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Figure 7.5 (a) schematic of rice plants grown at plant chamber without having µMFC, and complete 
µPMFC with both rice plants and a MFC replaced with lactate-free medium in anode chamber after 
inoculation, (b) GC-MS curves of the extractives from the control device C (black color) and from the 

anode chamber of the sample device D on day 3 (blue color). 

To verify whether the lactate medium diffuse from anode chamber to plant chamber. Figure 

7.6 shows that the culture medium extracted from the plant chamber in the control device B on 

day 3 contains only a little amount of lactate, compared to the lactate defined culture medium (blue 

color). This result demonstrates that the plant growth chamber hardly has lactate diffused from the 

bacteria containing anode chamber. Therefore, the lactate in the culture medium of the microbes 

in the MFC will not affect the growth of the plants. 
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Figure 7.6 (a) schematic of µMFC without having plant, (b) GC-MS curves of the culture medium 
extracted from the plant chamber in the control device B on day 3 (black color) and the lactate defined 

culture medium (blue color). 

In Figure 7.4, we have come to the conclusion that the sample D that replaced with lactate-

free culture in anode chamber contain tiny lactate content. Thereafter, we compare the electricity 

generation performance of the sample devices A and D. Recall that these two devices have the 

same device components and are treated by the same materials and processes, except that after the 

cell inoculation the lactate defined minimal medium used in the anode chamber of the sample 

device D is replaced by the lactate free medium. On the contrary, the lactate defined medium used 

for the cell inoculation still remains in the anode chamber of the sample device A. We test electric 

current output of the two sample devices in a batch mode operation for a 5-day period, including 

the 2-day cell inoculation time without having rice plants, and the following 3-day rice plant 

growth time. The results are shown in Figure 7.7b. The overall tendencies of the current output 

response of the two devices are roughly the same, indicating that after the cell inoculation the 

remaining solution in the sample device A does not contribute to the current generation of the 

device. The results also show that for both of the devices, the output currents keep decreasing until 
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the rice plants are planted in their corresponding growth chambers at 48 hrs, and then, they tend to 

sustain a stable current output after a current rise occurred between 48 and 62 hours. 

 
Figure 7.7 (a) schematic of two types µPMFC, sample A: complete µPMFC with both rice plants and a 
MFC cultured with lactate medium in anode chamber, and sample D: complete µPMFC replaced with 

lactate-free medium in anode chamber after inoculation, (b) output current of two types µPMFC.  

To demonstrate the workability of the µPMFC device in screening suitable plant species 

and strains, we plant two different rice varieties, i.e., Kitaake and IR24 (7 days old), in the plant 

chambers of two µPMFC devices and monitor their output currents. The two devices use the same 

S. oneidensis MR-1 strain as a biocatalysts in the anode chambers. A control device is also used 

with the same bacteria, but there are no any plants growing in the plant chamber. The three devices 

are treated with the same cell inoculation process for two days during which the similar current 

responses are found (Figure 7.8a). Specifically, the output currents rapidly increase to ~20 µA, 

and then gradually drop to ~3 µA in two days. After the plants are placed in the growth chambers, 
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the output currents are found to increase a little bit and then gradually decrease. However, later 

each current stays at a level higher than it was at the beginning of placing corresponding rice plants 

into the chamber. Both of the plant-containing devices generate higher currents than the control 

device without any plants. More importantly, it should be pointed out that the wild type rice 

cultivar Kitaake allows the device to generate more electricity than IR24. At the end of day 5, the 

control device has only ~0.1 µA current output, while the devices with Kitaake and IR24 generate 

~4 and ~2.5 µA, respectively. We also check the size of Kitaake and IR24 before and after the 

device operation (shown in Figure 7.8b). Both of them grow taller. But, the tips of leaves become 

a little brown, probably due to lacking necessary nutrients in the lactate free medium used in the 

plant growth chamber. 
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Figure 7.8 (a) Output current of two species of rice plants using in PMFC, (b) before, and (c) after physiognomy of 

two types of plant species.  

