

4NP 

 

4-nitrophenol 

OCV 

 

Open circle voltage 

DO 

 

DNP 

 

RVT 

 

Dissolve oxygen 

 

2,4- Dinitrophenol 

 

Resveratrol 



1 
 

 

1. General Introduction 

1.1.Development of bio-energy. 

   Bioenergy is renewable energy that derived from biological sources. In its 

narrow sense it is the same as biofuel that is fuel derived from biological sources 

(Frauke &Tom, 2010). First generation of biofuels was mainly attained from food 

and oil crops including sugar cane, sugar beet, rapeseed oil and maize. Animal fat 

and vegetable oil were also included in biofuels production (Brennan & Owende, 

2010). The disadvantages of biofuel production at this stage include the 

competition with fiber and food production, incurring the high water and fertilizer 

requirements, and the lack of well agricultural practices. Owing to these 

limitations, second generation of biofuels, instead of mainly using food crops, 

were focused on using plant and agricultural residues, and wood processing waste 

(Brennan & Owende, 2010). However, the conversion technology has still not met 

with the commercial requirements. 

  The requirements of biofuel resources that are viable both economically and 

technically need to have the characteristics of, low cost at least better than that of 

petroleum ; low requirements for land use and low air pollution. In order to meet 

with the strict requirements for biofuel production, microalgae have recently been 

interested in various studies. For the time being, using Microalgae as biofuel 

production have made a great contribution to energy demand, as well as providing 

environmental benefits (Wang et al., 2008). 
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1.2. Introduction of microalgae. 

Green microalgae are unicellular organisms that could capture the solar 

energy and convert it to chemical energy through photosynthesis. They are widely 

distributed in the different environments, including both fresh and marine water 

(Priyadarshani & Rath, 2012) and they are very efficient in utilizing sun energy 

serving as primary source of carbohydrates and proteins for aquatic organisms. 

Using Microalgae has several advantages over other plants, such as lower space 

requirement for culturing, not competing with food production and higher growth 

rates (Hartman, 2008). Hence, microalgae have wildly utilized in both food and 

environmental application. 

 

1.2.1. Food application 

 

Microalgae produce a wide range of primary and secondary metabolites such 

as carbohydrates, proteins, lipids, carotenoids or vitamins. These metabolites have 

high value for commercial and industrial application; for example, nutrient 

supplements in human food, food coloring agents, cosmetics, biofuel, animal feed, 

bio-fertilizer and pharmaceuticals. The dominant species of green microalgae 

(Chlorophycea) mostly used as nutritional supplements for humans and animal 

feed additives include Chlorella vulgaris, Dunaliella salina, Haematococcus 

pluvialis, and Cyanobacteria Spirulina (Priyadarshani & Rath, 2012) 

1.2.2. Environmental application 

Microalgae have been utilized in wastewater treatments for the biodegradation 
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of heavy metal and organic contaminants. Degradation of aromatic compounds 

was observed under both aerobic and anaerobic condition of microalgae, and 

organic contaminants were found to be utilized by microalgae as carbon source 

(Khan et al, 2013; Semple et al, 1996; Semple et al, 1999). Microalgae have also 

been used in microbial fuel cell (MFC) to produce renewable energy source. In 

the past, algae MFC have microalgae cultured at cathode to act as electron 

acceptor in the process of electricity generation, as well as degradation of organic 

contaminants (Juang et al., 2012; Powell et al., 2011). During the process, 

biomass of algae at cathode also increases after several days running at defined 

conditions (Wang et al, 2010 & Zhou et al, 2012). 

1.3. Introduction of bio-energy from green algae. 

  Exploring the extraction of bio-energy from green algae has been wildly 

investigated in recent years. The extraction of biofuel from green algae, such as 

methane, hydrogen, biodiesel, and ethanol (Delucchi, 2003) is the main focus of 

bioenergy extraction. The advantages of using microalgae to produce biofuel 

include their rapid growth and easy culturing (waste water culturing, no pesticide 

application, culturing all year round). Some of the species have oil content reach 

20-50% per unit dry weight (Brennan & Owende, 2010). After oil extraction and 

biohydrogen (Brennan & Owende, 2010; Mata et al., 2009), ethanol and methane 

would then be produced. The production of algae biofuel includes several steps: 1) 

selection of right algae species that has the optimized balance between biofuel 

production and extraction process of valuable products (Ono & Cuello, 2006); 2) 
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attaining the high efficiency culturing system for the production of algae (Pulz & 

Scheinbenbogan, 1998); 3) biomass harvesting and processing; 4) extraction of 

biofuels (Hirano et al., 1998). 

  

1.3.1. Different methods to extract biofuel from green algae. 

The extraction processes of algal biomass to energy are determined by the types 

of algae sources, types of biofuel (gas or liquid) and purpose of end usesd. 

Generally, the conversion techniques for bio-oil and bio-gas can be separated into 

two categories: thermochemical and biochemical conversion (Brennan & Owende, 

2010). The processes for the conversion of biomass to bio-diesel have similar 

procedure as that of bio-oil and biogas at early stages, but different in the later 

stages. 

 

1.3.1.1. Thermochemical conversion. 

Thermochemical conversion can be achieved by direct combustion, gasification, 

pyrolysis and thermochemical liquefaction. Gasification can be used for the 

production of syngas, a mixture of CO, H2, N2 and CH4 (Demarrias, 2001). This 

gas can be used in gas turbines or gas engines. Chlorella vulgaris in a system with 

nitrogen cycling can generate methane-rich fuel, and the final nitrogen component 

of microalgae can be converted into fertilizer (Minowa & Sawayama, 1999). 

Pyrolysis is the process that converts biomass to bio-oil, syngas and charcoal at 

high temperature. Pyrolysis can be used for the enhancement production of oil 
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from Chlorella prothothecoides in heterotrophic growth. 

 

1.3.1.2. Biochemical conversion. 

   Biochemical conversion is a biological process of energy conversion that 

converts biomass into biofuel. This process includes anaerobic digestion, 

photobiological hydrogen production and alcoholic fermentation (Brennan & 

Owende, 2010). CH4, CO2 and other trace gas can be generated in the process of 

anaerobic digestion. Alcoholic fermentation is the process to convert biomass 

having high content of sugars, starch or cellulose, into ethanol. Distillation is 

usually necessary after the conversion process, so as to remove water and other 

impurities in the product. Chlorella vulgaris are good source of ethanol because of 

its high starch content (37%), and high conversion efficiency (Hirano et al., 1997). 

In the process of hydrogen production, algae are cultured in normal 

photosynthetic condition, followed by anaerobic conditions. During 

photosynthesis, microalgae convert water into hydrogen ions and oxygen, and 

then hydrogen ions are converted to hydrogen under anaerobic conditions 

(Brennan & Owende, 2010). 

 

1.3.1.3. Conversion of algae biomass to biodiesel. 

   Biodiesel is a derivative of oil crops and biomass that can be used for diesel 

engines. It is a mixture of monoalkyl esters derived from lipid feedstock such as 

algal oil (Demarrias, 2009). It is produced after biomass processing similar to that 
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of other biofuel production and the processes include oil extraction and biodiesel 

production. In the stage of oil extraction, the process of cell disruption of 

microalgae is important in order to release the metabolites of interests. Cell 

disruption methods include mechanical action (e.g. ultrasounds) and 

non-mechanical action (e.g. freezing). Lipids and fatty acids are extracted by 

solvent extraction after cell disruption. Solvents such as hexane, ethanol, and 

ethanol-hexane mixture can be used for lipid extraction (Richmond, 2004). 

Extraction methods such as ultrasound, microwave-assisted extraction were also 

been reported in several studies (Cravotto et al., 2008). The extracted algae oil is 

converted to biodiesel through the process called transesterification in the final 

step of biodiesel production. Transesterification is a chemical reaction that 

transfers triglycerides to mono-esters that is called as biodiesel by alcohol with 

assisting of catalyst (Mata et al., 2009).   

  

1.4. Introduction of Microbial fuel cell 

Alternate technologies in producing energy are currently of great interest, 

because the supply of petroleum is decreasing and the cost of it is increasing. The 

microbial fuel cell (MFC) is a new technology producing electricity from the 

oxidation-reduction reactions that occur within living microorganisms (Chae et al., 

2008). It is a device which converts chemical energy into electrical energy by 

utilizing the catalytic action of microorganisms (Allen & Bennetto, 1993).  It 

consists of an anode and a cathode chamber connected by an external electric 
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circuit and separated internally by proton exchange membrane generally (Li et al., 

2010). Currently studies are focusing on microbial growth for generation of 

electrons at anode, and by biodegradation of organic compounds such as glucose 

(Rabaey et al., 2003; Li et al., 2010; Korneel et al., 2003), alcohols (Kim et al., 

2007), acetate (Liu et al., 2005). Other organic wastes also been used as fuel in 

MFC (Oh & Logan, 2005) such as nitrobenzene (Li et al., 2010). Electrochemical 

reduction occurring at cathode could employ chemical reduction, e.g. reduction of 

ferricyanide to ferrocyanide (Li et al., 2010). Microbes in anode chamber are 

usually anaerobic bacteria that would produce electron via the metabolism of 

externally added substrate. Typical two chamber MFC is showed in figure 1 for 

electricity generation. 

Application of microbial fuel cell includes electricity generation, biohydrogen 

generation, waste water treatment and biosensor. Electricity generation and waste 

water treatment were more wildly reported in MFC studies, compared with other 

two applications. A large number of studies were focusing on the enhancement of 

electricity generation by modifying MFC equipment, such as increasing surface 

area of electrode, utilizing graphite electrode with platinum (Pt). 
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Figure 1. Schematic diagram of two chamber microbial fuel cell (Logan et al., 2008). 

 

1.4.1. Basic concept of electronic circuit of practical voltage source parallel 

connected with external resistance, and that of microbial fuel cell. 

In electronic circuit has practical voltage source parallel connected with 

loaded external resistance, the relationship between loaded voltage (VL) and 

current (IL) is linear, as showed in equation (1) and each point on the line 

corresponds to different value of loaded resistance. The midpoint of straight line 

is obtained at the condition in which the loaded resistance is equal to the internal 

resistance (Rint) of practical source.  When the loaded resistance is large enough 

and no current flow, the practical source is open circuited and voltage at this 

condition is called open circle voltage (OCV) ( Hayt et al., 2005). 

VL = OCV-Rint* IL                                                     Equ (1) 

Similar to normal parallel connected electronic circuit, linear relationship between 

load voltage and current can also be observed in microbial fuel cell system. This 

linear range can be found as part of polarization curve. Polarization curve is 
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measured by recording the corresponding voltage during the change of external 

resistances from 10,000  to 20 (typically 5–10 min per resistance) (Logan et 

al., 2006). Polarization curves represent a powerful tool for the analysis and 

characterization of fuel cells. It is presented by the voltage as a function of the 

current (density). There are three regions in the polarization curve: activation 

region, ohmic region, and concentration region (Fig. 2). The cell voltage drops 

rapidly and nonlinearly in the activation region, followed by a slow and 

near-linear drop in the ohmic region, and the voltage drops rapidly and 

nonlinearly with the current increase in concentration region. 

  

Figure 2. Polarization curve of MFC (Fan et al, 2008). 

The internal resistance of the cell (Rint) is calculated from the slope in the 

equation (Fig. 2).  Eb is referred to the linear extrapolation open circuit voltage 

(OCV), and closed to OCV (Fan et al, 2008).  

