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Abstract. Plant-Microbial Fuel Cell (PMFC) is an emerging technology that converts plant waste into electrical energy through rhizodeposition, 
offering a renewable and sustainable source of energy. Deviating from the traditional PMFC configurations, additive manufacturing was utilized to 
create intricate and efficient designs using polymer-carbon composites. Concerning the agricultural sector, the effect of 3D-printed PMFCs on the 
growth and biomass distribution of Phaseolus lunatus and Ipomoea aquatica was determined. The experiment showed that electrostimulation promoted 
the average daily leaf number and plant height of both polarized plants, which were statistically proven to be greater than the control (α = 0.05), by 
energizing the flow of ions in the soil, boosting nutrient uptake and metabolism. It also stimulated the growth of roots, increasing the root dry mass 
of polarized plants by 155.44% and 66.30% for I. aquatica and P. Lunatus against their non-polarized counterpart. Due to the biofilm formation on the 
anode surface, the number of root nodules of the polarized P. lunatus was 51.30% higher than the control, while the protein content in the PMFC setup 
was 42.22% and 8.26% higher than the control for I. aquatica and P. lunatus, respectively. The voltage readings resemble the plants' average growth 
rate, and the polarization studies showed that the optimum external resistances in the I. aquatica- and P. lunatus-powered PMFC were 4.7 kΩ and 10 
kΩ, respectively. Due to other prevailing pathways of organic carbon consumption, such as methanogenesis, the effect of polarization on the organic 
carbon content in soil is currently inconclusive and requires further study.  
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1. Introduction 

Plant-Microbial Fuel Cell (PMFC) is an emerging 
bioelectrochemical technology that converts the stored 
chemical energy in plants to electrical energy (Imbrogno et al. 
2019). Through photosynthesis, plants produce rhizodeposits 
that serve as the substrate for the electroactive microorganisms 
in the rhizosphere (Narayana Prasad and Kalla 2021). These 
microorganisms release electrons that generate electricity 
(Zhou et al. 2022). An innovative method for producing 
materials for fuel cells is additive manufacturing. It was initiated 
in 2018 (Kamali et al. 2023) and has been applied to various 
electrochemistry applications for its resource efficiency and 
cost-effectiveness (Peng et al. 2018). Conductive polymer-
carbon composites are common materials for 3D-printing 
electrodes that are known for having high anisotropic 
conductivity, more electroactive sites, and low resistivity (Omar 
et al. 2021). However, the presence of polymer causes low 
surface area, but it can be easily solved by designing 3D models 
with higher surface area (You et al. 2017). Concerning the 
agricultural sector, it is essential to characterize the effects of 
such systems on the growth of plants. 

Recent studies have shown various ways to optimize the 
cost-effectiveness of PMFC for the prospects of large-scale 
applications. Different configurations, environmental 
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conditions, and applications concurrent with electricity 
generation were discussed (Kabutey et al. 2019)(Narayana 
Prasad and Kalla 2021). Also, the performance of different types 
of ceramics as membranes in MFCs was explored and 
characterized (Winfield et al. 2016)(Sarma and Mohanty 2023). 
The progressive research on PMFC leads to the unraveling of 
more factors and aspects that must be considered. These 
include standardization and geographical optimization barriers 
due to a lack of data for analysis (Maddalwar et al. 2021). Studies 
also emphasize that the plant-microbe relationship and 
characterization of Rhizodeposits require further exploration 
(Nitisoravut and Regmi 2017). Hence, experimentation with 
plants with higher rhizodeposition is needed (Lu et al. 2020). 
Research on bioelectricity production from food crops was 
recommended by Arulmani et al. (2021). Lastly, the 
development of more 3D-printed electrode designs is suggested 
to further improve PMFC performance (Omar et al. 2021). 

The main objective of this study is to determine the effect of 
3D-printed PMFCs on the growth and biomass distribution of 
agriculturally valued plants Phaseolus lunatus (Lima bean) and 
Ipomoea aquatica (Water spinach). Specifically, it aims to 
analyze and characterize the growth of plants by measuring the 
following growth parameters; plant height, number of leaves, 
dry mass of roots, number of root nodules, protein content of 
the leaves, and organic carbon content of the soil. This study 
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could benefit the agricultural and energy sector by 
simultaneously meeting the rising demand for renewable 
energy and food supply. The obtained empirical data would 
support the growth enhancement effect of PMFCs, which could 
improve farm productivity. At the same time, the electricity 
generated can be used as a power supply for the farm and the 
surrounding communities, increasing PMFC scalability. 

