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░ 1.0. Introduction 

α-Amylases are enzymes that catalyze the hydrolysis of internal α-1,4 glycosidic bonds in polysaccharides, 

producing smaller sugars while preserving the α-anomeric configuration of the products (Samanta, 2022). Among 

bacterial sources, members of the genus Bacillus are well recognized for their high amylase production capacity 

(Harirchi et al., 2022; Letti et al., 2023). 

Electroactive microorganisms have recently gained attention due to their ability to exchange electrons with 

electrodes, enabling sustainable biotechnological applications for energy generation and production of industrially 

relevant metabolites. While extracellular electron transfer pathways have been well studied in Gram-negative 

bacteria, less is understood about the corresponding mechanisms in Gram-positive bacteria (Paquete, 2020). 

Traditional amylase production relies mainly on submerged fermentation (SmF), where microorganisms are 

cultivated in liquid media under controlled conditions (Bamigboye et al., 2022). However, SmF is associated with 

limitations such as high production costs, suboptimal enzyme yields, and challenges in maintaining favorable 

growth environments (Costa et al., 2024). To meet the increasing global demand for amylase, novel strategies are 

required to improve both yield and efficiency. 

Electrofermentation (EF), which integrates electrochemical systems with microbial metabolism, has emerged as a 

promising approach. EF allows precise regulation of key parameters such as redox balance, pH, substrate purity, 

and product selectivity, thereby reducing production costs and improving process efficiency (Pilania et al., 2025). 

AB ST R ACT  

Amylase is an important industrial enzyme widely applied across food, pharmaceutical, and biotechnology sectors. Bacillus species are preferred 

producers because of their robustness, high secretion capacity, and metabolic versatility. However, conventional production systems have not kept 

pace with increasing global demand, prompting the need for more efficient bioprocessing strategies. This study reports the purification and 

characterization of amylase from Bacillus pacificus cultivated using submerged fermentation (SmF) and electrofermentation (EF). Purification was 

carried out through cold acetone precipitation followed by Sephadex G-100 gel filtration. The resulting enzymes were evaluated for temperature and 

pH optima, stability, and metal ion responsiveness. SmF-derived amylase showed optimal activity of 41.4 U/mL at 50 °C and retained 75% activity 

after 3 hours at this temperature. In contrast, EF amylase displayed higher optimal activity of 47.2 U/mL at 60 °C, maintaining 99% activity after 3 

hours. Both enzymes exhibited maximum activity at pH 7.0, recording 40.94 U/mL (SmF) and 41.73 U/mL (EF). Metal ion assays indicated that Li⁺ 

and Na⁺ enhanced EF enzyme activity but inhibited the SmF enzyme at higher concentrations, while Co²⁺ increased activity in both systems, with a 

more pronounced effect in SmF. Kinetic analysis further showed superior catalytic performance in the EF enzyme, with a Vmax of 46.49 U/mL and 

a Km of 0.001835 mM compared to 46.42 U/mL and 0.0058 mM for the SmF enzyme. Overall, EF amylase exhibited improved thermal and pH 

stability, higher catalytic efficiency, and stronger substrate affinity. These findings highlight electrofermentation as a promising and scalable 

alternative for industrial amylase production. 
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Despite its potential, the application of EF in enzyme production, particularly amylase, remains under-explored, 

and direct comparisons with conventional SmF systems are limited. To address this gap, we investigated the 

properties of amylase from an electroactive Bacillus species under both submerged and electrofermentation 

systems. 

1.1. Study Objectives 

1) Compare amylase production by Bacillus pacificus under submerged fermentation (SmF) and 

electrofermentation (EF) systems. 

2) Purify the produced amylase enzymes using precipitation and chromatographic techniques. 

3) Characterize the enzymes with respect to temperature and pH optima and stability. 

4) Evaluate the effects of selected metal ions on enzyme activity in both fermentation systems. 

5) Determine the kinetic parameters (Km and Vmax) of the enzymes to assess catalytic efficiency. 

6) Assess the potential of electrofermentation as an improved strategy for industrial amylase production. 