1.4.2. Microbes in microbial fuel cell. 
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Both anaerobic bacteria and phototrophic bacteria were utilized in MFC, and 

anaerobic bacteria were more widely used compared with phototrophic bacteria. 

Microbes in marine sediment, wastewater, soil, and active sludge have been used 

to grow in anode chamber. However, not all the microorganisms were 

electrochemically active, and most of them were inactive (Delaney et al. 2008). 

Escherichia coli, Erwinia dissolven, Geobacter metallireducens, Streptococcus 

lactis are examples of microbes found in MFC (Du et al, 2007). Benefit bacterial 

such as yeast was also used as anode growing microbes (Powell et al, 2011). 

Aerobic photographs cyanobacteria were also found to produce electricity. 

Microorganisms transfer electrons derived from metabolism of organic matters to 

anode, and glucose is the mostly used substrate in MFC. Plant has also been used 

in MFC for generating electric power (Timmers et al. 2012), but the role of 

electron donor was relied on the bacteria located on the root surfaces of the plant 

(Timmers et al, 2012).  

1.5. The purpose of research:  

1) To explore the possibility to directly generate electricity from algae in MFC. 

2) Explore algae MFC in application, e.g. analysis. 

 

1.6. Scope of study 

   

   In my study, energy was extracted directly from algae by putting algae in the 
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anode of MFC, and act as electron donor. Mitochondria are the organelles in the 

metabolic system handling the largest number of electrons; therefore, the 

involvement of it in electricity generation was anticipated.  In order to 

demonstrate the role of mitochondria in contributing electron and proton, ATP 

inhibitor and protonophore were applied to see the effect on electricity generation 

in the present study.  

   Oxygen is produced by algae during the photosynthesis, and it is an effective 

electron acceptor that would lower electricity generation of MFC.  In order to 

study effects of oxygen on electricity generation, the effect of different light 

intensity and algae cell concentration were investigated, as well as the same 

conditions with oxygen control. In order to improve the power generation in algae 

MFC, several parameters such as electrode material and surface area, space 

between two electrodes, electrolyte, contact of electrode and surface area of 

membrane are considered. The optimized condition will be applied in algae 

sustainable culturing system. 

   In the second goal of research, algae MFC will be used as food analysis tool. 

This application is based on the understanding of characteristics of algal response 

to organic contaminants (4NA and 4NP). Algae were found to degrade or secret 

the same compound in certain conditions that is determined by the relative 

formation and degradation rates. In the study of algae MFC voltage response of 

organic contaminants, voltage was found to increase sharply after exposing to 4NP, 

and 4NP is involved in the intermediate process of E.coli. analysis. Therefore, the 
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use of algae MFC as tool for detection of E.coli will be explored.  Algae MFC 

used as analytic tool has major advantages of low cost, quick, large voltage signal 

and safe. 

 

2. Electricity generation of algae grown anode microbial fuel cell 

2.1. Introduction. 

    In the development of microbial fuel cell, anaerobic bacteria always play a 

significant role from the beginning of this technology to present. Recently, algae 

begin to participate in microbial fuel cell, but act as oxygen supplier in cathode 

chamber. In the recent two years, algae start to function as substrate for bacteria in 

anode chamber. The detail developments of microbial fuel cell are discussed in 

next two sections. 

2.1.1. Development of bacterial microbial fuel cell. 

   The earliest MFC concept was reported in 1910 (Ieropoulos, 2005a), and 

electricity was produced from Saccharomyces and Escherichia coli by using 

platinum electrodes (Potter, 1012). However, it didn’t attract much attention until 

1980s when the researchers found that the electricity can be promoted by the 

addition of electron mediators. Mediators have function of accelerating electricity 

generation by improving the transfer of electron from microbe to electrode. 

Common mediators used included methyl blue, neutral red (Park & Zeikus, 2000), 
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thionine, methyl viologen (Peguin & Soucaille, 1995), humic acid and etc.; 

However, the toxicity and instability of the mediators limited their application 

(Aktan et al., 2011). However, not all of the microbes need synthetic mediators to 

accelerate electron transfer in order to generate electricity. Some of the microbes 

can use self-metabolites as mediators to assist the electron transfer (Lovley, 1993). 

In the following years, a breakthrough was found that some microbes have their 

own ability to transfer electron directly to electrode of anode (Chaudhri & Lovely, 

2003; Kim et al., 1999a). Geobacter metallireducens (Min et al., 2005a), 

Geobacteraceae sulferreducens, Rhodoferax ferrireducens (Chaudhuri & Lovley, 

2003) (Bond & Lovley, 2003) can form a biofilm on the anode surface, in which 

electrons generated by the microbes can be transferred directly through the 

membrane. Theses MFCs without synthetic mediators have advantages of less 

cost for waste water treatment and power generation. 

  In the recent years, phototrophic bacteria such as cyanobacteria were also used 

in anode chamber of MFC as function of electrochemical catalysis or substrate 

supply by photosynthesis (Xiao & He, 2014). The contribution of phototrophic 

bacteria in electrochemical catalysis was the production of hydrogen for the 

electricity generation. Organic compounds such as glucose produced from 

phototrophic bacteria was utilized as substrate for other microbes in electricity 

generation. Some of bacteria such as Geobacter sulfurreducens containing special 

structured pili would promote better electron transfer and electricity production 

(Reguera et al, 2006, Lesnik & Liu 2014). 
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2.1.2. Development of algae microbial fuel cell. 

        In previous algal MFC, live algae were never grown in anode chamber 

of MFC, as photosynthesis would produce oxygen that is an electron acceptor 

leading to the reduction of electricity. If it is placed in anode, oxygen produced 

would accept electron in anode and reduce electricity generation of MFC. In 

general, algae in microbial fuel cell has developed in two stages: 1) algae provide 

oxygen as an electron acceptor in cathode reaction.2) algae function as or provide 

substrate for the metabolism of bacteria in supplying electrons, Algae growing in 

waste water together with bacteria in anode chamber also reported for electricity 

generation, the role of algae was to facilitate the growth of bacteria which is 

similar to that shown in plant MFC. Although electricity and power generation 

were studied, role of algae in effects of photosynthesis and potential mechanism 

of it was not demonstrated in their study (He et al., 2009). 

 

2.1.2.1. Algae as O2 producer in cathode of MFC 

  In two chamber microbial fuel cell, algae were grown at cathode to produce 

oxygen, and work as electron acceptor (Juang et al., 2012; Powell et al., 2011; 

Powell et al., 2009). Juang et al (2012) constructed MFC by using synthetic waste 

water and sludge at anode and algae at cathode. The synthetic waste water 

contained glucose, nutrient broth, and different salts. A fixed amount of waste 

water was pumped into the anode chamber, and effluent of anode chamber was 

flowed into intermediate chamber. The liquid in intermediate chamber was used 
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for further analysis. Different light power was applied to algae cathode in the 

comparison of voltage and power density generation. Powell et al (2011) 

constructed MFC by employed Chlorella vulgaris at cathode as electron acceptor, 

and serving yeast strain Saccharomyces cerevisiae as electron donor.  

  Campo et al (2013) constructed a MFC by applying activated sludge with 

synthetic fruit effluent containing sugar at cathode, and Chlorella vulgaris was 

cultured at cathode. This facility was illuminated with an 11 W fluorescent lamp 

for 12 hours per day, and running in dark condition for the next 12 hours.  In 

their CO2 addition study, they found that the addition of CO2 was necessary for 

algae MFC and bubbling CO2 for 0.5 hour was enough for good performance, as 

the MFC system will need long time to recover once the addition of CO2 was 

longer than 0.5 hour. 

 

Wang et al (2010) & Zhou et al (2012) introduced a new MFC which transfer 

CO2 from anode to algae grow cathode. It has been demonstrated as an effective 

technology for CO2 emission reduction with higher power density production, as 

well as algae biomass production. The optical density of algae cell has been found 

to increase from 0.21 to 0.85 (658nm) after several days running of the system, 

and the power density increased from 4.1 to 5.6 W/m
3 

(Wang et al, 2010).  

Immobilized Chlorella vulgaris beads was first utilized in cathode chamber, and 

stable voltage outputs  obtained in the algae grown cathode MFC after running 

for 14 ± 2 hrs. The results indicated the well growth of C.vulgaris (Zhou et al, 
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2012). It has also been reported that the final concentration of algae was relating 

to the initial concentration of algae that are required not be too low (10
5
 cell/ml or 

too high (10
7
cell/ml). As very low algae concentration might not generate enough 

oxygen to act as electron acceptor, which results in poor power density. However 

large number of algae cells at the surface of the beads limited the cell growth and 

increased the mass transfer resistance (Uemoto & Saiki, 2000). 

Powell et al (2009) applied Chlorella vulgaris at cathode with supplied CO2. 

They studied the kinetics of growth of Chlorella vulgaris at different 

concentration of CO2 and different power of radiant flux. They found that the 

growth rate was found to increase when the dissolved CO2 reach to the 

concentration of 150 mg/L, however the growth rate fell at higher concentration 

of dissolved CO2. When a 32.3mW radiant flux fell directly on algae cathode, the 

growth rate reached up to 3.6 mg of cells/L-h. Thus, in order to reach the optimum 

growth rate of C.vulgaris cells, both radiant flux and dissolved CO2 concentration 

are important factors to be controlled. 

 

 2.1.2.2. Algae as substrate supplier in anode of MFC. 

   Algae biomass has been reported as substrate for electricity generation in 

MFC in wide variety of studies, including live algae and dry algae mass (Li & 

Zhen, 2014). Live algae produced from photobioreactor that connected to MFC 

system, was provided as algal biomass substrate in anode (Strik et al., 2008). Live 

blue green algae also could generate electricity, as well as remove microcystins (a 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Uemoto%20H%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Saiki%20H%5Bauth%5D


17 
 

toxin) effectively (Yuan et al., 2011). Dry Algae biomass has been used as 

substrate in MFC for the growth of bacteria at anode in various studies (Cui et al. 

2014, Gouveia et al. 2014, Rashid et al. 2013, and Velasquez-Orta et al. 2009). 

Pretreatment of algae biomass was often required in bacteria driven MFC includes 

sonication and thermal pre-treatment, in order to improve the digestibility of algae 

by bacteria (Rashid et al. 2013). These treatment methods have function to extract 

organic compounds inside algae cell. However, the methods including algae 

culture, biomass drying and pretreatment were time and labor intensive (Rashid et 

al. 2013). Researchers also demonstrated that formate produced by green algae C. 

reinhardtii could use for G. sulfurreducens generating electricity (Nishio et al., 

2013). 

 

2.1.3. Algae microbial fuel cell in this study (as electron donor). 

 

According to literature review of previous algal MFC, all of them utilized 

algae as electron acceptor in cathode of MFC by using oxygen generation in 

cathode chamber or as substrate supplier in anode chamber. Algae grown in anode 

chamber and function as electron producer was never reported currently, as 

photosynthesis of algae release oxygen that is a competitor for electron in anode 

chamber. As algae were eukaryotic cells containing mitochondria, it would be 

hypothesized that algae have ability to generate electricity. 

In the present study, MFC was constructed in an attempt to put algae in anode 
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for the generation of electricity. The advantages of using live algae grown in the 

anode of MFC are: 1) Sustainable production of electricity without the addition of 

substrate such as glucose; 2) More clean than other bacteria MFC that using 

wastewater in anode chamber; 3) A simple approach to extract energy from algae 

without multiple pretreatment of algae biomass.  