2. Materials and Methods 

The characterization of the effects of bioelectricity production 
from P. lunatus (Lima bean) and I. aquatica (Water spinach) on 
their growth involves several thorough steps, as shown in Fig. 1. 
Experimental and control setup was conducted to compare the 
growth parameters. 
 

2.1   Designing of 3D-printed Electrodes 

The electrodes were produced through additive manufacturing. 
It was designed in the Autodesk Fusion 360 software 
considering the factor of surface area in the performance of 
PMFC. Both electrodes are hexagonal prism-shaped with a 
thickness of 2.50 mm. It has triangular holes with a base and 
height of 2 mm, which allows it to add 15.07 mm2 of surface area 
per hole for the anode and 13.07 mm2 of surface area per hole 
for the cathode. The 3D model for the anode is shown in Fig. 2a. 
It has a height of 54 mm and an outside diameter of 52.70 mm. 
Each side has a length of 26.35 mm and 204 triangular holes. As 
shown in Fig. 2b, the cathode has a height of 73 mm, an outside 
diameter of 34 mm, and an inside diameter of 28.23 mm. Each 
inner side has a length of 14.11 mm and 192 triangular holes. It 
also has fins having the same height, 3 mm length, and 0.50 mm 
thickness, directed inwards to increase the cathode surface area 
further. The outer surface area of the anode is 26,983.08 mm2, 
while the total surface area of the cathode is 36,568.13 mm2 
having a cathode-to-anode surface area ratio of 1.36. 

2.2   Material Selection 

The materials used for each component of the PMFC are shown 
in Table 1. The plastic pots were sourced from a local supplier 
from Victoria, Laguna, while the copper wires were from 
Quezon City, Metro Manila. The Proto-pasta electrically 
conductive composite PLA was directly bought from 
ProtoPlant, USA. The Terracotta membranes were obtained 
from a supplier in China. Lastly, the plant seeds were procured 
from commercial seed suppliers in the Philippines. 

 

 
Fig. 2 Perspective, Front, and Top view of (a) Anode and (b) Cathode 
3D Models 

 

Table 1  
Materials used in PMFC 

Component Material 

PMFC Exterior Plastic pot 

Anode Conductive PLA 

Cathode Conductive PLA 

Membrane Terracota 

Growing medium Soil 

Wire Copper 

 

2.3   Seed Germination 

The seeds were not planted directly on the PMFC setup and was 
germinated first in three-by-four propagation trays with 
dimensions of 160-mm × 115-mm × 55-mm (L × W × H). It has 
holes at the bottom for water drainage and a transparent plastic 
cover with adjustable humidity vents. For the I. aquatica (water 

 
Fig. 1 Methodology Flowchart 
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spinach), the seeds were soaked in water for 24 hours before the 
germination process. The germination process was conducted 
outdoors. The seeds were planted 1 inch deep in the soil and 
then left to germinate for twenty days. In that time span, the 
plants were watered and exposed to eight to ten hours of 
sunlight on a daily basis.  
 

2.4   PMFC and control setup 

The setup of PMFC in this study is shown in Fig. 3a. The exterior 
of the single-chambered PMFC is a conventional plastic plant 
pot having the dimensions 210-mm × 145-mm × 190-mm (D1 × 
D2 × H) with drainage holes at the bottom. Each 3D-printed 
electrode with a terracotta membrane was individually placed 
in a plastic pot in the middle of two plants of the same kind. This 
is to mimic its behavior in a stacked PMFC setup, but the effect 
on the plants can be measured in terms of a single PMFC only. 
Copper wires were attached to the electrodes for the voltage 
and current measurement. 

Fig. 3b shows the arrangement and dimensions of the 
electrodes and the membrane. The anode is located in the 
outermost part so that it is readily available for interaction with 
the roots wherein the microorganisms are present. In the middle 
is the stake-type terracotta separator. Due to its high porosity, it 
readily absorbs moisture and served as the passage for the 
hydrogen ions or protons to the cathodic region. The stake-type 
design allows the membrane to be easily pushed and inserted 
into the soil. Lastly, in the innermost part is the cathode, wherein 
the hydrogen ion reacts with oxygen to form water. 

There are two control setups for this experiment, a soil 
PMFC with no plant (Fig. 4a) and plants with no PMFC (Fig. 4b). 
The first one was the basis for comparison of the growth 
enhancement provided by the PMFC, while the latter was used 
to measure the baseline power generation of the soil used in the 
experiment. There are four trials for I. aquatica and its control, 
three trials for P. lunatus and its control, and one setup for the 
plantless soil PMFC, having a total of seven PMFC setups and 
eight control setups. 

