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A paper-based microbial fuel cell operating under 
continuous fl ow condition
Niloofar Hashemi1, Joshua M. Lackore2, Farrokh Sharifi 2, Payton J. Goodrich2, Megan L. Winchell2 & Nastaran Hashemi2

Microbial fuel cells have gained popularity as a viable, environmentally friendly alternative for the production of energy. However, 
the challenges in miniaturizing the system for application in smaller devices as well as the short duration of operation have limited 
the application of these devices. Here, the capillary motion was employed to design a self-pumped paper-based microbial fuel cell 
operating under continuous fl ow condition. A proof-of-concept experiment ran approximately 5 days with no outside power or human 
interference required for the duration of operation. Shewanella oneidensis MR-1 was used to create a maximum current of 52.25 μA 
in a 52.5 μL paper-based microfl uidic device. SEM images of the anode following the experiment showed biofi lm formation on the 
carbon cloth electrode. The results showed a power density of approximately 25 W/m3 and proved unique capabilities of the paper-
based microbial fuel cells to produce energy for an extended period of time. 
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INNOVATION
In this work, the design of a proof-of-concept paper-based microbial fuel 
cell is reported. Th e device runs for 5 days and shows the production of 
current as a result of biofi lm formation on anode. Th e capillary action is 
used to guide the liquids through the microbial fuel cell system and to 
eliminate the need for external power. By making a more environmentally 
friendly and compact paper-based design, the available applications of 
microbial fuel cells is ever expanding. 

INTRODUCTION
Th e high power densities found in microfl uidic fuel cells have made 
them a prime candidate for power generation in practical applications. 
Microbial microfl uidic fuel cells have lower power densities than their 
electrochemical counterparts, but they have desirable attributes such 
as low environmental impact, high adaptability, and neutral pH1,2. Th e 
chemicals found in microfl uidic fuel cells are oft en hazardous to humans 
as well as the environment3. For example, methanol is extremely toxic to 
humans when inhaled, ingested, or it comes in contact with skin. While 
the system has proved to be an eff ective way to produce power, the hazards 
associated with the chemicals used lessen the appeal for everyday use. 
Alternatively, microbial fuel cells are characterized as environmentally 
friendly and non-toxic. Th ey are also sustainable energy production 
devices and can be used to recover energy from wastewater and other 
sources4–7. Microbial fuel cells have been created using a non-conductive 
plastic8 or polydimethylsiloxane (PDMS)9. Although these methods have 
aided greatly in the miniaturization of the systems, they require some form 
of external pump to function9, 10. Th e study done by Vigolo et al. showed 

the power output from this type of microbial fuel cell at varying fl ow rates. 
Th e optimum fl ow rate was found to be 15–20 μL/min for maximum of 
0.57 Volts. Although the voltage output for this system was impressive, 
a fairly signifi cant amount of liquid was used during the experiment. 