The specie used in the present study was Chlorella pyrenoidosa unicellular 

green algae. In order to do initial confirmation that mitochondria of algae is 

involved in the electricity generation, mitochondrial acting chemicals, ATP 

synthase inhibitor Resveratrol (RVT) and protonophore 2, 4-dinitrophenol (DNP), 

were used to alter the proton flow in electron transport chain of mitochondria to 

see if the electric power would be altered.  Protonophore has function of 

enhancing proton leak from cell by uncoupling the oxidative phosphorylation and 

enhancing the protons across the mitochondrial membrane (Blaikie et al, 2006), 

which would increase the proton conductivity and leaking. RVT was a 

mitochondrial proton F0F1-ATPase/ ATP synthase inhibitor (Zheng & Ramirez 

2000), which would increase the mitochondrial membrane potential by inhibiting 

the ATP synthase to increase the proton conductivity and leaking (Brand et al 

1994). As dissolve oxygen(DO) generated from algae was a limiting factor for 

electricity generation, the effect of different algae concentration and light intensity  

in algae grown anode MFC were investigated. 
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2.2. Materials and Methods 

2.2.1. Algal materials 

 The green algae, Chlorella pyrenoidosa was isolated locally and was 

morphologically confirmed by acknowledged authority in Freshwater Algae 

Culture Collection of the Institute of Hydrobiology China (Yu et al., 2012).  

2.2.2. Chemicals and Reagents  

Potassium ferricyanide (K3[Fe(CN)6]) and sodium sulfite were purchased from 

Sinopharm Chemical Reagent Co., Ltd. Resveratrol (RVT) and 2, 4-dinitrophenol  

(DNP) were purchased from Sigma company.  

2.2.3. Algal Preparation 

2.2.3.1. Contamination detection 

Dip inoculating loop in algae solution (liquid TAP medium) (Gorman & Levine 

1965) from the conical flask and draw it on the plate (solid TAP medium). Solid 

agar was cultivated in environmental chamber at 25℃ for 3 days to ensure there 

was no contamination occurred.  

2.2.3.2. Algal Cultivation 

 Use inoculating loop to obtain the green colony of algae from the plate and 

dip it into flask with liquid Tris-acetate-phosphate (TAP) medium. The culture 

flask was then covered with a filter of 0.22m, and cultured in environmental 

chamber with continuous shaking at 120 rpm for 3 days.  The chamber was kept 

at 25℃ with light (3500 lux)/dark cycle of 16/8 h. Algae cell was harvested by 

3000 rpm centrifugation for 5 minus and suspended in fresh high salt medium for 
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MFC running. High salt medium was composed by 5ml salts solution( 100g/L 

NH4Cl, 4g/L MgSO4.7H2O, CaCl2.2H2O), 5ml phosphate solution (288.0g/L 

K2HPO4, 144.0g/L KH2PO4) and 1 ml Hutner’s trace elements in one liter. 

 

2.2.4. MFC Configuration 

The schematic design of the MFCs was shown in Fig. 3.1 and 3.2.  It consisted 

of an anode and cathode connected by an external resistance of 1000 Ω. Anode 

and cathode was separated internally by a proton exchange membrane (Nafion112, 

Dupont Co., USA). Two types of two chamber MFC reactors were utilized for 

study, Equipment 1 MFC had effective volume of 150 ml and graphite rod with 

surface area of 6.2 cm
2
 were used as electrode (Fig.3.3.). Equipment 2 had 

effective volume of 5 ml and carbon paper (Toray, Japan) with surface area of 7.8 

cm
2
(2.8x2.8cm) was used as electrode(Fig.3.4.). Equipment 3 had effective 

volume of 200ml and carbon paper (Toray, Japan) with surface area of 32 

cm
2
(8x4cm) was used as electrode. Equipment one MFC was used for the study of 

algae response to ATP inhibitor and protonophore, different light intensity and 

different algae concentration in algae grown anode (modle.1). The optimized 

condition was used in equipment two MFC to do the current generation 

comparing study, as well as two chamber algae MFC (model 2.). Equipment 3 

MFC was used to study power generation improvement. 

 

2.2.4.1. MFC constructed with algae at anode  
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In model one:  algae were grown at anode with potassium ferricyanide at 

cathode (Fig. 3.1).  Algae were bubbled with nitrogen for 10 min before voltage 

measurement.  Anode chamber was closed tightly enough to keep the anaerobic 

condition for the algae.  This system was used for study of algae response to ATP 

inhibitor and protonophore, different light intensity and with different 

concentration. In oxgyen control experiments, sodium sulfite(1g/L) was added 

into anode after nitrogen bubbling. 

Figure 3.1.  Model 1: Algal MFC with algae at anode and potassium ferricyanide in cathode  
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Figure 3.2 Model 2: Algal MFC with algae at both anode and cathode. 

 

 

Figure 3.3. Photo of equipment one: 150ml MFC used in model 1 study. 
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Figure 3.4. Photo of equipment two: 5 ml min MFC used for comparing study of model 1 with 150 

ml MFC (Fig.3.3.) and model 2 

 

 

Figure 3.5. Photo of equipment of three: 200ml MFC used for enhancement production of power 

density. 

 

2.2.4.2. MFC constructed with two chamber algae (Figure 2b.)  

    Anode contained algae without chemical treatments, and proceeded nitrogen 

bubbling following the same procedure as model one algal MFC experiments.  
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Cathode contained the algae solution in old TAP medium and fresh high salt 

medium (1:4) without nitrogen bubbling as showed in Fig.3.2., so as to maintain 

enough DO in cathode. The optimized condition including light intensity, 

concentration with oxygen control in model one was used for two chamber algae 

MFC study. 

 

2.2.5. Analysis and Calculation. 

 

   Voltage was measured across external resistance by a multimeter (34461A, 

Agilent Technologies). Data were collected at 5 minutes interval using DMM 

Connectivity Utility 2.0 software (Agilent Technologies). Each experiment was 

repeated in triplicate, so as to obtain reproducible value for analysis. Current (I) in 

Amperes (A) generated was calculated using Ohm’s law, I = Vemf/Rext, (Equation 1) 

(Logan 2008) where Vemf was the measured voltage across the two electrodes with 

external resistance Rext (1000 Ω) connected in Figure (1a,b). Polarization curves 

were used to estimate the internal resistance Rint of MFC. By changing external 

resistance from 10000 Ω to 100 Ω after stabilization, measurement of voltage at 

each resistance was done at every 5 to 10 minutes with triplicate. Current (I) 

would be calculated by Equation (1) and generate a plot of current verses voltage. 

The internal resistance Rint was calculated from the slope (Logan 2008). Power 

density was normalized per area of electrode (6.2 cm
2
) as  

P (mW/m
2
) = Vemf

2
/RextA                       Equation (2)  

where A was the surface area of anode in square meters (m
2
) (Logan, 

2008).Dissolve oxygen was measured by dissolved oxygen meter (AZ 8403, Heng 
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Xin). 

2.3. Result. 

2.3.1. Electricity generation in Model one: Algal MFC with algae grown at 

anode. 

 

To validate the effect of light intensity on the performance of photo-MFC, cell 

current was evaluated at light intensity of 2500 lux, 3500lux and 6500 lux. These  

light intensity were selected based on the parameter conditions of incubator. The 

current output was higher at the lowest light intesity of 2500 lux with output value 

above 5A that is higher than that at light intensity of 3500 lux and 6500 lux. 

Although current generation at higher light intensity was more stable than that at 

low light intensity, but the current was low and below 5A. Electricity generation 

further decreased and close to zero value, when light intensity reach to 6500 lux. 

DO level was found to be the highest at 6500 lux, compared with that of other two 

low level of light intensity( Fig.4.1.). The results of DO level may explained the 

reason why the lowest current generation was found at higher light intensity, as 

DO had negative impacts on electricity generation. High light intensity enhance 

oxygen generation in algae grown cathode was reported in several works( Wu et 

al, 2014; Juang et al, 2012). Oxygen generated at higher light intensity, which was 

the result of competition of electron with electrode. Hence, reduced current was 

generated at strong light intensity culturing condition.  
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Figure 4.1. Current (A) (meanSE)generated from algae at anode of MFC under the intensity 

of light at 1) ■ 2500 Lux; 2) ▲ 3500 Lux; 3)◆ 6500 Lux. 

 

 

Figure 4.2.  Current (A) (meanSE)generated from algae at anode of MFC with algae cell 

density at 1)◆ 3.68 x 10
7
; 2)□ 3.08 x 10

7
; 3)△ 1.39 x 10

7
; 4) ● 5.94 x 10

6
 

The performance of model 1 algal MFC was evaluated at different 

concentration of algae (Figure 4.2.).  Electricity generation was found to be the 

highest at low algae cell density at 5.94x10
6
 with the initial high current value at 

28 A，and declined to stabilized current value at 5 A. For the other three groups 
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at higher cell density, the stabilized current values were all below 5 A. Electricty 

generation was close to zero level, when algae cell density reached to the highest 

concentration at 3.68 x10
7
. The higher the algal cell density was, the lower was 

the current production in model 1 algal MFC. DO level was found to be higher at 

high concentration of algae, compared with that at low concentration of 

algae( Fig.7.2.). Similar to the DO level at high intensity, DO level was the main 

reason leading to the low electricity generation. 

 

a)-1.The effect of ATP inhibitor (Resveratrol) on the electricity generation in 

Model one: algal MFC. 

 

 
Figure 5. 1) ■ Current (A) (mean±SE)generated from algae in model 1 MFC of control sample and 2) ◆ 

the current change after the addition of RVT (ppm) and DNP (ppm) 

 

The addition of one ml 1000 ppm ATP inhibitor (Resveratrol) increased 

current from 3 A to 9 A (Fig.5.), followed by other two current increase after 

titration with same amount of RVT. Protonophore DNP was added after three 

times titration of RVT, and increased current was smaller than that of RVT, 

Compared with control sample prepared by the addition of same amount of 
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solvent into algae MFC, the sample prepared by the addition of RVT generate 

much more current increase. The phenomenon of algae response to ATP inhibitor 

RVT and protonophore DNP was similar in liver cell that had increased current in 

response to RVT. Blood cell had no response to ATP inhibitor RVT, as no current 

increasing was found at different concentration of RVT (Poon et al., 2014). RVT 

inhibit F0F1-ATPase by binding F1 sector, while F0 and F1 are major complexes 

to make up ATP synthase (Gledhill et al., 2007). ATP synthase inhibitor blocks the 

re-entry of proton from inner mitochondrial membrane to the matrix via the ATP 

synthase to form ATP from ADP.  As a result, proton accumulates in the inner 

membrane of mitochondrial and creates a high mitochondrial membrane potential. 

The increasing electro-gradient promotes proton leakage from the cell, and then 

the current was increased. However, algae cell produce oxygen during 

photosynthesis, the current was decreasing with time. As the presence of oxygen 

would reduce the current measurement, controlling the oxygen level in anode is 

critical to ensure the optimal electricity generation. The results of controlling 

oxygen studies were described in next section. 

 

2.3.1.2.The effect of light intensity and algae concentration on electricity 

generation in Model one algae after addition of sodium sulfite. 

In order to enhance current generation in algae grown anode, disolved oxygen 

was reduced in anode. Disolved oxygen in anode was a limiting factor for 

electricity generation, and covering anode in order to prevent growth of algae 

which generate O2 was reported in previous work( Campo et al, 2013). In order 
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to reduce disolved oxygen level in anode, 1g/L sodium sulfite was added into 

anode chamber before running the system. Generally, current generation in each 

condtion was much higher than that in the conditions without the addition of 

sodium sulfite. 