░ 2.0. Methodology 

2.1. Microorganism and culture conditions 

The electroactive Bacillus pacificus used in this study was from the culture collection of the department of 

Microbiology, University of Ibadan. The organism was previously obtained from soil of a cassava processing site 

(peeling and fermentation sections) in Barika, Ibadan, Oyo State, Nigeria (7°26′51.5″N, 3°54′34.6″E). The 

organism was maintained on a starch agar medium. 

2.2. Inoculum preparation 

Inoculum for amylase production was prepared by inoculating a 100 mL 2.8% nutrient broth supplemented with 

0.2% soluble starch for 24 h at 37 °C. 

2.3. Amylase production in submerged and electrofermentation systems 

2.3.1. Submerged Fermentation (SmF): An aliquot of 1ml of the inoculum prepared above was inoculated into 50 

mL sterile production medium (starch 10 g/L, CaCl₂ 0.05 g/L, MgSO₄ 0.25 g/L, KH₂PO₄ 0.25 g/L, (NH₄)₂SO₄ 0.25 

g/L, FeSO₄ 0.01 g/L) and incubated at 35 °C for up to 96 h. Collections were made at 24 h intervals and were 

centrifuged at 10,000 rpm for 10 min, whereafter, supernatants were used as crude enzyme extracts. 

2.3.2. Electrofermentation (EF): Amylase production in EF was investigated using a dual-chamber microbial 

electrochemical reactor (MER) as described by Ajunwa et al. (2018), with modifications. The MER had a 100 cm³ 

anodic and cathodic chamber volume and 42.53 cm² electrode surface area. Copper wires connected electrodes to a 

digital multimeter (HTC Instruments®, model DM-87). Nafion® N-115 was used as the proton exchange 

membrane, and polymethyl methacrylate (PMMA) served as the reactor material. The anode chamber contained 50 

mL of sterile starch minimal medium (starch 10 g/L, CaCl₂ 0.05 g/L, MgSO₄ 0.25 g/L, KH₂PO₄ 0.25 g/L, (NH₄)₂SO₄ 

0.25 g/L, FeSO₄ 0.01 g/L) inoculated with 1 mL of a 0.5 McFarland standard inoculum. The catholyte consisted of 
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10 mL of potassium ferricyanide solution (100 mM). The anodic chamber was inoculated with 1ml of inoculum as 

previously described and the setup incubated at 35 °C for up to 96 h, after which crude enzyme was harvested by 

centrifugation (Ajunwa et al., 2018; Garuba et al., 2020; Abo-Kamer et al., 2023). 

2.4. Amylase Assay 

After incubation of both systems, the cultures were centrifuged at for 30 minutes and the supernatant taken as the 

crude enzyme. Enzyme activity was determined by incubating 0.5 mL of crude enzyme with 0.5 mL of 1% starch at 

37 °C for 30 min. The reaction was stopped by adding 1 mL of 3,5-dinitrosalicylic acid reagent, followed by heating 

at 100 °C for 10 min. The final volume was adjusted to 5 mL with distilled water, and absorbance was measured at 

540 nm. Reducing sugar concentration was determined using a glucose standard curve. One unit (U) of amylase 

activity was defined as the amount of enzyme releasing 1 µmol of reducing sugar per minute under assay conditions 

(Jimoh et al., 2022). 

2.5. Amylase purification  

Cold ethanol precipitation was employed to partially purify the crude enzyme extract produced by Bacillus sp in 

both systems. Pre-chilled ethanol, at a ratio of 3:1 relative to the volume of the crude extract, was slowly added 

while maintaining the mixture at −4 °C. The solution was gently agitated for 10 minutes to ensure uniform mixing, 

after which it was allowed to stand at −4 °C for 1 hour to facilitate protein precipitation. The resulting precipitate 

was recovered by centrifugation at 4,000 rpm for 30 minutes at −4 °C. Following centrifugation, the supernatant 

was carefully decanted, and residual ethanol was allowed to evaporate from the uncapped tubes during incubation at 

−4 °C. The precipitate, containing the partially purified amylase, was then resuspended in 0.1 M sodium acetate 

buffer (pH 5.0) for subsequent purification steps. 