The pumping mechanisms most commonly used in microscale 
fuel cells are syringe pumps because they can apply a slow and steady 
fl ow into the system. However, they are oft en quite large which limits 
their applications in smaller devices. Additionally, when taking into 
account the outside power needed to run the equipment, most current 
systems have a net negative power output. Th e challenge now is to fi nd 
an alternative that eliminates the need for any type of external pump. 
Taghavi et al. have reported a self-sustainable system powered by a 
wearable microbial fuel cell. Th e system employs energy generated 
through human motions such as walking to circulate urine through 
the fuel cell11. Because cellulose fi brous materials such as paper, are 
inexpensive, lightweight, and widely available, one such alternative 
would be incorporating the paper in microfl uidic fuel cells3,12–14. New 
developments have been made by incorporating the capillary action of 
paper15–18. Paper-based microfl uidic devices operate similarly to open 
channel devices, and also benefi t from allowing gas diff usion to occur 
between the pores of the paper19. While advances to this technology have 
mostly been used in the medical fi eld as a means to provide a cheaper 
method of diagnostics, they help greatly with the miniaturization of 
the systems. In the study done by Esquivel et al., a y-shaped design 
was used with anolyte and catholyte fl owing side by side3. Th is type of 
system relied entirely on laminar fl ow to discourage the fuel and the 
oxidant from mixing. Using 75 μL of anolyte and catholyte at higher 
concentrations of methanol in the anolyte, the tests lasted about 2–6.5 
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minutes. Th e power capability of this type of system has been proven by 
the study done by Th om et al., where enough power was generated to 
light an LED13. Th e stacked cell approach was used in this experiment 
with various cells stacked on top of one another. Th e path of fl ow for 
the liquid was dictated by hydrophobic wax printed on the paper. Th eir 
four-cell system was able to light a red (λ = 630 nm) LED for anywhere 
between 1.4 and 8.2 minutes depending on the amount of electrolyte 
used in the system. Clearly the time of these tests were relatively short 
and would not be eff ective for use in smaller hand held devices that re-
quire longer lasting power. Previous work by Fraiwan et al. demonstrates 
short time (about 1 hour) operation of paper-based microbial fuel cells 
generating power20. Th ere are some studies on the eff ect of fl ow rates on 
the formation of biofi lm on surfaces and most of them report biofi lm 
formations occurring at operating time of longer than 1 hour21,22. Th is 
is important because the biofi lm plays a vital role in current production 
of a microbial fuel cell: increased biofi lm size and thickness ultimately 
leads to increased current production23,24. Individual bacterial cells 
metabolize electron-rich substances in a complex process involving 
many enzyme-catalyzed reactions25. The electrons are then free to 
travel to the anode through one of many modes of electron transport. 
Electron transport is very complicated, and evidence suggests that it 
is unique to each type of  bacteria.26 For Shewanella oneidesis MR-1, 
the most predominantly known ways of shuttling electrons from the 
individual bacteria cells to the anode are through direct contact27, 
excreted soluble redox molecules26,28–30 and biological nanowires31. 
Of these, it is widely believed that excreted soluble redox molecules 
serving as extracellular electron shuttles makes up for as much as 70% 
of electron transfer mechanisms from individual bacterial cells to the 
electrode, travelling distances >50 μm away from the cell surface28. 
Moreover, a control experiment developed by Jiang et al. identifi es that 
direct contact between individual S. oneidesis cells and the electrode has 
little impact on the current generation, supporting a mediated electron 
transfer mechanism27. Biofi lm helps with the adsorption of the redox 
molecules to the electrode, which makes it important to have in high 
power density microbial fuel cells28. Th ere are not many studies on 
power production from paper-based microbial fuel cells running for 
few days. Without enough time for biofi lm to form, the reported current 
and power data would predominantly be associated with extracellular 
electron transfer, which does not fully represent electrical producing 
capabilities of microbial fuel cells.

Here, we report the design of a proof-of-concept paper-based micro-
bial fuel cell that operates under continuous fl ow condition for 5 days. Th e 
system uses the capillary action to pump the fl uids through the system 
and shows the production of current with the onset of biofi lm formation 
on anode. By integrating the use of paper as a pumping mechanism to 
guide the liquids through a microbial fuel cell system, the need for external 
power is eliminated. Th e longer duration of use and ability to operate 
individually may increase the number of situations where microbial fuel 
cells can be applied. 

MATERIALS AND METHODS 
In a paper-based microfl uidic fuel cell the anolyte and catholyte fl ow side 
by side, relying on laminar fl ow (or low Reynolds numbers) to prevent 
cross over. In this process a small amount of mixing occurs between the 
two fl ows. Proton exchange membrane (PEM) (Nafi on® N1110, Ion Power, 
New Castle, DE) is placed between the two chambers. PEM is used to 
separate the two liquids, as well as to allow the positively charged ions 
released in the biocatalytic breakdown of the anolyte to fl ow from the 
anode to the cathode. Shewanella oneidensis MR-1 in growth medium 
was used as the anolyte and potassium ferricyanide (III) (Sigma Aldrich, 
St. Louis, MO) was used as the catholyte. Potassium ferricyanide is non-
hazardous, non-toxic, and produces its own mediators32. It has been 
proven eff ective in many microbial fuel cells33.

S. oneidensis MR-1 was prepared as previously reported34 and was 
grown over a 2 day period on a petri dish coated with a 2.85% tryptic soy 
broth (Sigma Aldrich, St. Louis, MO) and 2.4% Bacto Agar (BD, Sparks, 
MD) solution. Samples were then harvested and added to liquid 3% 
tryptic soy broth batch and allowed to grow in an incubator at 29–30°C 
over 24 hours. Th e paper-based device consists of several paper sheets 
stacked vertically on top of one another with a wax printed chamber 
design on each layer to guide the liquid fl ow. Th e overall dimensions 
of the MFC are a 30 mm × 30 mm wax-printed chromatography paper 

Figure 1 (a) An expanded set-up of the system including colored fl ows 
of the Shewanella oneidensis (yellow) and the potassium ferricyanide 
(green). (b) A photograph of the paper-based microbial fuel cell. (c) The 
two-dimensional geometry of the printed wax design (units in mm).
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square (Chromatography Paper CAT No: 3001-917 Grade: 1 CHR. Typical 
thickness: 0.18 mm, linear fl ow rate: 130 mm/30 min) that contains a path 
laid out for the liquid to fl ow through (Fig. 1c). Th e fi nal chamber area 
is approximately 290 mm2 with a volume of 52.5 μL.