2.5   Transfer & Monitoring 

Upon seed germination, the plants were transferred to their 
respective PMFC and control setups. It was ensured that their 
roots are completely covered with soil for optimal nutrient 
access. Before the data collection, a ten-day downtime was 
allotted for the plants to adapt to their new environmental 
condition, accompanied by consistent supervision and 
hydration. A fixed volume of tap water was used to water the 
plants daily. 

 
 

 
Fig. 3 (a) PMFC setup and (b) electrode arrangement 

 
Fig. 4 (a) Soil- and (b) plant-control setup 

 

 

2.6   Data Collection 

Voltage and current measurements were conducted every 9:00 
AM for fifty consecutive days using a digital multimeter (UNI-T 
UT60BT). The growth parameters, namely plant height and root 
dry mass, were measured using a steel tape measure and 
analytical balance, respectively. Whereas the leaf number and 
root nodules were manually counted. Chemical analyses were 
also conducted to determine the nutrient content in leaves and 
soil. Protein content analysis was conducted in leaf samples 
using the Kjeldahl method, and the organic carbon content 
analysis was conducted in soil samples using Titrimetry 
(Walkey-Black). These analyses were performed by the Sentro 
sa Pagsusuri, Pagsasanay, at Pangangasiwang Pang-agham at 
Teknolohiya (SentroTek) laboratory. 

Various growing conditions of the plant are also measured. 
The soil's pH and temperature were measured using a digital 
soil tester. The ambient temperature and humidity were 
measured using the Xiaomi Mijia Thermometer/Hygrometer 
with Sensirion sensor. Lastly, polarization was conducted on the 
last day of data collection. Voltage and current were measured 
against resistors ranging from 1 Ω to 1 MΩ to optimize power 
generation. Table 2 presents the equations used to calculate the 
current (I), power (P), and power density (PD) of the system, 
where V represents voltage, R represents resistance, and AS 
represents the surface area of the anode. These parameters are 
crucial in understanding the electrochemical properties of the 
system under study and are defined in the table for reference. 
 

2.7   Data Analysis 

A one-tailed paired differences T-test was used in this study to 
compare the average daily plant height and leaf number of the 
experimental and control setup of P. lunatus (Lima Bean) and I. 
aquatica (Water Spinach), given that the data is time series. The 
tests made use of a significance level of 0.05, wherein the null 
hypothesis is that the difference between the average growth 
parameters of the experimental setup and the control setup (d 
= μP – μC) is less than or equal to zero (d ≤ 0), while the 
alternative hypothesis is that the difference is greater than zero 

Table 2  
Formulas for data collection 

Parameter Equation 

Current I = V / R 
Power P = I ×V 

Power Density PD = P / AS 
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(d > 0), indicating that the average growth parameters of the 
experimental setup are greater than the control setup. For the 
remaining growth parameters, the arithmetic mean and 
standard deviation were used. 

The data collected were analyzed through different 
graphical representations. The average daily voltage readings 
were plotted against time throughout the 50 days of the 
experiment to observe the behavior of voltage changes. The 
maximum power density obtained was compared with previous 
studies that utilized 3D-printed PMFCs. The average final plant 
height, leaf number, root dry mass, number of root nodules, 
protein content of leaves, and organic carbon content of soil 
were presented in bar graphs for a side-by-side comparison. The 
average growth rate was also calculated and analyzed alongside 
the average daily voltage readings. Lastly, a polarization curve 
(Power Density vs. Current Density plot) was produced from the 
measurement in polarization studies to determine the optimum 
resistor value for the process. 

3.   Results and Discussion 

3.1   Performance of 3D-printed Electrodes 

The surface resistances along the length of the 3D-printed 
electrodes used in this study are shown in Fig. 5. The average 
resistance of the dry anode is 1.15 kΩ, while the dry cathode is 
1.26 kΩ. As the electrodes were soaked in water for 24 hours, 
the average resistance slightly increased to 1.35 kΩ and 1.40 kΩ 
for the anode and cathode, respectively. After being used up in 
the experiment proper, which took place for 58 days, the 
electrodes had minimal degradation and fouling, as shown in 
Fig. 6. Corrosion is more evident in the cathode, which could 
have resulted from being consistently submerged underwater. 
Previous studies observed an increase in internal resistance and 
a decrease in the performance of the PMFC due to cathode 
fouling (Gude 2016)(Jyoti Sarma and Mohanty 2022), which is 
similar with the findings of this study, having a 3.7-fold and 12-
fold increase in the average surface resistances for the anode 
and cathode, respectively. 