 
Figure 6.1. Current (A) generated from algae at anode of MFC with the addition of Na2SO3(1g/L) 

under the intensity of light at 1) ■ 2500 Lux; 2) ▲ 3500 Lux; 3)◆ 6500 Lux 

 

 

Figure 6.2. Current (A) generated from algae of cell density at of 1)◆ 3.68 x 107; 2)□ 3.08 x 107; 3)△ 

1.39 x 107; 4) ● 5.94 x 106  at anode of MFC with the addition of Na2SO3(1g/L). 
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Similar to the culturing condition without addition of sodium sulfite, with light 

intensity of 6500 lux result in lower current generation in MFC. The current 

generated was nearly 15 A that is lower than that at 3500 lux 2400 lux light 

intensity. However, the current generation at 3500 lux was not much smaller than 

that at 2500 lux, and both of them have current at around 50 A. Referring to the 

disolved oxygen(DO) level, 3500 lux and 2400 lux have the same level of DO 

which was stablized below 0.25 mg/L( Fig.7.1). Compared with the same 

condition without controling DO, the DO level was found to be well controled at 

very low level. DO level was lightly higher in light intensity of 6500 lux, but 

also below 0.25 mg/L. Internal resistance was the lowest at 1100 Ω at 3500 lux 

which was 2000 Ω smaller than that at other two light intensity. The power 

density of 3500 lux was 5.1 mw/m
2
 that was higher than that at the light intensity 

of 2500 lux ( 4.5 mw/m
2
) and 6500 lux(2.5 mv/m

2
). The results of DO level and 

internal resistance may explained the reason why 3500 lux and 2400 lux have 

similar current generation, but different maximum power density. 

The results of different algae concentration with oxygen controling were 

similar to that without the addition of sodium sulfite. The lowest algae 

concentration of 5.94x10
6
 generate the highest current than that at higher algae 

concentration, at around 20 A that is higher than that of other three concetrations. 

Algae concentration of 1.39x10
7
 and 3.08x10

7
 have almost the same level of 

current at around 30 A, and the current was lightly smaller than that of other two, 

when the algae concentration reach to its highest density of 3.68x10
7
 ( OD680nm). 
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Although DO level of algae concentration 5.94x10
6
 and 1.39x10

7
 are the same, 

but the current output was higher at concentration of 5.94x10
6 

. The result 

suggests that DO level was not the only limiting factor for current generation in 

algae grown anode MFC. Mass transfer resistance increase when the flux of 

reactants to the electrode are insufficient and then limit the rate of reaction. It 

resists proton diffusion from solution and membrane to cathode. This 

phenomenon is evidenced as ohmic losses resulting from the increased resistance 

of ion(proton) conduction, because of solution, membrane and flow of electrons to 

contact points( Logan, 2008). When the algae concentration is too high, the algae 

cell block proton transfer from solution to membrane, as a result of ohmic losses 

increase leading to lower current generation. 

  Ohmic losses can be minimized by optimizing the design of MFC architecture, 

choosing better membrane and reducing the space of the two electrodes(Logan, 

2008). In order to reduce Ohmic losses in this system, a mini- MFC having a very 

close distance between anode and cathode was used for the study. Concentration 

of 5.94 x 10
6
was selected for use in anode of MFC, and light intensity of 3500 lux 

was used as light source. Algae grown cathode as oxygen supplier has been 

worked successfully by many studies. Hence, two chamber algae MFC was runing 

in this study. 
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Figure 7.1. Dissolved oxygen (DO) mg/L in algal anode (5.94 x 10
6
 cells/ml) without the addition 

of Na2SO3(1g/L ) under the intensity of light at 1) ◆2500 Lux; 2) ■3500 Lux; 3) ▲6500 Lux ; 

with the addition of Na2SO3(1g/L ) under the intensity of light at 4) ⃟2500 Lux; 2) □3500 Lux; 3)

△6500 Lux. 

 

      

 

Figure 7.2. Dissolved oxygen (DO) mg/L n algae at light intensity of 3500 Lux without the 

addition of Na2SO3(1g/L ) at cell density (cells/ml) of 1)◆ 5.95x10
6
; 2) ■ 1.39x10

7
; 3) ●
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3.08x10
7
; 4) ▲3.68x10

7
; with the addition of Na2SO3(1g/L ) at cell density (cells/ml) of 5) ◇

5.95x10
6
; ) □1.39x10

7
; 3)○ 3.08x10

7
; 4) △3.68x10

7
  

 

                       

 (1) 

 

 (2) 

Figure 8-1 , (1) Power density (mW/m
2
) versus current density (mA/m

2
), (2) Polarization curve 

in model 1MFC with algae grown anode (5.94 x 10
6
 cells/ml) with the addition of Na2SO3(1g/L ) 

under the intensity of light at 1) ■ 2500 Lux; 2) ▲ 3500 Lux; 3)◆ 6500 Lux, using equipment 
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(1) 

 

 

     (2) 

Figure 8-2, (1) Power density (mW/m
2
) versus current density (mA/m

2
),  (2) voltage (mV) 

versus current density (mA/m
2
) in model 1MFC with algae of cell density at 1)◆ 3.68 x 10

7
; 

2)□ 3.08 x 10
7
; 3)△ 1.39 x 10

7
) ● 5.94 x 10

6  at anode of MFC at 3500 Lux with the 

addition of Na2SO3( 1g/L), using equipment 1. 
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Table 1. (mean±SD) Internal resistant and maximum power density calculated from different light 

intensity and algae concentration. 

   internal resistant internal resistant/m2 m W/m2 m W/m2/ml 

 2500 3001.76±251.94 5002.44±1.67 4.39±0.55 0.02±0.00 

Light 

intensity 
3500 1106.23±12.69 1843.22±0.08 5.11±0.81 0.03±0.00 

(Lux) 6500 3051.53±379.04 5085.89±2.52 2.67±0.31 0.02±0.00 

 5.9x106 1106.06±12.53 1843.44±0.08 5.11±0.81 0.03±0.00 

Algae 1.39x107 1482.03±181.07 2470.56±0.08 3.71±0.41 0.03±0.00 

concentration 3.08x107 2813.27±15.41 4688.78±1.21 1.99±0.06 0.01±0.00 

 3.68x107 3077.23±211.01 5128.22±1.41 1.82±0.10 0.01±0.00 

Mini-MFC One chamber algae 4539.53±453.52 5674.67±3.02 30.15±0.02 6.03±0.00 

Big-MFC One chamber algae 570.58±2.69 178307±842.21 104.06±0.60 0.50±0.00 

 

The design of mini- MFC generated higher current than equipment 1 MFC, 

although the effective volume of 5 ml was much smaller than that of equipment 1 

MFC. Similar to equipment 1 MFC, current generation in equipment 2 decreased 

rapidly at the beginning of the running period, but the current density in 

equipment 2 MFC was approximately above 100 mA/m
2. 

Power density in 

equipment 2 MFC was 30.15 mW/m
2
 (Fig.9.2.) that was much larger than that of 

5.11 mW/m
2
 generated at the same experimental condition using Equipment 1 

MFC (Table 1.). Equipment 2 MFC has the advantages of lower distance between 

anode and cathode electrode, larger surface area of electrode, and larger area of 

proton ion exchange membrane (3 cm in diameter) than that in 150 ml MFC. 

Larger surface area of electrode with small working volume contributes to the 

higher SAV ratio of MFC (surface area of electrode and compartment volume). 

Anode with higher SAV ratio( surface area of electrode and compartment volume) 

has reported to generate higher electricity; for example, Chiao et al.(2006) utilized 

MFC of SAV ratio around 32 generate 150 mA/ m
2
, MFC with higher SAV ratios 
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of 144 (Siu and Chiao, 2008) generated 302 mA/m
2
 (Wang et al., 2011).  

 

Figure 9-1. Current density of one chamber algae equipment 1 (150 ml MFC) and equipment 2 MFC (5 

ml) and at light intensity of 3500 lux and concentration of 106; ■ equipment 1 MFC and ◆ equipment 

2 MFC. 

 

 

 

  
Figure 9.2. Polarization curve of power density curve of one chamber algae mini MFC at light intensity 

of 3500 lux and concentration of 106. 1) ■ polarization curve ◆ power density curve. 
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Two chamber algae in 5 ml mini-MFC with the addition of sodium sulfite was 

running sucessfully and last for at least one day. Electric current was found to be 

stabilized after 6 hours at around 20 A, and lasted for 10 hours(Fig.10.1.). 

Current start to decrease when the runing time reach to 16 hours , and declined to 

10 A in one hour, followed by gradual increase after the17
th

 hour. Obviously, the 

current was slighly lower than that in stabilized periods during the last several 

hours. Power density of  two chamber algae MFC was 2.1 mW/m
2
, which is 

similar to that previously reported (Gajda et al, 2013). Although electric current 

and power generated was lower than that of previous bacteria grown anode and 

algae grown cathode, it was a clean , self sustainable MFC which was never 

reported. 

 

Fig.10.1. Current generation in two chamber algae mini MFC. 
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Figure 10.2. Polarization curve of power density curve of two chamber algal mini MFC at light intensity 

of 3500 lux and concentration of 106. 1) ■ polarization curve ◆ power density curve. 

2.3.3. Improvement of the function of power generation. 

In order to improve the electricity generation of algae MFC, a 250ml (total 

volume) with 200ml effective volume of big MFC was applied for algae MFC 

(Fig. 3.5). This type of equipment has much larger electrode surface area of 32cm
2
. 

It was running successfully for more than 3 days under optimized light intensity 

and algae concentration. Electric current generation was starting at 0.6 mA and 

stabilized for nearly 10 hours, followed by decreasing gently for next 35 hours to 

0.4 mA. In the following hours, current generation was then stabilized almost at 

0.4 mA. It generated maximum power density of 104.06mW/m
2 

and internal 

resistance of 570. DO levels were also measured continuously with electricity, 

and it was found to be controlled successfully with value close to zero level at its 

stabilized condition (Fig.11). 
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Figure 11.1. Current generation and DO level by using equipment 3 with effective volume of 

200ml. 

 

Figure 11.2. Power density curve and polarization curve of equipment 3 
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with algae grown at anode.  Although it was still unclear about the intracellular 

and extracellular electron transport from the algal cells to electrodes in MFC 

operation, it was sure that electricity was generated by algae at anode. Previous 

studies have already indicated that not every microorganism could be used in the 

anode of MFC to generate electricity (Kim et al. 2002), because most of them 

were electrochemically inactive (Delaney et al. 2008；Lithgow et al. 1986). 

Therefore, the power generation of MFC was significantly influenced by the type 

of bacterial community at anode (Lesnik and Liu 2014). Our previous study using 

hepatocytes or cancer cells in anode would generate electric current in MFC 

(Poon et al. 2014, 2015), which has opened the possibility to use eukaryotic cells 

as electron donor in MFC. 

Similar to bacterial or hepatocytes to have the ability to metabolize substrate 

and generate electrons in the important biochemical process of NADH to NAD+ 

(Logan 2008).  However, algae grown in normal condition in anode chamber 

only generate little electricity, as showed in Fig.4.  The major explanation was 

that algae could undergo photosynthesis, in which oxygen would be produced. 