Th e liquid path on the paper was produced by printing hydrophobic 
wax, which was then briefl y heated at 160°C to melt through to the 
opposite side. Another wax printed layer placed underneath the initial 
layer allows the bacteria to pool around the carbon cloth (Fuel Cell Earth, 
Stoneham, MA) and encourages the growth of biofi lm. Between these 
two layers a rectangular cut tab of plain cartography paper was placed 
for the liquid bacteria to leave the system. Th e carbon cloth electrodes 
are placed in direct contact on either side of the PEM to minimize the 
distance needed for ions to travel between electrodes. Th e system is held 
together with mini binder clips and thick pieces of plastic to shield the 
paper from any outside physical interference. A detailed 
set up is shown in Fig. 1. Th e carbon cloths on the anode 
and cathode sides are both connected to a small piece 
of 0.01” titanium wire (Alfa Aesar, Ward Hill, MA) that 
extends out of the system with the outlet tab. Th ese wires 
attach to either side of a 470 Ω resistor (RadioShack, Fort 
Worth, TX) which completes the circuit. Th e anode was 
designated as the top section of the fuel cell to prevent 
leakage of the potassium ferricyanide into the anode 
compartment. Should there be any leakage between the 
layers, it would cause more damage for the potassium 
ferricyanide to leak into the bacteria than vice versa. Th e 
two sides were set up to fl ow perpendicular to one another 
so that the outlet tabs do not touch. 

To begin the experiment, 4 mL of potassium fer-
ricyanide and 4 mL of S. oneidensis in liquid medium 
were placed in separate, small petri dish cover reservoirs. 
Th e inlet tabs were then dipped into the corresponding 
reservoir and held in place with the petri dish base 
(Fig. 1b). To measure the voltage created by the system, 
a multimeter (Texas instrument DAQ) was connected in 
parallel around the resistor. An in-house Labview program 
was used to collect and record the voltage output of the 
cell across the resistor every minute for the duration of 
the experiment. Th e resultant power and current values 
were calculated using the Joule-Lenz Law and Ohm’s 
Law. Th e reservoirs ran out of liquid approximately 100 
hours aft er the experiment was started and continued to 
produce current for another 16 hours. Th e experiment 
was replicated for diff erent time periods of 1 hour, 18 
hours, 29.5 hours, and 100 hours to study the formation 
of biofi lm over time. A scanning electron microscope 
(SEM) (Nikon, JSM-6700F) at an acceleration voltage of 
15 kV was used to determine the creation of biofi lm on 
the carbon cloth.

Prior to testing the microbial fuel cell for current 
production, an experiment was conducted to confi rm 
the structure would prevent any leakage between the 
potassium ferricyanide and the liquid anolyte solution 
containing tryptic soy broth and S. oneidensis. For this 
test, 4 mL of dyed DI water replaced the anolyte and 
catholyte so that any mixing could easily be observed. In a 
real test, any cross contamination identifi ed would render 
the electrical results inconclusive. Th e system was left  to 
run for approximately 100 hours and no contamination 
was observed. It is important for the test to run for this 
extended duration to allow for the formation of biofi lm, 
which infl uences the primary mode of electron transport 
in S. oneidensis and increases the current production21,22,29. 
The lack of contamination proved that the system’s 

design was capable of sustaining fl ow for an extended period of time 
without leaking and was therefore usable for this experiment.

To begin the test, the inlet tabs were secured into their respective 
4 mL anolyte and catholyte reservoirs and the fuel cell was left  to operate 
without any human interference. At the same time, the data acquisition 
program was started. Th e liquid fl ows through the paper due to the 
capillary phenomena and has a linear fl ow rate of 4.33 mm/min, and a 
maximum volumetric fl ow rate of 2.34 μL/min calculated at the small-
est cross-sectional area. Th e fl ow rate decreases over time as the paper 
channel is fi lled. Otherwise, the reservoir would have emptied before the 
27 hour mark if this rate was maintained throughout the experiment. 
Th is lower fl ow rate, compared to similar experiments3,9, facilitate the 
fl ow-based power production reduction. It also allows a more uniform 
biofi lm production over an extended period of time.