Further purification was carried out using Sephadex G-100 column chromatography. The partially purified enzyme 

solution was loaded onto the column at a flow rate of 0.2 mL/min. Approximately 2 mL of the sample was applied, 

and a total of 40 fractions were collected. Each fraction was assayed for amylase activity using the DNS method, 

and protein concentration was monitored by measuring absorbance at 540 nm. Fractions exhibiting the highest 

amylase activity were pooled and stored at 4 °C for further characterization and analysis 

2.6. Amylase characterization 

The purified amylase obtained from both SmF and EF systems was subjected to a series of characterization assays. 

To determine the effect of temperature on enzyme activity, assays were performed at temperatures ranging from 20 

to 80 °C. The influence of pH was assessed using different buffer systems: citrate buffer (pH 3.0–5.0), phosphate 

buffer (pH 5.5–7.5), and Tris-HCl buffer (pH 8.0–10.0). The effect of metal ions was evaluated by incubating the 

enzyme with selected metal salts at concentrations of 1 mM and 10 mM prior to activity measurement. Thermal 

stability was assessed by incubating the enzyme at selected temperatures for periods of 30 to 180 min, after which 

residual activity was determined. Similarly, pH stability was evaluated by incubating the enzyme in buffers of 

varying pH values for 180 min, followed by activity measurement. In addition, the effect of substrate concentration 

was investigated using soluble starch solutions ranging from 0.1 to 3.0 % (w/v). 
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2.7. Enzyme Kinetics 

Michaelis–Menten kinetic parameters (Km and Vmax) were determined using the Lineweaver–Burk model in 

GraphPad Prism (version 10.4.1). 

░ 3.0. Results and Discussions 

3.1. Results 

3.1.1. Effect of temperature on amylase activity 

The effect of temperature on the activity of amylase produced by Bacillus pacificus is presented in Fig. 1A. In the 

submerged fermentation (SmF) system, enzyme activity increased progressively from 20 °C to 50 °C, rising from 

30.52 U/mL at 20 °C to 32.71 U/mL at 25 °C and 34.88 U/mL at 40 °C. The maximum activity was recorded at 50 

°C (40.23 U/mL), indicating the optimal temperature for SmF-derived amylase. Beyond this temperature, a decline 

in activity was observed at 75 °C and 80 °C. A similar trend was observed in the electrofermentation (EF) system; 

however, enzyme activity was consistently higher across all temperatures. Activity increased from 36.10 U/mL at 

20 °C to 38.72 U/mL at 25 °C and 43.80 U/mL at 40 °C. The enzyme reached its peak activity at 60 °C (47.31 

U/mL), indicating a higher thermal optimum than that of SmF. Although activity declined at 75 °C and 80 °C, EF 

retained higher residual activity compared to SmF at these elevated temperatures. The thermal stability of the two 

amylase preparations was evaluated and is presented in Figure 1B. The amylase produced via submerged 

fermentation (SmF) exhibited a maximum activity of 40.23 U/mL at 50 °C and retained approximately 75% of its 

initial activity after 3 h of incubation at this temperature. However, prolonged exposure beyond this period resulted 

in a marked decline in enzymatic activity, indicating limited thermal stability. In contrast, the electrofermentation 

(EF)-derived amylase demonstrated a higher optimum activity of 47.31 U/mL at 60 °C and retained approximately 

99% of its activity after 3 h at the same temperature, suggesting superior thermal stability. 

 

Figure 1A. Effect of temperature (20-80 
o
C) on the activity of amylase produced by Bacillus pacificus in 

submerged fermentation and electrofermentation systems, showing differences in optimum temperature 

and activity profiles between both systems. 
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Figure 1B. Thermal stability profile of amylase produced by Bacillus pacificus in submerged fermentation and 

electrofermentation systems at 60 
o
C over an incubation period of 180 min. 