Furthermore, we demonstrate using the µPMFC devices to select suitable bacteria species 

to work with rice plants for electricity generation (shown in Figure 7.9). To do this, we inoculate 

two different bacteria species, i.e., S. oneidensis MR-1 strain and P. aeruginosa 14, separately in 

the anolyte chambers of two identical devices using the same method as previously described. At 

the end of day 2, wild type rice cultivar Kitaake is placed in the plant chambers of these two sample 

devices. Another device is used as a control where P. aeruginosa 14 is inoculated but no any plants 



 175  

are grown. During the inoculation period, the output current signal from the device with P. 

aeruginosa 14 drops slightly faster than that using S. oneidensis MR-1. The plants are placed on 

day 3. An obvious current rise is found in both sample devices, while the output current of the 

control device continues dropping. It is noteworthy that at the end of day 5, the output current 

generation from the device with S. oneidensis. MR-1 almost stays at ~4 µA, about 33% higher 

than that generated from the other device with P. aeruginosa 14 (~3 µA). On the contrary, the 

control device has almost zero current at the end of day 5. 

 
Figure 7.9 Output current of two species of microbes using in PMFC. 

To assess the extent of S. oneidensis biofilm formation on the carbon cloth anode, we 

examined the surface morphology of the anode using SEM. The carbon cloth anode was obtained 

from the disassembled µPMFC grown with Kitaate after the entire operation period (5 days). 

Figure 7.10 the surface of the carbon fibers with S. oneidensis. However, it is difficult to see 

whether or not S. oneidensis biofilm is formed in the interior regions of the carbon cloth. 
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Figure 7.10 SEM images for the biofilms of S. oneidensis strain MR-1 grown on the carbon cloth in PMFC device 

with magnification (a) (c), and a close up showing bacteria coating the surface of carbon cloth (b) (d). 

7.3 Conclusions 

In summary, we develop the µPMFC device by integrating a MFC, a semi-permeable 

filtering membrane, and a plant growth chamber. GC-MS study demonstrates that the 

carbohydrates exudates from the roots of rice cultivar Kitaake can diffuse through the semi-

permeable membrane into the MFC unit. The semi-permeable membrane successfully blocks 

bacteria from entering the plant chamber. We also demonstrate the workability of the proposed 

µPMFC in screening different varieties of rice plant and different bacteria species, using the rice 

cultivar Kitaake and IR24 as model plants and S. oneidensis MR-1 strain and P. aeruginosa 14 as 

model bacteria. The electrical measurement result shows that Kitaake provides more carbohydrates 

excudates than IR24 for the MR-1 strain to produce more electricity, while S. oneidensis MR-1 

strain can generate more electricity than P. aeruginosa 14 when working with Kitaake. To our 



 177  

knowledge, this is the first effort of realizing a miniature plant-MFC device for the purposing of 

screening suitable plants and bacteria for producing electricity. 
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CHAPTER 8. CONCLUSIONS  

We have developed a microfluidic toolkit with multiple miniature devices, including plant 

chip, seed chip, miniature greenhouse, MFC, and plant-MFC, to tackle important problems in the 

fields of plant phenotyping and bioenergy harvesting. The development of these device will benefit 

in high-throughput plant phenotyping for understanding the gene-environment interactions, and in 

harvesting bio/chemical energy from microbes, plants, soil, and organic pollutants in wastewater. 

First, we developed a vertical and transparent microfluidic chip for high-throughput 

phenotyping of Arabidopsis thaliana plants. Multiple Arabidopsis seeds can be germinated and 

grown hydroponically over more than two weeks in the chip, thus enabling large-scale and 

quantitative monitoring of plant phenotypes. The novel vertical arrangement of this microfluidic 

device not only allows for normal gravitropic growth of the plants, but also, more importantly, 

makes it convenient to continuously monitor phenotypic changes in plants at the whole organismal 

level, including seed germination and root and shoot growth (hypocotyls, cotyledons, and leaves), 

as well as at the cellular level. We also developed a hydrodynamic trapping method to 

automatically place single seeds into seed holding sites of the device, and to avoid potential 

damage to seeds that might occur during manual loading. We demonstrated general utility of this 

microfluidic device by showing clear visible phenotypes of the immutans mutant of Arabidopsis, 

and also with changes occurring during plant-pathogen interactions at different developmental 

stages. Arabidopsis plants grown in the device maintained normal morphological and 

physiological behaviour, and distinct phenotypic variations consistent with apriori data were 

observed via high-resolution images taken in real-time. Moreover, the timeline for different 

developmental stages for plants grown in this device was highly comparable to growth on 

conventional agar plate method. This prototype plant-chip technology is expected to lead to the 
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establishment of a powerful experimental and cost-effective framework for high-throughput and 

precise plant phenotyping.  