Figure 2 (a) The output current and (b) output voltage and power values collected over 
the duration of the test, the approximate time of biofi lm formation is around hour 18. 
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RESULTS AND DISCUSSIONS
In this process, the dextrose in the medium is the carbon energy source. 
Th e positively charged ions pass through the PEM from the anode to 
the cathode, completing the circuit. Th e electrical energy created by the 
system is measured by reading the voltage across the external resistor 
throughout the test. Th e current was found through the manipulation 
of ohms law, which is plotted in Fig. 2a versus time. 

An initial spike in current data occurs as a result of the fl uid fl ow 
through the anode and cathode chambers at the beginning of the test. Th e 
peak of power output at the beginning of the test is due to the release of a 
buildup of loose electrons and protons from the catalyzed tryptic soy broth 
medium that was made in the time it took the anolyte to reach the carbon 
cloth anode. Once it reached the anode, the accumulation of electrons 
and protons was able to enter the electrical circuit all at once, creating 
the spike in power. Following this, the current immediately drops to a 
background value of approximately 6 μA. Th is trend confi rms that when 
there is no biofi lm formation on the anode to produce current and that 
nearly all power generation is fl ow powered at this time. As the anode is 
not pre-inoculated, the lag in power 
production is believed to be due to 
the S. oneidensis needing to attach 
to the carbon cloth. Bacteria on 
the carbon cloth gradually formed 
biofi lm around the 18 hour mark. 
This agrees with other research, 
where S. oneidensis has been found 
to produce a biofilm in aerobic 
situations at the 12–24 hour mark 
at room temperature35,36.

Bacteria groups together to 
form a bacterial continuum — 
biofilm — that has the ability to 
continue cellular respiration. Sta-
tionary bacteria on the carbon cloth 
produces power consistently with 
nutrition fl owing over the biofi lm. 
SEM images were taken at the 1 
hour, 18 hour, 29.5 hour, 39.5 hour, 
and 100 hour marks of diff erent fuel 
cells operating under exact similar 
experimental conditions to show 
the formation of biofi lm over time 
at critical points in the experiment, 
and typical morphologies from 
these scans are presented in Fig. 3. 

At 1 hour, there is very lit-
tle biofilm, which confirms our 
hypothesis that power at this time 
point is attributed to other electron 
transport mechanisms (Fig. 3a). 
As shown in Fig. 2, there was an 
increase in current and power at 
the 18 hour mark which is when the 
biofi lm was starting to form (Fig. 
3b). At 29.5 hours, a power peak 
is obtained and SEM images show 
an increase in the biofi lm density 
(Fig. 3c). Th e maximum potential 
energy output for this section aft er 
the biofi lm formation is 0.0245 V 
and a power output of 1.3 μW at the 
39.5 hour mark. Th e paper-based 
MFC reported by Fraiwan et al. 
generates a current of 74 μA20. 

While the reported current is slightly higher than what we obtained, the 
period of time in which our MFC can create electricity is longer than 
the reported device. Figure 3d shows that there is a substantial amount 
of biofi lm growth on the anode compared to the 1 hour SEM image. 
Aft er the output tab and carbon cloth are fi lled, the delivery of nutrition 
progressively decreased to the biofi lm formation on the anode. Th e power 
output decreased proportional to the decrease in fl ow and delivery of 
nutrition to the S. oneidensis biofi lm in the system as the anolyte dried 
out in the paper channel. Th is lack of nutrition and ability to get more 
nutrition for the bacteria’s biofi lm causes the output voltage to decrease 
gradually until approximately the 100 hour mark, when the reservoirs ran 
out of the liquid mediums. Aft er fi ve minutes without fl ow, the biofi lm 
could begin to degrade (Fig. 3e)21. A morphology of individual bacteria 
cells is shown in Fig. 4. Th e biofi lm acts as a constant source of electrons 
through cellular respiration37, and without this, the current will begin 
to decrease. Th is explains the decrease in power at the 100 hour mark. 

Th e experiments were conducted in an uncontrolled environment 
where there were slight fl uctuations of room temperature and light. 