3.1.2. Effect of pH on amylase activity 

The effect of pH on the activity of amylase produced by Bacillus pacificus under submerged fermentation (SmF) 

and EF is illustrated in Fig. 2A. Under SmF conditions, enzyme activity exhibited a progressive increase as the pH 

shifted from acidic toward neutral conditions. Specifically, activity increased from 37.45 U/mL at pH 3 to 38.23 

U/mL at pH 4, followed by a slight decline to 36.92 U/mL at pH 5. A subsequent rise was observed at pH 6 (38.86 

U/mL), culminating in a maximum activity of 40.94 U/mL at pH 7. Beyond this optimum, enzyme activity 

decreased markedly, with values of 34.97 U/mL at pH 8 and 34.86 U/mL at pH 10. Under EF conditions, amylase 

activity remained relatively stable across the acidic pH range, with values of 38.82 U/mL at pH 3, 38.52 U/mL at pH 

4, and 37.56 U/mL at pH 5. A noticeable increase in activity was observed at pH 6 (39.63 U/mL), reaching a 

maximum of 41.73 U/mL at pH 7. Beyond the optimum pH, enzyme activity declined, with recorded values of 

37.35 U/mL at pH 8 and 36.90 U/mL at pH 10 (Fig. 2A).  

The pH stability profiles of the amylase preparations obtained from submerged fermentation (SmF) and 

electrofermentation (EF), as illustrated in Fig. 2B, revealed distinct differences across the evaluated pH range. The 

SmF-derived enzyme exhibited a progressive decline in relative activity from its maximum at pH 3 to 

approximately 80% at pH 4. Between pH 5 and pH 6, the enzyme retained about 82–85% of its initial activity; 

however, a further decrease was observed at higher pH values. By pH 9, relative activity had declined to nearly 

70%, and at pH 10, it dropped further to approximately 65%. 

In contrast, the EF-derived amylase demonstrated enhanced stability over a broad pH spectrum. Although a slight 

reduction in relative activity was observed between pH 3 and pH 4, the enzyme maintained a high stability level of 

approximately 90–95% between pH 4 and pH 6. Maximum stability was recorded at pH 7, with relative activity 

approaching 100%, followed by a gradual decline under alkaline conditions. Notably, even at pH 10, the 

EF-derived enzyme retained over 85% of its activity. 
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Figure 2A. Effect of pH (3-10) on the activity of amylase produced by Bacillus pacificus in submerged 

fermentation and electrofermentation systems, illustrating variations in enzyme activity across acidic, neutral, and 

alkaline conditions. 

 

Figure 2B. pH stability of amylase produced by Bacillus pacificus in submerged fermentation and 

electrofermentation systems following incubation across a pH range of 3-10 for 180 min. 
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At 10 mM, several ions exhibited stimulatory effects, especially under EF conditions. Li⁺ and Na⁺ significantly 

enhanced activity in EF (121% and 115%, respectively) but remained slightly inhibitory in SmF. Co²⁺ strongly 

activated the enzyme in SmF (117%) and moderately in EF (104%). Other ions, including K⁺, NH₄⁺, Mn²⁺, and 

Mg²⁺, showed minimal or moderate effects across both systems. 

3.1.4. Enzyme kinetics 

The effect of varying starch concentrations (0.1–3%) on amylase activity in submerged fermentation (SmF) and 

electrofermentation (EF) is shown in the figure 3. Enzyme activity remained relatively stable across the tested 

range. At 0.1% and 0.5% starch, activity values were moderate, with EF consistently showing slightly higher 

activity than SmF. A peak in enzyme activity was observed at 1% starch concentration for both systems, 

representing the highest activity recorded. Beyond this point (1.5%–3%), enzyme activity showed a slight decline 

or plateau, with only minimal variation across the higher concentrations. Throughout all tested concentrations, EF 

generally exhibited slightly higher or comparable activity relative to SmF. 

The kinetic parameters of amylase produced through submerged fermentation (SmF) and electrofermentation (EF) 

were evaluated in terms of maximum reaction velocity (Vmax) and Michaelis constant (Km) and the results are shown 

in figure 4. As presented, amylase obtained from submerged fermentation exhibited a Vmax of 46.42 U/mL and a Km

 value of 0.00058 mM. In comparison, the enzyme produced via electrofermentation showed a slightly higher Vmax 

 of 46.49 U/mL and a markedly lower Km of 0.0001835 mM. 

Table 1. Effect of various metal ions at concentrations of 1mM and 10 mM on the relative activity (%) of amylase 

produced by Bacillus pacificus in submerged fermentation and Electrofermentation systems. 