Second, we demonstrated that by changing the spinning time of electrospinning deposition, 

it is possible to control statistically the pore size distributions of ENMs. The mean pore diameter 

is decreased exponentially from several micrometers to a couple of hundred nanometers, with 

increasing spinning time. The decrease of the mean pore size may possibly cause to attenuate the 

amount of heat energy from a remote heat source. This pore-size regulation approach enables us 

to create various temperature conditions on the microfluidic chips for phonemic analysis of seed 

growth.  

Third, we developed a set of miniature greenhouses that can flexibly change the 

environment condition to observe the phenotyping of Arabidopsis thaliana plants. Also, the usage 

of liquid crystal shutter enables easily accessing the inside of greenhouse without breaking growth 

condition. Through designed electronic circuits, it not only controls the plant growth environment 

for studying plant phenotypes on a multi-scale level with sufficient throughput, but commands 

multiple digital cameras to take images from outside of the device when needed.  

Fourth, we developed a novel miniature MFC with an improved output power density and 

short startup time, utilizing electrospun conducting poly(3,4-ethylenedioxythiophene) (PEDOT) 

nanofibers as a 3D porous anode within a 12 µL anolyte chamber. This device results in 423 

µW/cm3 power density based on the volume of the anolyte chamber, using Shewanella oneidensis 

MR-1 as a model biocatalyst without any optimization of bacterial culture. The device also excels 

in startup time of only 1hr. The high conductivity of the electrospun nanofibers makes them 

suitable for efficient electron transfer. The mean pore size of the conducting nanofibers is only 

several micrometers, which is favorable for bacterial penetration and colonization of surfaces of 
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the nanofibers. We demonstrate that S. oneidensis can fully colonize the interior region of this 

nanofibers-based porous anode. This work represents a new attempt to explore the use of 

electrospun PEDOT nanofibers as a 3D anode material for MFCs. The presented miniature MFC 

potentially will provide a high-sensitivity, high-throughput tool to screen suitable bacterial species 

and mutant strains for use in large-size MFCs.  

Fifth, we developed a high-performance miniature MFC or µMFC with innovative 

microfluidic flow-through feature: the anolyte chamber is filled with 3-dimensional graphene foam 

based anode (GF) to form a porous microfluidic chamber. This feature design allows flowing 

nutrition medium throughout the chamber to intimately interact with the colonized microbes on 

the scaffolds of GF. This, in turn, can not only minimize consumption of nutritional substrate, but 

also reduce response time of output current, due to fast mass transport through direct pressure-

driven mass flow and rapid diffusion of nutrients within the interstitial pores of GF to the surface 

of scaffolds. We demonstrate that the flow-through µMFC provides 745 µW/cm3 volume power 

density based on the total volume of anolyte chamber, and 89.4 µW/cm2 surface power density 

based on the planar surface area of GF anode, using Shewanella oneidensis MR-1 as a model 

biocatalyst without any optimization of bacterial culture. The medium consumption is reduced by 

up to 16.4 times and the response time of the device is reduced by up to 4.2 times, as the freeway 

space volume above its GF anode of the counterpart device increased from one to six times the 

volume of the GF anode. This work represents an exploratory effort to introduce a porous GF-

based flow-through mechanism into a microfluidic MFC setting. This approach will have a benefit 

in high-throughput, large-scale screening different bacterial species and their strains for conversion 

of carbon-containing substrates to electricity with less space and medium consumption, more 

parallel experiments, and shorter experimenting time. 
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Figure 1 (a) The complex plane (Nyquist) plot, and (b) bode plot. 
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