Figure 3 SEM images of biofi lm formation on the carbon cloth anode. (a) Biofi lm after 1 hour of operation. The lack 
of biofi lm indicates power production at this time is fl ow based. (b) Biofi lm after 18 hours of operation. Biofi lm 
begins to form producing current as indicated by Fig. 2. (c) Biofi lm after 29.5 hours of operation, aligning with 
the power peak of Fig. 2. The density of biofi lm continues to increase. (d) Biofi lm after 39.5 hours of operation 
when the maximum power output was reached. (e) Biofi lm at the end of the experiment.
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Th ese fl uctuations explain slight jumps in value in Fig. 2. Th rough the 
data collected, we could identify a pattern that is consistent with biofi lm 
formation with a long-term experiment. Th ere is an increase in current 
for the time aft er the biofi lm formed on the carbon cloth. Th is provides 
evidence that for a viable microbial fuel cell inoculated with S. oneidensis, 
biofi lm formation is a key factor in the ability for a microbial fuel cell 
to act like a battery. Power generated in this device contributes to a net 
positive power output because there is no outside power needed for the 
device to operate. 

CONCLUSIONS
In this work, we produced a paper-based microbial fuel cell that runs 
for 5 days. Th is proves that paper-based systems that have been used to 
eliminate the need for pumps in microfl uidic fuel cells can also be applied 
to microbial fuel cells. Th is is extremely important in the advancement 
of these devices and the expansion of their applications. Th e paper-based 
MFC produced 1.3 μW of power and 52.25 μA of current yielding a 
power density of approximately 25 W/m3 for this experiment. Th ese 
results show that the paper-based microbial fuel cells can create power 
in an environmentally friendly way without the use of any outside power. 

All power created in this device is usable because no electricity is needed 
to run the fl uids through the device. 

Th e biofi lm formation on the carbon cloth during the test provides 
further evidence that the current measured was the result of the bio-
chemical reaction taking place23,34,38. Th e capillary action of the paper 
provides a passive pump to draw the Shewanella oneidensis solution and 
the potassium ferricyanide from their respective reservoirs, as well as 
store the used material outside of the system in the outlet tabs. 

Before any paper-based microbial fuel cell can be used commercially, 
further advancements need to be made. In order to attempt to control 
the voltage output and create constant current, adjustments must be 
made to make the flow rate constant with time through the paper. 
Optimizing the fl ow to prevent dry out is critical in the next steps of 
controlling these values. Possible solutions include larger area inlets and 
outlets, or incorporating multiple inlets and outlets throughout the fuel 
cell. Controlled environment tests will also aid in the regulation of the 
systems output and yield more stable results. In addition, further work 
is required to eliminate the need for using Nafi on and ferricyanide for 
practical applications of this technology. 

ACKNOWLEDGMENTS
Th is work was partially funded by the Iowa State University and the 
William March Scholar fund. We would like to thank Ashley Christo-
pherson, Peter Meis, Luke Wagner, and Pouya Asrar for their assistance 
with this project.

REFERENCES 
 1. Yang, J., Ghobadian, S., Goodrich, P. J., Montazami, R. & Hashemi, N. Miniaturized 

biological and electrochemical fuel cells: Challenges and applications. Phys. Chem. 
Chem. Phys. 15, 14147–14161 (2013).

 2. Winfi eld, J., Chambers, L.D., Rossiter, J., Greenman, J. & Ieropoulos, I. Urine-activated 
origami microbial fuel cells to signal proof of life. J. Mater. Chem. A. 3, 7058–7065 (2015). 

 3. Esquivel, J.P., Del Campo, F.J., Gomez de la Fuente, J.L., Rojas, S. & Sabate, N. Micro-
fl uidic fuel cells on paper: Meeting the power needs of next generation lateral fl ow 
devices. Energy Environ. Sci. 7, 1744–1749 (2014).

 4. Li, W., Zhang, S., Chen, G. & Hua, Y. Simultaneous electricity generation and pollutant 
removal in microbial fuel cell with denitrifying biocathode over nitrite. Appl. Energy 
126, 136–141 (2014).

 5. Prater, D.N. & Rusek, J.J. Energy density of a methanol/hydrogen-peroxide fuel cell. 
Appl. Energy 74, 135–140 (2003).

 6. Achmad, F., Kamarudin, S.K., Daud, W.R.W. & Majlan, E.H. Passive direct methanol 
fuel cells for portable electronic devices. Appl. Energy 88, 1681–1689 (2011).