In modeling studies of PMFC performance and behavior, the 
electrode resistance is often neglected in the internal resistance 
as it has a minimal value, especially the traditional fuel cells that 
use pure carbon materials for electrodes (Karamzadeh et al. 
2020). Therefore, it was perceived to have minimal impact on 
the overall performance of PMFC. However, 3D-printed 
electrodes are composites containing non-conductive 
polymers, such as PLA, resulting in a slightly higher resistance, 
which contributes to the overall internal resistance of the PMFC. 
Internal resistance is considered one of the challenges faced by 

utilizing 3D-printed electrodes, resulting in reduced 
conductivity (Huang et al. 2021). It is crucial to overcome this 
disadvantage, which could be done by optimizing the trade-off 
between electron transfer and internal resistance and 
incorporating other available 3D-printing filaments and 
methods of printing. 

The 3D-printed electrodes used in this study, which are 
made of a cost-effective and widely available PLA/Carbon black 
filament (Rocha et al. 2022), obtained a comparable maximum 
power density to other similar studies that also made use of 3D-
printed fuel cell components. The feedstock, material used for 
the 3D-printed component, and maximum power or power 
density of different studies were summarized in Table 3. The 
maximum power or power density obtained in this study was 
higher than those studies that utilized the same material (i.e., 
PLA-carbon composite filaments) for the 3D-printed electrodes 
(You et al. 2017)(Slate et al. 2021). Therefore, the design of the 
electrode developed in the study was more effective in power 
generation. Moreover, the study with the highest maximum 
power density was reasonable; despite using non-conductive 
PLA, it underwent a carbonization process wherein it was 
double-coated with carbon. Hence, its surface's biocompatibility 
and conductivity were increased (You et al., 2020). 

 

3.2   Plant shoot and root biomass 

From the time series plots for the average leaf number (Fig. 7), 
it was found that the difference in the average leaf number 
between polarized and non-polarized samples of I. aquatica (Fig. 
7a) showed more fluctuating behavior along the duration of the 
experiment than the P. lunatus (Fig. 7b), which is steadier and 
also higher. The difference has its peak on the 33rd and 43rd 

 
Fig. 5 Surface resistance of 3D-printed electrodes 

 

 
Fig. 6 3D-printed anodes and cathodes (a) before the experiment, (b) 
after usage in WS-PMFC, and (c) after usage in LB-PMFC 
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day of the experiment for the I. aquatica and P. lunatus, 
respectively. In contrast, the time series plots for the average 
plant height (Fig. 8) are both steadily increasing. In this 
parameter, the highest difference for polarized and non-
polarized samples of I. aquatica is 7.81 cm and for P. lunatus is 
47.33 cm, which occurred on the 31st and 33rd day of the 
experiment, respectively. Hence, on average, the polarized 
plants have a greater number of leaves and grow faster 
compared to non-polarized plants (α = 0.05). 

Moreover, it was also observed that the yellowing and 
wilting of older leaves were immediately exhibited by the 
polarized and non-polarized I. aquatica on the 9th and 5th day 
of the experiment, respectively. This phenomenon is called leaf 
senescence, wherein the macromolecules of older leaves, such 
as proteins, membrane lipids, RNA, and chlorophyll, undergo 
degradation, resulting in the yellowing of leaves. At the same 
time, the nutrients are remobilized into the other developing 

parts of the plant (Kumar et al. 2018)(Yamaguchi et al. 
2010)(Nogué, Gonneau, and Faure 2003). 

Leaf senescence can be caused by different factors, such as 
plant growth regulators (PGRs), reactive oxygen species (ROS), 
the carbon/nitrogen (C/N) relationship, pathogens, light 
deprivation, mineral deficiency, seed development, drought, 
presence of sugars, and ultraviolet and ozone exposure. PGRs 
or phytohormones regulate the senescence of a plant, ethylene, 
jasmonic acid, salicylic acid, and abscisic acid induces 
senescence, while cytokinins, polyamines, nitric oxide, and 
gibberellin acid inhibits senescence. ROS, namely hydrogen 
peroxide (H2O2), superoxide radical (O2•-), and hydroxyl 
radicals (OH•), are responsible for oxidative stress that damages 
the macromolecules (Shamsi et al. 2018)(Lim and Nam 
2005)(Kumar et al. 2018)(Sharma and Agarwal 2018). On the 
other hand, the C/N relationship refers to the ratio of carbon 
and nitrogen content in the soil. An imbalance could result in 
either acceleration or delay in senescence (He et al. 2003). 