Although nitrogen boubling has been done before MFC experiment, it can not 

control oxygen at low level. Because oxygen was the well-known electron 

acceptor, it would bind to the electron that was leaked out from cells during the 

metabolism. It was the reason why the electric current generation in algal MFC 

decreased at high light intensity( 6500 lux) at anode. As more oxygen was 

produced at high light intensity, which would reduce current production in MFC. 
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Similar phenomenon was observed in oxygen crossover in air-cathode MFC to 

decrease electricity generation (Butler and Nerenberg 2010). When sodium 

sulphite was added to anode to absorb oxygen, the electric current production was 

increased significantly. It indicates that control oxygen at low level is a critical 

step in algae grown anode MFC. 

 

2.4.2. Possible mechanism of electricity generation from algae. 

 

Figure 12. Electron transport chain in mitochadira((Byrd-Bredbenner et al., 2009). 

   In the cell respiratory metabolism, oxidation of substrates produced electron 

and proton that would either be used directly to convert the cofactor NAD
+
 and 

FAD
+
 to NADH and FADH2. The oxidative form NADH would be oxidized to 

NAD
+
 with the production of electrons and protons via the electron transport 

chain in the mitochondria (Fig.12.). The chemical process of oxidative 

phosphorylation in mitochondria would pass electrons through three complexes 

containing two electron carriers (ubiquinol and cytochrome c) (Hames et al., 2011) 
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in the electron transport chain, while the protons would be pumped outside the 

mitochondrial matrix to the inner mitochondrial membrane. The building up of 

high mitochondrial membrane potential, allowed the proton flow back to the 

matrix, provided enough energy to convert ADP to ATP (Byrd-Bredbenner et al., 

2009).  However, not all proton will participate ATP generation in electron 

transport chain, as ATP synthesis and substrate oxidation is not complete. The 

process is called “proton leak”. Electron leakage occurs when electrons passed 

down the respiratory chain exit prior to the reduction of oxygen to water, and 

produce superoxide, as major reactive oxygen species (ROS) in cells (Brand, 

2010); . 

   In order to understand the mechanism of electricity generation from algae, 

RVT and DNP was added into algae MFC during running period, so as to 

confirm that mitochondria play important role in electricity generation. Both 

RVT and DNP were able to increase the proton leak from 

mitochondria(Rupprecht et al. 2010; Zheng & Ramirez 2000; Brand et al, 1994). 

Similar to liver cells, algae responded positively to the two mitochondrial acting 

chemicals RVT and DNP in increasing the current production, although 

electricity decreased quickly after a sharp increase( without oxygen control). The 

results indicate the involvement of mitochondria in the process of current 

production by algae. 

   In eukaryotic cells such as mammalian cells, proton leak was always leak into 

the mitochondrial matrix(Poon et al, 2015; Poon et al, 2014), but proton could 
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flow out of mitochondria to cytosolic bulk had also been introduced(Luvisetto et 

al. 1991). Similarly, electron leak was also observed to flow out of the 

mitochondria in various studies. As indicated in previous report, about 50% of 

the electron leak in mitochondria flowed directly outside (Muller et al. 2004). 

Although there are no study reporting about proton leak in algae cell, it still 

proposed that algae cell has similarity as other eukaryotic cell. 

    Different from other bacteria MFC that rely on substrate supplied, algae 

grown anode MFC is depending on internal carbohydrate resource for electricity 

generation, and these internal carbonhydrate is produced from its photosyntheis. 

Compared with other bacteria MFC, algae grown anode MFC has advantages of 

cost saving, and more cleaning without supplying  substrate  Enhancement 

production of internal carbohydrate of algae cell, and metalolism of carbohydrate 

to electricity will be another interesting area for future study. 

 

2.4.3. Electricity generation improvement. 

In order to improve electricity generation, there are a wide variety of factors 

need to be considered such as conductivity of electrolyte, optimal electrical 

contacts (Logan 2008) and design of MFC. The design of MFC would 

significantly influence its sensitivity in measuring electric current generated from 

cells. According to the findings of previous studies, organic loading rate (Juang et 

al. 2011), the type of material used (Chang et al. 2014) and surface modification 

in electrode (Zhu et al. 2011), surface area of and the distance between electrodes 
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(Sajana et al. 2013) would highly determine the power output in MFC.  

In the consideration of cost, the cheap and graphite rod/carbon fiber 

electrodes in a two-chambered MFC were used in our present study. We only 

modified the equipment 1 (Figure 2.c.) by decreasing the electrode distance and 

effective anode volume, increasing the surface area of interchamber membrane 

and electrodes in equipment 2, resulting in the significant increase in power 

density of the previously reported studies (Table 1). When the surface area of both 

electrode and proton exchange membrane increase, more power can be generated, 

as the data showed in table 1 for big MFC. 

The power generations in this study were compared with other works with 

similar experimental materials. The major similarity between this work and other 

works is the commonly used carbon electrode to transfer electrons. According to 

table 2, power generation of algae grown anode MFC was relative higher than 

others, especially using equipment 2 and equipment 3 which have larger surface 

area of both electrode and proton exchange membrane. 
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Table 2. Maximum power density in comparison with other works. 

Maximum Power 

density mW/m2 reported 

Power density per unit 

anode volume mW/m2L 

Effect anode 

volume (mL) 
Reference 

3.3 1.52 2163 Lee & Huang et al 2013 

1.2 1.51 797 Juang et al 2012 

9.2 34.07 270 
Buitron & Cervantes-Astorga 

2013 

73 1802 40.5 Thepsuparungsikul et al 2014 

36 37.89 950 Timmers et al 2013 

30.15 6030 5 
Model 1 algal MFC in 

equipment 2 

2.16 432 5 
Model 2 algal MFC in 

equipment 2 

104.06 520.35 200 
Model 1 algal MFC in big MFC 

in present study 

 

   It was excited to find that algae itself could form MFC to generate electricity 

without using additional toxic chemicals.  Although other microorganism e.g. E. 

Coli has also demonstrated to generate electricity without using mediator 

(Nasirahmadi & Safekordi, 2012), using of algae in MFCs have a lot of benefits. 

Algae contained many nutritious and bioactive ingredients, and algae would not 

impose pathogenic hazard to the environment.  Algal MFCs without using 

mediators provide the opportunities to culture algae for industrial uses and at the 

same time to generate electricity without contamining the culture and environment.  

As the coulombic efficiency of MFCs was found to be affected by various factors 

(Juang et al., 2011), further studies were required to improve the efficiency and 

applied two chamber algae MFC as self-sustainable culturing system. 
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3. Stress response of algae to 4-NA and 4NP and their electricity 

generation in algae microbial fuel cell 

3.1. Introduction 

3.1.1. Stress response of algae to 4NA and 4NP. 

In order to apply algae MFC as food analysis tool, understanding 

characteristics of algae in response to organic contaminants are important. In my 

works, algae were found to secret or degrade nitro-aromatic compounds (4NA and 

4NP) under different conditions. The mode of handling to nitro-aromatic 

compounds was determined by the relative formation and degradation rate which 

were affected by environmental triggers. For example secretion rate of 4NP was 

higher at normal condition than that at starved condition (Table 1.). 

4-nitroaniline (4NA) and 4-nitrophenol (4NP) are nitro-aromatic compounds 

that commonly used in industry for the manufacture of herbicides, insecticides, 

synthetic dyes and pharmaceuticals (Alif & Boule 1991; Takahashi et al. 1994). 

4NP is one of the 114 organic compounds listed by U.S. Environmental Protection 

Agency with maximum allowed concentration in water at 20 ppb. In our previous 

studies, algae were found to have the ability to degrade and secrete organic 

chemicals in response to environmental triggers (Yu et al 2012).  Chlorella 

Pyrenodosa would secrete 4-Nitroaniline (4NA) upon the exposure of the same 

compound to the amount higher than that of originally added.  Algae also found 

to respond to 4-Nitrophenol (4NP), in which the mode of net secretion or 

absorption was modified by environmental conditions (Yu et al 2012).  The 
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extracellular algal secretion was likely a dynamic process that was determined by 

the relative rate of production, accumulation and degradation (Rajamani et al 

2011).  Degradation of 4NP and 4NA were reported in different conditions 

(Azeem et al, 2009; Adrian et al, 1999), and also in removal method using 

microbe incubation (Gao et al, 2011; Semple et al, 1996). However, most of the 

previous studies were focused on product degradation, and little on chemical 

secretion, in particular to secrete the same exposure compound was never reported.  

In this study, 4NP and 4NA were found secreted in normal culturing conditions. 

 

3.1.2. Azo dye and PNP as substrate in MFC. 

   4NA as an important aromatic compound has been wildly used as precursor in 

chemical synthesis of various azo dyes (Khan et al., 2013). Azo dyes are aromatic 

compounds with one or more –N=N- group and they are wildly used in 

commercial application. The discharge of them is undesirable because of color 

and toxicity of their breakdown products. There is several microbe treatment 

methods for degradation of Azo dyes in both anaerobic and aerobic conditions, 

microbe such as algae, yeast, bacteria have been applied for treatments (Soils et 

al., 2012). MFC has been reported for treatment of Azo dyes in several studies 

(Kalathil et al., 2012; Li et al., 2010; Liu et al., 2009). Electricity was generated 

during co-metabolism process of glucose and azo dye, and azo bond was cleaved 

biologically in the anaerobic chamber.   

  Similar to Azo dye, p-Nitrophenol (PNP) also has been applied as substrate in 
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MFC (Liu et al., 2013). In their study, electricity generation in MFC increased 

with increasing concentration of PNP, but the electricity of it was smaller than 

that using acetate as substrate. PNP was also been degraded in cathode through 

oxidation by H2O2 and hydroxyl radicals (Zhu &Ni, 2009), and it was not function 

as electron producer.  

 

3.1.3. Measurement of 4NA and 4NP by biosensor. 

4NP was measured by biosensor in Amperometric method based on increasing 

current have been reported in previous studies(Mulchandani et al, 2005; Kafi & 

Chen, 2009). Whole cells of Pseudomonas sp. were employed in a microbial 

biosensor that was suitable for online measurement of nitrophenol based on a 

Clark type oxygen electrode, and consumption of oxygen concentration due to 

degradation of p-nitrophenol was measured. Biosensor was suitable for 

quantification of p-nitrophenol in the concentration range of 10–50 M with the 

varying pH (7.5–8.5) and temperature (25–40 ◦C) in short response time(Banik et 

al., 2008). Detection limit of 2.78 ppb and linear range up to 2.78 ppm were found 

by using Moraxella sp.-modified carbon paste electrode( Mulchandani et al, 2005). 

In their study, the principle of experiments was based on the ability of Moraxella 

sp. to specifically degrade p-nitrophenol to hydroquinone, a more electroactive 

compound than p-nitrophenol. The electrochemical oxidation current of 

hydroquinone formed in biodegradation of p-nitrophenol was measured and 

correlated to p-phenol concentration. There are no reference works for 
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measurement of 4NA by biosensor. 

   Although measurement of 4NP by different biosensors have been reported 

with detection range in previous study. They have never been measured by 

microbial fuel cell system. In this study, both 4NA and 4NP were cultured with 

algae anode MFC, and increasing voltage generation was found in these chemicals 

added MFC without using chemical mediators. Algae culturing and experimental 

conditions were controlled at normal condition based on the study of response 

characteristics to 4NP and 4NA, so as to gain better signal generation. The results 

provided a platform of biosensor for organic contaminants and E.coli by which 

were introduced in next chapter study. 