 7. Sevda, S., Dominguez-Benetton, X., Vanbroekhoven, K., De Wever, H., Sreekrishnan, T. R. 
& Pant, D. High strength wastewater treatment accompanied by power generation 
using air cathode microbial fuel cell. Appl. Energy 105, 194–206 (2013).

 8. Ringeisen, B.R., Henderson, E., Wu, P.K., Pietron, J., Ray, R., Little, B. et al. High power 
density from a miniature microbial fuel cell using Shewanella oneidensis DSP10. Environ. 
Sci. Technol. 40, 2629–2634 (2006).

 9. Vigolo, D., Al-Housseiny, T.T., Shen, Y., Akinlawon, F.O., Al-Housseiny, S.T. & 
 Hobson, R.K. et al. Flow dependent performance of microfl uidic microbial fuel cells. 
Phys. Chem. Chem. Phys. 16, 12535–12543 (2014).

10. Qian, F., He, Z., Thelen, M.P. & Li, Y.A microfl uidic microbial fuel cell fabricated by 
soft lithography. Bioresour. Technol. 102, 5836–5840 (2011).

11. Taghavi, M., Stinchcombe, A., Greenman, J., Mattoli, V., Beccai, L., Mazzolai, B. et al. 
Self suffi cient wireless transmitter powered by foot-pumped urine operating wearable 
MFC. Bioinspir. Biomim. 11, 016001 (2016).

12. Arun, R.K., Halder, S., Chanda, N. & Chakraborty, S. A paper based self-pumping and 
self-breathing fuel cell using pencil stroked graphite electrodes. Lab Chip 14, 1661–1664 
(2014).

13. Thom, N.K., Yeung, K., Pillion, M.B. & Phillips, S.T. “Fluidic batteries” as low-cost sources 
of power in paper-based microfl uidic devices. Lab Chip 12, 1768–1770 (2012).

14. Sharifi , F., Cavalcanti, F., Ghobadian, S. & Hashemi, N. Paper-based devices for energy 
applications. Renew. Sust. Energy Rev. 52, 1453–1472 (2015).

15. Sechi, D., Greer, B., Johnson, J. & Hashemi, N. Three-dimensional paper-based micro-
fl uidic device for assays of protein and glucose in urine. Anal. Chem. 85, 10733–10737 
(2013).

16. Martinez, A.W., Phillips, S.T., Whitesides, G.M. & Carrilho, E. Diagnostics for the 
developing world: Microfl uidic paper-based analytical devices. Anal. Chem. 82, 3–10 
(2009).

17. Mahadeva, S.K., Walus, K. & Stoeber, B. Paper as a platform for sensing applications 
and other devices: A review. ACS Appl. Mater. Interfaces 7, 8345–8362 (2015).

Figure 4 SEM images of biofi lm on the carbon cloth anode. The non-
uniformity of the bacteria might be because of the biofi lm degradation 
due to the lack of nutrition. The microscopy was performed several days 
after the end of the experiment.

1640012.indd   1021640012.indd   102 6/22/2016   2:47:01 PM6/22/2016   2:47:01 PM



103TECHNOLOGY  l  VOLUME 4  •  NUMBER 2  •  JUNE 2016
© World Scientific Publishing Co.

INVITED ARTICLE

18. Reinholt, S.J., Sonnenfeldt, A., Naik, A., Frey, M.W. & Baeumner, A.J. Developing new 
materials for paper-based diagnostics using electrospun nanofi bers. Anal. Bioanal. 
Chem. 406, 3297–3304 (2014).

19. Thuo, M.M., Martinez, R.V., Lan, W.-J., Liu, X., Barber, J., Atkinson, M.B.J. et al. Fabrica-
tion of low-cost paper-based microfl uidic devices by embossing or cut-and-stack 
methods. Chem. Mater. 26, 4230–4237 (2014).

20. Fraiwan, A., Mukherjee, S., Sundermier, S., Lee, H.-S. & Choi, S. A paper-based microbial 
fuel cell: Instant battery for disposable diagnostic devices. Biosens. Bioelectron. 49, 
410–414 (2013).

21. Thormann, K.M., Saville, R.M., Shukla, S., Pelletier, D.A. & Spormann, A.M. Initial phases 
of biofi lm formation in Shewanella oneidensis MR-1. J. Bacteriol. 186, 8096–8104 (2004).