Table 3  
Comparison with 3D-printed electrode performances across different MFC systems 

 

Component Feedstock Material 
Maximum Power/ 

Power Density 

Anode and Cathode Pseudomonas aeruginosa PLA/graphene (8 wt%) 110.74 ± 14.63 μW m-2 a 

Anode and Cathode 
Sewage Sludge enriched with 1% 
tryptone and 0.5% yeast extract 

Carbon-coated non-conductive PLA 376.70 µW (7.50 W m−3) b 

Anode Shewanella oneidensis MR-1 Copper-coated UV curable resin 6.45 ± 0.50 mW m−2 c 

Anode Sewage Sludge Conductive PLA 43 ± 1 μW d 

Anode and Cathode 
Rhizodeposits of I. aquatica Conductive PLA 52.33 μW (1.86 mW m-2) e 

Rhizodeposits of P. lunatus Conductive PLA 35.46 μW (1.26 mW m-2) e 
Source:  a Slate et al., (2021), b You et al., (2020), c Bian et al., (2018), d You et al., (2017), e This study (2023) 

 

 
Fig. 7 Average leaf number of (a) I. aquatica and (b) P. lunatus 
throughout the 50-day experiment 

 

 
Fig. 8 Average plant height of (a) I. aquatica and (b) P. lunatus 
throughout the 50-day experiment 
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The leaf senescence of I. aquatica was very early compared 
to P. lunatus, which occurred on the 33rd day of the experiment. 
This could have resulted from the relatively higher C/N ratio in 
I. aquatica. At elevated CO2 and low N2 content, hydrogen 
peroxide (H2O2) production increases, which results in oxidative 
stress (Agüera and De la Haba 2018), as previously mentioned. 

The average final leaf number, plant height, and root dry 
mass of I. aquatica and P. lunatus at the end of the experiment 
were presented in Table 4. The aforementioned characteristics 
were found to be higher in the polarized plants than in the non-
polarized (control) plants on average. Specifically, the average 
final leaf number, plant height, and root dry mass for the 
polarized I. aquatica is 22.64%, 10.37%, and 155.44% higher 
than the control, respectively. Whereas for the polarized P. 
lunatus, the average final leaf number, plant height, and root dry 
mass is 11.70%, 17.98%, and 66.30% higher than the control, 
respectively. It is also evident from the data that the variation is 
relatively high in P. lunatus. The large variations are 
characteristic of plant-microbial fuel cells due to the biological 
nature of the system. Nevertheless, it is still dependent on the 
characteristic of the plant. This result is in line with the findings 
of Guan and Yu (2021). 

One common cause of growth enhancement in polarized 
plants is electrostimulation. It is the incorporation of electricity 
into the plant system, which is known for its ability to regulate 
plant growth by modifying cellular metabolism, with electric 
field inducing faster movement of ions in the soil, boosting 
nutrient uptake and metabolism in the plant (Li, Gou, and Li 
2019). It is also being eyed as a replacement for the usual 
chemical fungicides for plant defense, as it has been proven to 
reduce fungal diseases in plants (Mori et al. 2021). A study on 
Cucumis sativus using modified electrodes has shown 
improvements in plant germination, stem thickness, stem and 
root length, cotyledon length, actual leaf size, biomass, organic 
matter content, cation exchange capacity, and enzymatic 
activity (Morales et al. 2021). 

Different intensities of electric field pulses have varying 
effects on plants and applications. Very high-intensity electric 
pulses are used in immobilizing eukaryotic, gram-positive, and 
gram-negative microorganisms at low temperatures (Wouters et 
al. 1999). Low-intensity electric pulses, on the other hand, was 
proven by Young Yi et al. to cause an increase in the growth of 
lettuce plant at 4~10 V, growth and fruiting duration as well as 
the weight of the dried fruits of hot pepper plant, and the 
enhanced development of roots from cuttings (Yi et al. 2012). It 
also impedes biofilm formation on the electrode as it increases 
the activity and predominance of certain microorganisms, 
promoting inoculate microorganism populations (Hoseinzadeh 
et al. 2020). 

Additionally, the carbon black component of the conductive 
PLA filament could have also contributed to the growth 
enhancement of polarized plants. Previous researches have 
shown that the utilization of carbon black fertilizers that are 
dispersed in bulk soil resulted in higher plants, increased plant 
shoot (105 – 107%) and root (67 – 70%) biomass yield, and 

reduced physiological damage (Zhao et al. 2021)(Cheng et al. 
2020). Still, it may not be as effective, as the carbon black 
component of the electrode is only present in small amounts 
and is immobilized in PLA. 