Algae MFC increased voltage after response to organic contaminants such as 

4NA and 4NP, based on open circle voltage (OCV) measurement of MFC and 

closed circle measurement by using equipment 1 and 2, respectively. OCV of 

algae MFC was found increasing after exposed to 4NA and 4NP. Current 

responses were found higher at relative low concentration of toxic compounds, 

and lower at high concentration of toxic compounds. 

 

3.2. Method and materials. 

3.2.1. Chemicals and reagents 

4-NA, 4-NP and potassium ferricyanide (K3[Fe(CN)6]) were purchased from 

Sinopharm Chemical Reagent Co., Ltd.  2, 4, 6 – Trichlorophenol (TCP) was 

bought from Sigma-Aldrich. All the chemicals used were analytical grade (AR). 
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HPLC grade methanol obtained from Sigma-Aldrich and MiniQ water were used 

as HPLC mobile phase. The culture medium was also TAP medium which is the 

same as others. 

 

3.2.2. Exposure of 4NA and 4NP to algae 

For the exposure experiment of individual compound to algae, 440 ppm 4NP 

or 4NA was added to 1 ml of the algal cells in 2-ml vial to make the final 

concentration of 20 ppm 4NP or 4NA. The vials were capped and mixed, followed 

by the incubation in environmental chamber, with the above same condition of 

algae culturing for 0min, 15min, 30min, 60min and 120min.  For the exposure 

experiments with two compounds to algae, 440 ppm 4NP and different 

concentration of 4NA (dilute by deionized water) was added to 1 ml of the algal 

cells in 2-ml vial to make the final concentration of 20 ppm 4NP with 5, 10, 15 

and 20 ppm 4NA. The vials were capped and mixed, followed by the incubation 

in environmental chamber, with the above same condition of algae culturing for 

60min. 

The supernatant of each vial was collected by centrifugation at 9000g for 

5min, and then extracted with Acetonitrile (ACN) after addition of trichlorophenol 

(TCP) as internal standard.  Excess amount of Sodium chloride was added to 

saturate the solution in order to separate ACN and water layer for assisting 

extraction process. The organic layer was collected for HPLC analysis. Control 

samples without algae cell was prepared following the same procedure. Single 
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exposure to 4NP or 4NA in TAP solution were following the same procedure as 

the two chemical sample, and algae samples in deionized water were prepared by 

washing with deionized water for three times before chemical exposure 

experiments. All the samples including controls were prepared in triplicate to get 

the mean value. The secretion rate constant and absorption rate constant was 

calculated according to the method (Rowland & Tozer 1989). 

 

3.2.3. HPLC condition 

HPLC system used for analysis was Agilent Series 1200 liquid 

chromatography (Palo Alto, CA USA) coupled with a binary pump, an in-line 

degasser, an Agilent Eclipse XDB-C18 (3.0 x 150 mm) column, a diode array 

detector and auto-sampler. The gradient elution program with water and methanol 

as mobile phase A and B, respectively, was employed for analysis. The gradient 

program was started with 45% methanol (B), and changed to 95% in 10 minutes 

and hold 95% methanol for 10 minutes, and decreased to 45% in 5 minutes. The 

flow rate was 0.55 ml/min and injection volume was 10 l, 310 nm were selected 

for analysis.  

3.2.4. Algae MFC in response to 4NA and 4NP. 

The toxic organic compounds of 4-NA, 4-NP, with concentration of 5 to 

20ppm was individually added to algal anode MFC and followed by 15 min 

nitrogen bubbling.  50mmol/L potassium ferricyanide K3[Fe(CN)6] was added 

into cathode as electron acceptor. Anode and cathode were separated internally by 
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a proton exchange membrane (Nafion 112, Dupont Co., USA). Voltage change 

after addition of chemicals was measured by the multi-meter (Tetronix, 

DMM4020). Control algae MFC was prepared by putting algae in anode and 

followed by 15 min nitrogen bubbling before the chamber was closed tightly to 

allow measurement to take place. MFC device was always operated at room 

temperature under indoor light.  

  

3.2.5. Cell staining. 

   Cell permeability of algal cell was detected by cell staining with crystal violet. 

Algal cells before and after one hour incubation with different tested organic 

compounds including 4-NA, 4-NP, TCP and TD were stained with crystal violet 

dye to check the cell permeability.  100μl algae solution was mixed with 50μl 

crystal violet of 0.2% in the 2mL centrifugal tube.  The microscopic pictures of 

the algal cells were then captured by the computer system of AMCap. 

3.3. Result 

3.3.1. Exposure of 4NA or 4NP to algae individually 

The results of 4NP secretion were described in the following two sections, 

including single exposure to 4NP and exposure to 4NP with 4NA. 4NP was found 

secreted at 15 minutes culturing in normal condition, and one hour culturing with 

4NA.  
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Figure 13. Plot of log concentration (meanSE) of 1) 4NA in normal algae; 2)◇ 4NA in 

starved algae; 3) ▲4NP in normal algae; 4) △4NP in starved algae, versus time  

The time concentration of 4NA or 4NP in normal and starved algae 

(prepared by covering aluminum foil for 24 hours before experiments) 

(Fig.13). The concentration of 4NA and 4NP was found to increase with time 

and reach a peak value at about 15 minutes, before the concentration gradually 

dropped with time. This results indicate that secretion of 4NP only presence in 

very short of time, and detection time of E.coli by released 4NP will be very 

fast, as 4NP was decreasing with time and signal of algae MFC may also 

decreasing with running time( The study in next chapter). 

 

3.3.2. Exposure of 4NA or 4NP to algae simultaneously. 
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Figure 14. Concentration difference (initial concentration – concentration at one hour) of 4NA 

and 4NP in the algae exposure medium one hour after the addition of 1) 20 ppm 4NP + 5 ppm 

4NA; 2) 20 ppm 4NP + 10 ppm 4NA; 3) 20 ppm 4NP + 15 ppm 4NA; 4) 20 ppm 4NP + 20 ppm 

4NA; to normal algae.  ** P<0.01 vs Control. * P<0.05 vs Control. Negative value: secretion. 

Positive value: degradation. 

Figure 14 show the concentration difference of the exposure chemical 4NA 

and 4NP after chemicals were added into the normal algal cell for one hour.  The 

concentration difference of the exposure chemical was calculated by subtracting 

the initial concentration of the chemical with the corresponding after one hour 

exposure experiment. The negative value of the concentration difference indicated 

there was a net secretion of exposure chemical by algae cell.  Results indicated 

that algae were found significantly to net secrete both of 4NA and 4NP to the 

amount higher than that of originally added at normal condition (Fig.14.). The 

higher concentration of initial 4NA exposure concentration, the higher was the 

amount of 4NA and 4NP being secreted by algae (Fig. 13.). The results of 

exposure to 4NP and 4NA indicated that 4NA will be an assistant in signal 

response of 4NP, as it contributes to the formation of 4NP. 
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As showed in Fig. 13.and Fig.14, 4NP was found to be secreted at normal 

cultured algae condition. As 4NP will turn to degradation mode at stress 

conditions such as starving and nitrogen removing conditions, controlling algae in 

normal culturing condition was essential in particular using algae MFC for 

analysis.  The degradation of 4NP will affect the response signal of algae MFC. 

Meanwhile, the detection should be as fast as possible, as secretion of 4NP will 

begin to decrease with time as showed in Fig.12. 

 

3.3.3. Algae MFC in response to 4NA and 4NP. 

 

Addition of 4NA to algal MFC increased OCV of the system, and higher 

concentration of 4NA at 10.0, 15.0 ppm induced higher voltage change than the 

one of low 4NA concentration at 5.00 ppm. OCV changes of 10 ppm 4NA reach 

to about 45 mV at its highest value. However, OCV at 15 ppm decreased quickly 

after a sharp increase in OCV(Figure 15.1.1.) . In the electric current changes of 

4NA, 5 ppm of 4NA induced the highest current change, and it was the only 

concentration that induce current change higher than that of the control sample. It 

was started at 0.08 mA and stabilized at 0.12 mA for 5mins, but a sharp decrease 

was found at 10 mins. Other concentration did not generate higher current than 

that in control sample, 15 ppm 4NA generate a similar current change as control 

sample with starting currrent change close to 0 mA, and the highest current 

change was found at 0.05 mA. Current changes was found to be smaller than that 

of control sample in 10 ppm 4NA. 
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Figure 15.1.Influence of 4NA on OCV change (Equipment 1). 

 

 

 

 

Figure 15.2. Influence of 4NA on Current changes( Equipment 2). 

 

Similar to 4-NA, addition of 4-NP at 5, 10, 15ppm to algae at anode 

increased OCV, but it decreased quickly with time. Higher response was found at 
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5 ppm 4NP with the highest OCV at 25 mV, while 10 and 15 ppm generated 

similar OCV changes including starting points and declining trend. In the electric 

current changes of 4NP, each of the concentration was not higher than that of the 

control sample. 10 ppm 4NP generated similar current change as control sample, 

other two concentration( 5ppm and 15 ppm) induced smaller current than that of 

control sample(Fig.15.2). 

 

 

Figure 16.1 Influence of 4NP on OCV change (Equipment 1). 
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Figure 16.2. Influence of 4NP on current change( Equipment 2) 

. 

 

3.3.4. Algal cell permeability after chemical incubation. 

 

Crystal violet was selected as dye to stain the cell with chemically treated 

algal cell, control cell(without any chemical treatment) and dead cell. As shown in 

(Fig.17), the cell permeability of algae significantly increased after 1 hour 

treatment with chemicals, as showed by the dark blue staining of the cell. The cell 

be stained by crystal violet was closed to that of the dead cell having high cell 

permeability (Fig.17). The result of high cell permeability might explain why the 

electron would transfer from the algal cell to electrode without any mediators.  

Electron was likely leaked from the cell membrane to the medium, when the cell 

permeability was increased.  Consequently, electricity generation of algal MFC 

increased.  
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1）Control                  2) 4NA                    

  

3) 4NP                         4) dead cell 

Figure 17. The cell staining pictures. 

3.4. Discussion. 

The increased output of voltage attributed to the aniline structure of 4NA, since 

electro-catalytic materials such as polyaniline composites have been shown to 

improve the current generation by assisting the direct oxidation of microbial 

metabolites (Schroder et al. 2003; Niessen et al. 2004). The decreasing electricity 

generation at high concentration might be due to the reduction reaction of 4NP 

(Feng et al. 2011).  As 4NP would act as a electron acceptor that reduced the 

concentration of electron produced by algae in situ and decreased the electron 

transfer to cathode via the external circuit. 

   Determination of p-nitrophenol by using microbial biosensor was reported in 
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previous works, this biosensor was developed using PNP-degrading organisms 

(Moraxella.sp.) immobilized on a dissolved oxygen electrode. The concentration 

of PNP correlated to the concentration of oxygen consumed, as 

Moraxella.sp.oxidizes PNP while consuming oxygen(Mulchandani et al., 2002). 

In their study linear range was found between 0.1M up to 50 M which was 

much lower than the concentration range in our study (5ppm to 20 ppm). The 

linearity of the amprometric biosensor for the detection of 3-nitrophenol was 

observed from 3×10
−7

 to 1.2×10
−4

 M which was also much lower than the 

concentration used in our study (Kafi & Chen, 2009 ). In this study, the current 

change at 15 ppm 4NP was found negative after the addition of chemical, and then 

growing slowly in following ten minutes. However, the whole current change was 

negative(Fig.15.2.). Current change at 5 and 10 ppm 4NP were still less than that 

of control sample, although negative current changes were not found in these 

results. PNP inhibited the growth of microbes in anode of MFC, which resulted in 

low electricity generation that was mentioned in previous works( Liu et al., 2013). 