22. Valiei, A., Kumar, A., Mukherjee, P.P., Liu, Y. & Thundat, T. A web of streamers: Biofi lm 
formation in a porous microfl uidic device. Lab Chip 12, 5133–5137 (2012).

23. Biffi nger, J.C., Pietron, J., Ray, R., Little, B. & Ringeisen, B.R. A biofi lm enhanced miniature 
microbial fuel cell using Shewanella oneidensis DSP10 and oxygen reduction cathodes. 
Biosens. Bioelectron. 22, 1672–1679 (2007).

24. Choi, S. & Chae, J. Optimal biofi lm formation and power generation in a micro-sized 
microbial fuel cell (MFC). Sens. Actuators A: Phys. 195, 206–212 (2013).

25. Bennetto, H. Electricity generation by microorganisms. Biotechnol. Educ. 1, 163–168 (1990).
26. Kotloski, N.J. & Gralnick, J.A. Flavin electron shuttles dominate extracellular electron 

transfer by Shewanella oneidensis. MBio. 4, e00553–12 (2013).
27. Jiang, X., Hu, J., Fitzgerald, L.A., Biffi nger, J.C., Xie, P., Ringeisen, B.R. et al. Probing 

electron transfer mechanisms in Shewanella oneidensis MR-1 using a nanoelectrode 
platform and single-cell imaging. Proc. Natl. Acad. Sci. 107, 16806–16810 (2010).

28. Marsili, E., Baron, D.B., Shikhare, I.D., Coursolle, D., Gralnick, J.A. & Bond, D.R. 
Shewanella secretes fl avins that mediate extracellular electron transfer. Proc. Natl. 
Acad. Sci. USA 105, 3968–3973 (2008).

29. Von Canstein, H., Ogawa, J., Shimizu, S. & Lloyd, J.R. Secretion of fl avins by Shewanella 
species and their role in extracellular electron transfer. Appl. Environ. Microbiol. 74, 
615–623 (2008).

30. Wu, C., Cheng, Y.-Y., Li, B.-B., Li, W.-W., Li, D.-B. & Yu, H.-Q. Electron acceptor depend-
ence of electron shuttle secretion and extracellular electron transfer by Shewanella 
oneidensis MR-1. Bioresour. Technol. 136, 711–714 (2013).

31. Strycharz-Glaven, S.M., Snider, R.M., Guiseppi-Elie, A. & Tender, L.M. On the electrical 
conductivity of microbial nanowires and biofi lms. Energy Environ. Sci. 4, 4366–4379 
(2011).

32. Logan, B.E. & Regan, J.M. Electricity-producing bacterial communities in microbial 
fuel cells. Trends Microbiol. 14, 512–518 (2006).

33. Biffi nger, J.C., Ray, R., Little, B.J., Fitzgerald, L.A., Ribbens, M., Finkel, S.E. et al. Simultane-
ous analysis of physiological and electrical output changes in an operating microbial 
fuel cell with Shewanella oneidensis. Biotechnol. Bioeng. 103, 524–531 (2009).

34. Wagner, L., Yang, J., Ghobadian, S., Montazami, R. & Hashemi, N. A microfl uidic 
reactor for energy applications. Open J. Appl. Biosens. 1, 21–25 (2012).

35. Liang, Y., Gao, H., Chen, J., Dong, Y., Wu, L. & He, Z. et al. Pellicle formation in Shewanella 
oneidensis. BMC Microbiol. 10, 291 (2010).

36. Rosenbaum, M., Cotta, M.A. & Angenent, L.T. Aerated Shewanella oneidensis in 
continuously fed bioelectrochemical systems for power and hydrogen production. 
Biotechnol. Bioeng. 105, 880–888 (2010).

37. Thormann, K.M., Saville, R.M., Shukla, S. & Spormann, A.M. Induction of rapid 
detachment in Shewanella oneidensis MR-1 biofi lms. J. Bacteriol. 187, 1014–1021 
(2005).

38. Wagner, L.T., Hashemi, N. & Hashemi, N. A compact versatile microbial fuel cell from 
paper. In Proceedings of the ASME 2013 11th Fuel Cell Science, Engineering and Technology 
Conference, Minneapolis, MN (2013), pp. 1–5.

1640012.indd   1031640012.indd   103 6/22/2016   2:47:06 PM6/22/2016   2:47:06 PM



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 901
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50055
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 901
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50055
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