3.3   Nodulation and rhizosphere microbiome 

Root nodules are clusters of microbial communities found in the 
roots of legumes. It is resided by rhizobacteria, which are gram-
negative bacteria (Proteobacteria) that conduct nitrogen 
fixation process that provides nutrients to the plants. It is formed 
through a regulated process of chemical signals that stimulate 
the release of flavonoids and chitooligosaccharides between the 
host plant and the microorganisms in the soil (Yoneyama and 
Natsume 2010)(Q. Wang, Liu, and Zhu 2018). In this study, the 
final average number of root nodules is shown in Fig. 9, wherein 
the PMFC setup has an average of 48.67 ± 21.36, which is 
51.30% higher than its control counterpart. 

In PMFCs, biofilms are formed on the surface of the anode, 
which plays a role in electron transfer for electricity generation 
(Zhou et al. 2022)(Bataillou, Haddour, and Vollaire 2022). Since 
the roots are near the anode surface, the bacterial communities 
in the biofilms may have promoted further formation of root 
nodules. Some bacteria are capable of producing 
phytohormones (e.g., auxins and cytokinins), which are known 
for inducing nodule development (Egamberdieva et al. 
2017)(Roy Choudhury, Johns, and Pandey 2019). Rhizobial 
surface polysaccharides, which is an extracellular polymeric 
substance (EPS) found in biofilms, are essential in the nodulation 
of some legumes. However, the mechanism is still under 
investigation (Costa, Raaijmakers, and Kuramae 2018). 
Moreover, a PCoA based on the Bray–Curtis distances showed 
that the rhizosphere microbiome including Comamonadaceae, 
Pseudomonadaceae, Alicyclobacillaceae, Paenibacillaceae, 
Rhizobiaceae, Bacillaceae, and Microbacteriaceae contributed to 
Sinorhizobium nodulation, while Micrococcaceae, 
Intrasporangiaceae, Gaiellales, and Saccharibacteria were 
correlated to Bradyrhizobium nodulation (Han et al. 2020). 

Table 4  
Average final growth parameters of the polarized and control samples of I. aquatica and P. lunatus at the end of the experiment 

Plant Growth Parameter PMFC Control 

I. aquatica Leaf number 8.13 ± 1.25 6.63 ± 1.60 

Plant height (cm) 41.25 ± 7.91 37.38 ± 4.70 

Root dry mass (mg) 85.99 ± 49.10 33.66 ± 8.65 

P. lunatus Leaf number 84.33 ± 26.10 75.50 ± 16.85 

Plant height (cm) 274.50 ± 88.13 232.67 ± 70.66 

Root dry mass (mg) 48.67 ± 21.36 32.17 ± 11.86 

 

 

Fig. 9 Average number of root nodules in P. lunatus roots at the 

end of the experiment 
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The abundance of microorganisms in the rhizosphere may 
also be represented through the number of root nodules. 
Nodulation characteristics such as nodule biomass, nodule 
number, and nitrogenase activity was found to have contributed 
by 56.56% to the diversity of rhizosphere microbiome. 
Specifically, Bradyrhizobium were correlated with the nodule 
number, Burkholderia with nodule biomass and nitrogenase 
activity, and Dyella were correlated to all characteristic (H. 
Wang et al. 2020). With this, it could be inferred that PMFC 
enhanced the rhizosphere microbiome diversity. Nevertheless, 
further studies are necessary to strengthen this claim. 

3.4   Protein content in leaves 

The crude protein content, expressed in weight percentage, in 
the leaves of I. aquatica and P. lunatus is shown in Fig. 10. It was 
found that the protein content in the PMFC setup was 42.22% 
and 8.26% higher than the control for I. aquatica and P. lunatus, 
respectively. Nitrogen-fixing bacteria also play an essential role 
in increasing the protein content of a plant, resulting in higher 
protein contents in the leguminous plant. They convert 
atmospheric nitrogen N2 into more useful nitrogen nutrients, 
including nitrate, which is the necessary nutrient for protein 
synthesis along with glucose. Aside from that, the bacterial 
community in the biofilm on the surface of the electrode also 
contributes to protein synthesis. Some microorganisms have the 
ability to convert the nutrients in the soil, including organic 
carbon, nitrogen, and phosphorus, into microbial protein 
(Matassa et al. 2016). While others, like H2-oxidizing bacteria 
(HOB), make use of hydrogen, oxygen, and carbon dioxide 
molecules to produce protein (Zhang et al. 2020). 