In their study, electricity generated by using PNP as substrate was lower than that 

using other substrate, such as acetae or butyrate. 

   In recent study, there are no related works reported for the detection of 

nitroanaline by using biosensor. All the studies reported concerning the 

application of aniline as materials used in biosensor(Tahir et al., 2005 ; Pandey et 

al., 2008 ; Chen et al., 2006). In their study, Polyaniline was functioned as 

material modification to amplify current response in biosensor. 
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4. Detection of E.coli by algae grown anode MFC 

4.1. Introduction 

4.1.1. Microbial biosensor 

Biosensor is an analytical tool which combines biological element with a physical 

transduces to generate signal that is proportional to the concentration of analysts 

(Su et al., 2010). Signal can be measured electrochemically, optically, 

calorimetrically, acoustically, or mechanically, and correlated with analytic 

concentration. A large number of biological recognition elements including 

enzymes, antibodies, cofactors, organelles, microbes, tissues, and cells have been 

used in the construction of biosensor. Compared with other biological elements, 

microbes have many advantages such as massive production, better viability and 

stability in vitro. These characteristics simplify the process of fabrication and 

enhance performance of biosensor. However, microbial based biosensor has 

drawback of longer response time, although reasonable time depend on standard 

technique or performance of equivalent. For example, standard BOD test need 5 

days to complete and a few hours based biosensor device was still be very 

competitive (Abrevaya et al., 2015). Compared with traditional microbial based 

biosensor, MFC based biosensor has several advantages. 

4.1.2. MFC based biosensor 
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MFC based biosensor has been used for detection of BOD, toxicity, microbial 

populations, single analyst, microbial life and activity. MFC is an excellent system 

for metabolic transduction and toxicity detection, as electricity generating system. 

It has advantages of low cost, robust, and requires low maintenance by using 

simplified of transducers (carbon electrodes).  

In toxicity test, MFC has been studied for toxicity of organophosphate 

insecticide, Pb, Hg, and PCBs by electrochemically active bacteria, and the lowest 

level that cause detectable inhibition was 1mg/L (Kim et al, 2007). Chloramine B 

and metal ions Cu
2+

, Ag
+
, Pb

2+
 and Hg

2+
 were also studied in MFC by using 

planktonic and in an electrogenic biofilm that originated from similar inoculums, 

and detection limit were 0.1 mg/L and 0.5 mg/L for Cu
2+

 and Chloramine B, 

respectively( Patil et al, 2010). However linear response range was not mentioned 

in their studies. A MFC system inoculated with the bacterium Shewanella 

oneidensis was used to study formaldehyde as toxic substance (Wang et al., 2013). 

In their study, current responses were analyzed over concentration range from 

0.01% to 0.10% of formaldehyde, and linear range was found in the range of 

0.01-0.08% that obtained by fitting toxic concentration vs “ toxicity factor”. The 

toxicity factor was defined as the rate of current decay caused by formaldehyde. 

In single analyst measurement, MFC based biosensor was used for lactate 

determination through metal reducing bacterium Shewanella putrfaciens IR-1. 

They found that current generation after the addition of lactate was increased, 

which was proportionally to the lactate concentration, in the range of 2-25 mM 
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without incorporating any artificial mediator (Kim et al., 1999). An anaerobic 

consortium was used as biocatalyst at anode chamber to measure glucose 

concentration. Detection limit was found at 0.025g/L with linear range up to 

25g/L (Kumlanghan et al., 2007). Recently, one of the most wildly used analyst 

for MFC based biosensor is BOD. Different microbe, such as Escherichia coli and 

Consortium in activated sludge were applied for BOD measurement with reported 

detection range (Liu et al., 2012; Chang et al., 2004). Other analysts such as 

Acetate, Arabinose, and Xylose also are measured by MFC based biosensor with 

reported linear range (Tront et al., 2008; Golitsch et al., 2013; Xia et al., 2013). 

In microbial population test, MFC has been used for the detection of microbial 

population by using redox mediator, such as phenosine ethosulphate and thionine. 

Thionine has been used in anode chamber of MFC system for detection of E.coli 

K12 and Lactococcus lactis (Patchett et al., 1988).  In their study, the addition of 

bacteria to anode chamber increased current generation, and the rate of current 

increase was proportional to log10 of bacteria. The principle of determination was 

based on sensing the amount of reduced redox dye formed by microorganisms. 

Recently, determination of E.coli is not based on redox mediator, but based on 

enzymatic substrate that can be converted to electroactive compound with the 

activity of enzyme such as beta-galactosidase (Abrevaya et al., 2015). The detail 

of determination principle is introduced in next section. 

4.1.3. Determination of E.coli. 
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Escherichia coli currently serve as indicators for fecal contamination (Kim & Han, 

2013). The conventional detection methods include multiple tube fermentation, 

membrane filter, plate count and most probable number (MPN) counts (Zhang et 

al., 2007; 

listed as standard method for determination. In plate counts method, detecting a 

viable bacterium is to allow it to amplify itself to form a visible colony. It is based 

on methods of traditional pour plate, spread plate or Miles and Misra drop plate. 

Diluting a sample before enumeration is necessary, and most widely used dilution 

technique is the ten-fold dilution series. However, traditional plate counts are 

expensive in Petri dishes and agar media, especially when the adequate replication 

is carried out (Martin & Maurice, 2008). 

  Most Probable Number (MPN) method is enumerating low numbers of viable 

microorganisms. It is usually based on inoculating replicate tubes(usually 3, 4 or 5) 

of an appropriate liquid medium with three different sample sizes or dilutions of 

the material to be studied (e.g. 10 g, 1.0 g and 0.1 g). The medium has function to 

make it possible to decide whether growth or no growth has occurred and the 

number of positives at each sample size or dilution is determined after incubating 

the tubes. The MPN is obtained by referring to a reference table (Martin 

&Maurice, 2008). 

 

Currently, Amperometric methods and MFC have been used for E.coli 

detection as a rapid method, based on the release of electrochemically active 
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compounds such as 4-aminophenol (4AP), 4-nitrophenol(4NP) by specific 

enzyme( Zhang et al., 2007; Perez et al., 2001; Kim & Han, 2013 ). 

-D-Glucuronidase is generated from E.coli when it is incubated in certain 

medium such as EC medium, tryptic soy broth (TSB) with lauryl sulphate sodium 

and deoxycholate sodium. Methyl-beta-D-glucuronide sodium is supplemented 

into medium, so as to induce -D-glucuronidase production.-D-glucuronidase is 

released from E.coli cell walls through permeabilization of polymyxin B 

nonapeptided and lysozyme, and then substrate 4-nitrophenyl-beta-D-glucuronide 

is added into culture medium to react with released enzyme, to produce 

4-nitrophenol by hydrolysis( Zhang et al., 2007). The reaction is described as 

follows: 

 

4-nitrophenyl--D-glucuronide            4-nitrophenol +-D-glucuronide. 

4-nitrophenol can be oxidized in anode chamber as described follow: 

4-nitrophenol 4-nitrocatechol + H
+
 +e

-
 

In this study, 4-nitorphenol collected from different concentration of 

E.coli was injected into algae MFC at optimized condition, to measure the current 

response and OCV changes. Current and OCV changes at high E.coli (10
6
) 

concentration was found more significantly than that at lower concentration. This 

system can be used for detection the presence of E.coli. 

 

-D-glucuronidase 
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4.2. Method and material 

4.2.1. E.coli sample preparation 

Different concentration of E.coli were cultured in EC medium supplemented 

with methyl-beta-D-glucuronide sodium (0.20mg/l) for 2 hours at 45 
o
C. Cell lysis 

was performed by the incubation with lysozyme for one hour in water bath at 37 

o
C, followed by the incubation with 4-nitrophenyl beta-D-glucuronide for 25 mins 

at 44.5 C. E.coli samples were incubated with 4-nitrophenyl-beta-D-glucuronide 

(2.0.mg/L) for 25 mins at 45 
o
C, and centrifuge for 5 mins at 5000 rpm to collect 

supernatant. 4-nitrophenol in supernatant was extracted with acetonitrile after the 

addition of NaCl. The extracted 4NP in acetonitrile was analyzed by HPLC for 

4NP concentration that released from E.coli. Acetonitrile was changed to 20% 

ethanol by pure nitrogen drying for algae microbial fuel experiments, as 

acetonitrile is toxic to algae cell. 

 

4.2.2. Cell staining and cell counting. 

Fluorescence dye of CTC and DAPI (Yuan ye, shanghai) were used for live and 

dead cell double staining of E.coli, and method of staining was referred to manual 

of commercial kits. E.coli of 10
8
 was centrifuged at 3000 rmp for 5 mins, 

followed by re-suspended E.coli cell into PBS, so as to prevent colored reaction of 

medium. 1ml of E.coli solution was reacted with 20l 50 mM CTC for 30 mins at 

37
o
C, and added 1ml of DAPI solution to CTC-stained cell suspension and was 

incubated at room temperature for 5-10 min. The stained cells under fluorescence 



67 
 

microscope at UV excitation, and percentage of live cell were calculated based on 

the number of cell with red color over total cell numbers. Ten staining pictures of 

randomly selected were taken for percentage calculation, so as to gain mean live 

cell percentage. E.coli density was determined based on OD600, and then 

converted to the number of cell by standard curve made through cell counting by 

Hemocytometer and OD 600. 

4.2.3. MFC measurement. 

The methods of current and OCV measurements were following the same 

procedures as chapter 3. 

4.3. Results 

4.3.1. Live and dead cell staining picture. 

The staining picture of E.coli was showed in figure 18, and cell with red color was 

live cell. According to the calculation of ten randomly taking pictures, the 

percentage of live cell is 93.58%. 
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Figure 18. CTC/DAPI double staining for E.coli 

 

4.3.2. Optimization of external resistance of algae MFC. 

Different level of external resistance connected to MFC was tested, so as 

to find the best external resistance that has the highest current generation, as 

well as stable baseline. 1000 and 800  generate relative lower current than 

that of the others, and the lowest current generation was found at 1000  

which generate smaller than 0.2 mA current (Fig.19). Although 100  was the 

lowest level of resistance applied, the current generation (0.3 mA) was at 

middle level compared with that of other resistance. The highest level of 

current was found at 300  with current generation of about 0.4mA at 

stabilized period of time. Resistance of 300  also generates more stable 

current than that of 500  which generate the second highest current 
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compared with that of others. Hence, external resistance of 300  was 

selected for following biosensor studies. 

 

 

Figure 19. Current generation at different external resistance. 

 

4.3.3. Optimization of substrate concentration in E.coli. 
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Figure20. Concentration of 4NP at different concentration of 

4-nitrophenyl-beta-D-glucuronide. 

According to the HPLC chromatogram of E.coli sample at 250 ppm 

substrate, 4NP was extracted well using ACN from EC medium with no other 

interference compounds. Different concentration of substrate from 100ppm to 

2000ppm were tested, so as to find the optimized concentration that releases 

the highest amount of 4NP. The released concentration of 4NP was found 

increasing with growing amount of substrate and the highest(150ppm) at 

substrate concentration of 2000ppm, and same concentration of substrate 

concentration was mentioned in previous work (Zhang et al., 2007). Lower 

concentration of substrate (0.1m M) also be studied in previous work, but the 

concentration of 4NP was not reported in both of works (Kim & Han, 2013). 