Moreover, the application of electric current in plants could 
also contribute to protein synthesis by altering the activity of 
enzymes and other proteins involved in the process. A study 
showed that a 6V DC provided through graphite electrodes 
enhanced the activity of laccase, an enzyme in plants, in the 
anode region (C. Wang et al. 2015). Most importantly, electrical 
stimulation also enhances protein synthesis by inducing plant 
defense response, increasing the transcription levels of 
pathogenesis-related proteins (Mori et al. 2021), and regulating 
the gene expression of enzymes for ribosome proteins (Li, Gou, 
and Li 2019). This is a potential foundation for a deeper 
understanding of the connection between polarization and 
protein synthesis in plants. 

3.5   Organic carbon content in soil 

Organic carbon has a vital role in the function of PMFC as it 
serves as a nutrient for the microorganisms that aid in plant 
growth and power generation. Fig. 11 shows the organic carbon 

content in I. aquatica and P. lunatus soil. It can be seen that the 
organic carbon content in the soil of I. aquatica in PMFC is 
50.25% less than that of the control. Meanwhile, there is only a 
minimal difference for the P. lunatus, wherein the PMFC soil is 
only 0.5% greater than its control counterpart. 

For a PMFC to function, anaerobic bacteria consume or 
oxidize organic matter to proceed with the electron transfer 
(Karra et al. 2013). A study that analyzed organic matter content 
in PMFC through Chemical Oxygen Demand (COD) 
measurement concluded that the plant enhances microbial 
activity (Lin et al. 2022) while electrical load enhances organic 
matter removal rate (Jiang et al. 2011), which could have 
resulted in lower organic carbon content in the soil of I. aquatica 
in PMFC than the control. For the P. lunatus, the organic carbon 
content is almost equal, which is consistent with the findings of 
an agricultural and bane wood soil polarization study (Dunaj et 
al. 2012). 

Nevertheless, the consumption and replenishment of 
organic carbon is a dynamic process and is not constant all 
throughout. In most extreme anaerobic conditions, the 
consumption of organic carbon does not directly proceed to 
electricity generation; instead, an alternative pathway persists, 
known as methanogenesis. It utilizes acetate, methanol, 
methylamines, hydrogen, and carbon dioxide as electron 
acceptors, producing methane and carbon dioxide (Mobilian 
and Craft 2022)(Schlesinger and Bernhardt 2020). However, due 
to its meager energy yield, it is regarded as the final step of 
organic carbon degradation (Vincent, Jennerjahn, and 
Ramasamy 2021). Hence, the effect of polarization on organic 
carbon content in plants is currently inconclusive and requires 
a more detailed evaluation considering the different 
degradation pathways. 

3.6   Effect of PMFC on soil pH and temperature 

Processes involving microorganisms are strict regarding their 
environmental conditions; they happen at a specific range of pH, 
temperature, and other parameters. In this study, it was 
discovered that there is no significant difference in the pH and 
temperature between the soil in the PMFC and the control. A 
previous study also yielded the same result, wherein the 
sediment layer of P-SMFC and their control counterpart both 
have a pH ranging from 7.5 to 8.0 (Liu et al. 2018). Specifically, 
the pH of the soil in PMFC setups has an average of 6.87 ± 0.26, 
while the average for the control is 6.87 ± 0.27. It is evident that 
the pH in the soil in PMFC is only 0.0018 less than the control. 

Nevertheless, lower pH values indicate the presence of 
more root exudates in the soil, which are acidic in nature (Lin et 
al. 2022). Also, the average temperature of the soil in the PMFC 

 

Fig. 10 Protein content of I. aquatica and P. lunatus leaves 

 

 
Fig. 11 Organic Carbon content in soil of I. aquatica and P. lunatus 
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and control is 29.52 ± 1.56 and 29.57 ± 1.53, respectively. This 
parameter is mainly influenced by ambient conditions, such as 
air temperature, precipitation, solar radiation, etc. (Yolcubal et 
al. 2004). Since all the setups are exposed to the same 
environment, the recorded soil temperatures for both PMFC 
and control vary only by a small amount. 
 

3.7   Voltage and Current in PMFC and SMFC 

The produced voltage and current on the I. aquatica-powered 
PMFC (WS-P), P. lunatus-powered PMFC (LB-P), and the 
control counterpart, Soil-MFC (S-C), with and without an 
external resistance are shown in Figs 12 & 13. For the readings 
without a resistor, the average voltage produced by WS-P and 
LB-P throughout the 50-day duration of the experiment were 
11.41% and 11.66% higher than the SMFC, respectively, 
whereas the average current produced by WS-P and LB-P were 
129.49% and 164.43% higher than the SMFC, respectively. For 
the readings against a 1 kΩ resistor, the average voltage 
produced by WS-P and LB-P were 73.50% and 90.92% higher 
than the SMFC, respectively, while the average current 
produced by WS-P and LB-P were 97% and 136.58% higher 
than the SMFC, respectively. 