In this study, substrate concentration of 2000 ppm was selected in following 

studies. 
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4.3.4. 4NP concentration at different concentration of E.coli. 

The amount of 4NP was found to be the highest at the largest concentration of 

E.coli at 166 ppm, and decreased with decreasing concentration of E.coli. 4NP 

concentration was found much higher when the E.coli concentration reach to 10
6
 

when compared to that at concentration of 10
5
. The concentration of 4NP was 

close to each other at the two lowest concentration of E.coli, 7 and 8 ppm, 

respectively (Fig.22.). According to the HPLC chromatogram of E.coli sample, 

there was no other interference released from E.coli (Fig.21.2). The results 

indicated that 4NP was the only electroactive compound in this experiment. 

 

Figure 21.1.HPLC Chromatogram of 4NP standard of 125 ppm at 310 nm 

 

   Figure 21.2. HPLC Chromatogram of 4NP of E.coli sample of 6.29x105 at 

min0 2 4 6 8 10 12 14

mAU

0

200

400

600

800

min0 2 4 6 8 10 12 14

mAU

0

200

400

600

800



72 
 

310nm. 

 

Figure 22. Concentration of 4NP at different concentration of E.coli. 

4.3.5. Current generation and OCV changes of different concentration of 

E.coli 

In MFC experiments, the final concentration of 4NP was diluted 50 times from 

the released concentration, as 100µl of sample extract was injected into MFC to 

make a final volume of 5 ml. Current generation from different concentration of 

E.coli did not have obvious different changes from that of control sample, and 

current change was not concentration dependent (Fig.23). The highest current 

change was found at concentration of 1.38x10
6
 with 0.12 mA at 8

th
 minutes, and 

started to decrease at 9
th

 minutes. Current changes at other lower concentration 

(10
5
) have no difference from that of control sample, and even lower current 

changes were found at concentration of 2.73x10
5
 and 1.58x10

5
, respectively. The 

results indicated the toxic effect of 4NP for metabolism of algae in anode chamber, 

and sensitivity of the system was also a problem. 

0

20

40

60

80

100

120

140

160

180

200

1.57x10^5 2.73x10^5 6.29x10^5 1.38x10^6 1.68x10^6 2.13x10^6

co
n

c.
 o

f 
4

N
P

 

Conc.of E.coli 



73 
 

 

Figure 23. Current change at different concentration of E.coli. 

 

In open circle voltage changes of different concentration of E.coli, higher 

voltage changes were found at E.coli concentration at above 10
6 

, and relative 

higher in voltage change at E.coli concentration of 1.68 and 2.13x10
6
 at above 

0.05 V. The voltage change of E.coli concentration of 1.68 x 10
6
 was increasing 

from 0.05 V to 0.09 in ten minutes, and E.coli concentration of 2.13x10
6
 generate 

more stable voltage change which was stabilized at around 0.07 V. However, 

voltage changes were not significant when the E.coli concentration was below 10
5
, 

when compared with that of the control sample lacking E.coli ( Fig.24).  
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Figure 24. OCV changes at different concentration of E.coli. 

 

4.3.6. Real food sample with E.coli contamination. 

  Real food sample of milk tea (purchased from Pizza shop) was selected for 

MFC experiment, as it was the only common food sample found with E.coli by 

standard method.  However, the quantity of E.coli in milk tea was not enough for 

algae MFC test, although it was stored in 4 
o
C condition before experiments. 

Hence, milk tea sample was mixed with different portions of fresh culture E.coli 

sample for both standard plate counting and algae MFC experiment. 

  According to table 3 and Figure 25, the quantity of E.coli in all real samples 

was less than the concentration of E.coli sample in Figure 24. However, these real 

food samples containing E.coli generate a similar or higher OCV changes 

compared with that of pure E.coli sample of higher density For example, milk tea 
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changes was above 0.02 V which was similar to E.coli concentration of 10
5
 in 

pure E.coli sample. It was proposed that other microbe in milk tea sample may be 

interference for determination of E.coli. 

 

 

Figure 25. OCV changes at milk tea sample with different portion of E.coli. 

 

Table 3. Plate counting result: 

Milk tea sample 
Total 

CFU/ml 

2 days milk tea: 900 

9:1milk tea: E.coli 5350 

8:2milk tea:E.coli 11100 

5:5milk tea:E.coli 12550 

2:8milk tea:E.coli 246000 
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a                      b 

   

c                        d 

  

e                         f 

Figure 26. Pictures of E.coli coliform in plating counting: a. control sample; b. 2 days milk tea 

sample; c. 9:1(milk tea: E.coli); d. 8:2( milk tea : E.coli); e. 5:5( milk tea: E.coli); f. 2:8 ( milk tea: 

E.coli). 
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4.4. Discussion. 

In this study of algae anode MFC based biosensor for E.coli determination, 

both electric current and OCV changes were studied. Although linear relationship 

between OCV or electric current changes and E.coli concentration was not found, 

the system could demonstrate the presence of E.coli or not, especially through 

OCV measurement method. OCV is the cell voltage that can be measured in the 

absence of electric current (Logan et al., 2006), and electron generated is 

accumulated in anode chamber.  

 In electric current changes of algae MFC in response to different E.coli 

concentration, current changes were found not to be concentration dependent and 

even has no significant difference with that of control sample. Generally, current 

generation was decreasing quickly after several minutes. The results suggested 

that toxicity of 4NP effect metabolism of algae for electricity generation. The 

impact of nitrophenols on photosynthetic electron transport chain and ATP content 

in Chlorella vulgaris has been studied (Umamaheswari & Venkateswarlu, 2004). 

In their works, depletion of ATP was found in nitrophenol grown cultures 

compared with control sample. Activity of photo system was also found to be 

depleted by NADP reduction method. Effective concentration of nitrophenolics 

toward the growth of microalgae has also been studied (Madhavi et al., 1995). 

EC10 was reported the lowest of 18 g/ml for Chlorella vulgaris, and EC was 

reported the lowest at 55 g/ml. 4NP also has toxic impact on metabolism of algae 

as one of the nitrophenolic compounds. Hence, linear range of current response in 
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algae MFC based biosensor could not be found. 

Determination of E.coli concentration based on the release of 4NP were 

reported in previous work, and linear range was found at 10
2
 to 10

7
, 10

2
 to 10

6
 for 

MFC based sensor and Amperometric method, respectively( Kim et al., 2013; 

Zhang et al., 2007). In Amperometic method, they use flow injection analysis with 

released 4NP from E.coli after enzymatic reaction. The toxicity of 4NP did not 

have any impact on this test, as their method was not based on biosensor. In 

previous MFC based method, E.coli was injected in anode chamber and react with 

substrate without any other microbe in their system. Hence, both of them did not 

consider toxicity of 4NP. 

The results of real milk tea sample and E.coli mixture indicated the possibility 

of other interference affect OCV response, as the OCV changes were higher than 

that of pure E.coli sample that with higher E.coli density. The possible 

interference in milk tea sample can be other microbes that generate 4NP in the 

same enzymatic reaction conditions. β-D-glucuronidase is mainly produced by 

E.coli strains. However, it was still found in Salmonella, Yersinia, Shigella, 

Klebsiella, and Staphylococcus aureus (Zhang et al., 2007). In order to prevent 

these interference of bacteria that produce β-D-glucuronidase, E.coli was cultured 

in the medium that composed of Tryptic soy broth (TSB) with lauryl sulphate 

sodium and deoxycholate sodium (Zhang et al., 2007). EC medium in this study 

was composed of Tryptose, Lactose, Bile Salts, Dipotassium Phosphate, 

Monopotassium Phosphate, and Sodium Chloride. Tryptose and Lactose were 
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carbon source for E.coli (Kim et al., 2013). EC medium was selected for β

-D-glucuronidase expressing E.coli culturing (Kim et al., 2013), but it was not 

mentioned that it was only suitable for the growth of E.coli. It was proposed that 

other bacteria also can be grown in EC medium. Other interference such as 

protein, sugar should not have impact on OCV changes, as extraction with organic 

solvent (ACN) was in the last step of sample preparation. Protein and sugar 

cannot be extracted from sample by organic solvent; hence, interference from 

them was impossible.  

 

5. Future works 

5.1. Study the mechanism of algae electricity generation in details 

 

   In my study currently, the understanding of the mechanism of algae electricity 

generation is not enough. Hence, more experiments are required to be done to 

study the mechanism of electricity generation, so as to find methods to enhance 

electricity production. These experiments include the mechanism of electron 

release from both of photosynthetic and metabolic system. 

5.2. Algae MFC with function as algae culturing facility 

In my future work, a new equipment with similar design as 5 ml mini MFC, but 

effective volume of 200 ml will be used as algae MFC. The cathode electrode 
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with changed to carbon paper loaded with Pt as catalyst, so as to catalysis the 

reduction of oxygen in cathode chamber. The new equipment will be used in algae 

culturing set-up with parallel or serials connection, so as to enhance power 

generation of system and biomass production in cathode. Figure 27 depicts the 

proposed experimental design. DO meter will be inserted into anode chamber to 

online monitoring DO level, so as to control DO in anode algae solution at very 

low level. The algal concentration in anode chamber is needed to control at low 

level of 10
6
 and light intensity will be controlled at 3500 lux. 

In this facility algae will be cultured in two chambers, but anode algae will 

be covered by a membrane to avoid too much light intensity. The algae growing at 

cathode will be measured every day, and harvested when the algae solution turn to 

dark green color.  

 

Figure 27. Algae culturing facilities in future work. 
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5.2. Algae MFC based biosensor 

 

5.2.1. Testing lower concentration of E.coli. 

 

   In algae MFC biosensor for E.coli, lower concentration (<10
5
 ) of E.coli will 

be tested with dilution of 10x at each concentration. OCV method will also be 

used, as it is more sensitive than closed circle measurement. In each low 

concentration of E.coli test, 5 to 6 repeated experiments will be done, because of 

the unstable response of microbe.   

5.2.2. Testing non-toxic compound 

In future works for algae grown anode MFC biosensor, it will be used as 

biosensor for testing nontoxic compounds such as Lactate, glucose, xylose which 

have been tested by other microbes based biosensor (Timur et al., 2007; Tront et 

al., 2008; Xia et al., 2013). Detection ranges have been reported with 2.5 -40 mM 

for xylose, 1-41mM for lactate and 1-25 g/L for glucose. These concentration 

ranges should be tested in algae MFC, so as to find whether similar results can be 

found. 

5.2.2. Studying with different temperature 

Temperature effect was an important variable parameter, a maximum 

current value at which temperature should be found at each target analyst. 37 
o
C 

was found an optimized temperature for BOD online sensing, as metabolic rate 

increase at relative high temperature. Reproducibility was assayed with RSD 

lower than 8% was also found at this temperature ( Abrevaya et al., 2015). 
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 Conclusion 

Algae under anaerobic condition was found to generate power by behaving as 

electron donor in MFC, and electricity generation mechanism was demonstrated 

by ATP inhibitor, protonophore, different light intensity and algae concentration. 

Controlling oxygen was found to be a critical limiting factor for electricity 

generation in algae MFC. The optimum condition of algae MFC with oxygen 

control was 3500 lux light intensity and algae concentration of 10
6
. Two chambers 

algal MFC generate electricity based on optimized condition without toxic 

chemicals suggested that a self-sustainable algae MFC can be developed in future 

works, with the improvement of power generation of MFC. For the application of 

Algae MFC in food analysis, it had potential application for detection the 

presence of E.coli at relative high concentration through OCV measurement. 
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