Based on these values and the time series plots, the PMFCs 
of I. aquatica and P. lunatus produced a higher voltage and 
current than the SMFC. This result is consistent with the 
findings of previous research that compared the power 
generation between PMFC and SMFC, using Spathiphyllum spp 
and Vetiver grass (Kwon and Park 2021)(Regmi et al. 2018). As 
previously mentioned, incorporating plants into MFC enhances 
microbial activity due to rhizodeposition, which could 
accelerate electron transfer and produce higher energy (Lin et 
al. 2022). It is also evident from the figure that the voltage and 
current produced by the PMFC were higher without the external 

 
Fig. 12 (a) Voltage and (b) current readings in PMFC and SMFC 
(control) without external resistance 

 

 
Fig. 13 (a) Voltage and (b) current readings in PMFC and SMFC 
(control) against a 1 kΩ external resistance 

 

 

 
Fig. 14 Average growth rates along voltage readings in (a) I. 
aquatica and (b) P. lunatus 
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resistance but became more precise when an external 
resistance was applied as it regulates the flow of the electric 
current. 
 Furthermore, the maximum voltage produced by the I. 
aquatica and P. lunatus PMFC were 987 mV and 765 mV, which 
occurred on the 17th and 35th day of the experiment, 
respectively, whereas the maximum current produced were 61 
μA and 54.6 μA, which are both recorded on the 39th day of the 
experiment. It is also noticeable that the produced voltage and 
current were decreased in the latter part of the experiment, 
which could have also been affected by the slowly deteriorating 
condition of the plant. Fig. 14 shows the average growth rate 
(AGR), in which a resemblance of the voltage readings can be 
observed. Other factors that lead to the decrease in power 
generation are electrode fouling (Jyoti Sarma and Mohanty 
2022), an increase in ohmic resistance (Sophia and Sreeja 2017), 
ambient temperature, and relative humidity (Ma et al. 2022). 

3.8 Polarization 

Fig. 15 shows the polarization curve for I. aquatica and P. 
lunatus. Polarization studies performed at the end of the 
experiment showed that the optimum external resistances in the 
I. aquatica and P. lunatus-powered PMFC were 4.7 kΩ and 10 
kΩ, respectively. The maximum power density obtained in the 
I. aquatica-powered PMFC was 6.86 μW/m2, which was 
159.02% higher than the power density using the applied 
external resistance in the experiment (1 kΩ), having a value of 
2.65 μW/m2. Whereas for the P. lunatus-powered PMFC, the 
maximum power density, 18.89 μW/m2, was 258.69% higher 
than the power density against 1 kΩ, which is 5.27 μW/m2. 
 

4.   Conclusions 

The utilization of the designed 3D-printed plant microbial fuel 
cells made from PLA-carbon composite conductive filament 
was found to have a positive impact on the growth of P. lunatus 
and I. aquatica. The average daily leaf number and plant height 
in PMFC for both plants throughout the duration of the 
experiment were statistically proven to be greater than the 
control (α = 0.05). During harvest, the average final leaf number 
and plant height for both plants were also higher than the 
control. This is due to electrostimulation, wherein the electric 
field energizes the flow of ions in the soil, boosting nutrient 
uptake and metabolism.  
 The increase in the microbial community due to the biofilm 
formation on the anode promoted the root system parameters 

and the protein content of leaves in the PMFC. The root dry 
mass of polarized plants was higher by 155.44% and 66.30% for 
I. aquatica and P. lunatus, respectively. At the same time, the 
number of root nodules of the polarized P. lunatus was 51.30% 
higher than its control counterpart. Aside from that, 
electrostimulation also improved protein synthesis by altering 
enzyme activity and inducing PR and ribosomal proteins. 
 The voltage readings resemble the plants' average growth 
rate, supporting the correlation of plant growth and health to 
voltage and current production. The polarization studies 
showed that the optimum external resistances in the I. aquatica- 
and P. lunatus-powered PMFC were 4.7 kΩ and 10 kΩ, 
respectively. Further studies on other soil nutrients and a more 
extensive analysis of microbial communities in the soil would 
benefit a deeper understanding of the effect of 3D-printed 
PMFCs on the root and soil system. The effect of polarization 
on the organic carbon content in soil is currently inconclusive 
and still requires further study due to other prevailing pathways 
of organic carbon consumption. 
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