Concentration of Metal ions (mM)/Fermentation system/Relative activity (%) 

Metal 

ions 

1Mm 10Mm 

Submerged 

fermentation 

Electro-fermentation Submerged 

fermentation 

Electro-fermentatio

n 

Control 100 100 100 100 

Li
+
 71 100 84 121 

Na
+
 90 96 88 115 

K
+
 90 98 90 101 

NH
4+

 96 101 95 100 

Co
2+

 99 103 117 104 

Mn
2+

 86 79 92 99 

Mg
2+

 97 89 101 97 
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Figure 3. Effect of substrate (starch) concentration (0.1-3.0% w/v) on activity of amylase produced by Bacillus 

pacificus in submerged fermentation and electrofermentation systems, indicating substrate utilization efficiency 

and optimal concentration. 
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Figure 4B. Lineweaver-Burk plot for amylase 

produced by Bacillus pacificus in 

electrofermentation, showing enhanced 

substrate affinity and catalytic efficiency. 
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3.2. Discussion 

Electrofermentation (EF) is an emerging strategy that integrates electrochemical control into microbial processes, 

offering advantages over conventional submerged fermentation (SmF) through modulation of redox balance and 

microbial metabolism (Bhagchandanii et al., 2020; Moscoviz et al., 2016). Previous studies have reported enhanced 

enzyme yields under EF conditions, including a 11-36% increase in thermostable lipase production in Bacillus 

species (Garuba et al., 2020). In the present study, EF not only improved amylase production but also enhanced 

enzyme stability and catalytic efficiency compared to SmF. 

Temperature had a pronounced effect on amylase activity, with activity increasing up to an optimum due to 

enhanced molecular motion and enzyme-substrate collisions. The higher optimum temperature observed for 

EF-derived amylase (60°C) compared to SmF (50°C) indicates improved thermostability. This may be attributed to 

enhanced structural integrity arising from stronger intramolecular interactions, such as hydrogen bonding, ionic 

interactions, and hydrophobic packing, possibly induced by electrochemical conditions (Pilania et al., 2025). 

Additionally, EF may promote the expression of more thermostable enzyme variants or induce structural 

modifications that enhance stability (Salar-García et al., 2024). The decline in activity beyond the optimum 

temperature is consistent with thermal denaturation, where disruption of non-covalent interactions leads to loss of 

enzyme conformation and function (Eğilmez and Haspolat, 2024). However, EF-derived amylase retained higher 

residual activity, suggesting greater resistance to thermal inactivation. 

The pH profile revealed an optimum at pH 7 for both systems, reflecting the dependence of enzyme activity on the 

ionization state of active site residues, which governs substrate binding and catalytic turnover (Sharma et al., 2026). 

At acidic pH, excessive protonation disrupts stabilizing interactions, whereas alkaline conditions cause 

deprotonation of key residues, altering active site geometry and reducing activity (Zhang, et al., 2024). Despite this, 

the enzyme maintained appreciable activity across a broad pH range (pH 4–10), indicating potential for diverse 

industrial applications. Notably, EF-derived amylase exhibited superior pH stability, retaining 90.7% activity after 

180 min at pH 8 compared to 69% for SmF. This enhanced stability is likely due to electrochemical modulation of 

the fermentation environment, which stabilizes enzyme conformation and improves resistance to pH-induced 

denaturation (Martínez-Ruano et al., 2024). Although this differs from reports of optimal activity at pH 8 

(Abdel-Fattah et al., 2013), it supports findings that electrochemical stimulation enhances enzyme robustness 

(Moghiseh et al., 2023). 

Metal ions exhibited concentration-dependent effects on amylase activity. Monovalent ions (Na⁺, K⁺) generally 

contributed to structural stabilization, although excessive concentrations may cause slight inhibition (Härrer et al., 

2023). Li⁺ showed dual behavior, with negligible or inhibitory effects at low concentrations but enhanced activity at 

higher concentrations in EF, possibly due to improved conformational stability under electrochemical conditions 

(Nayak and Sevda, 2025). Divalent cations such as Co²⁺ acted as activators, potentially stabilizing the active site or 

participating in catalysis, whereas Mn²⁺, Cu²⁺, and Zn²⁺ were inhibitory, consistent with previous reports (Yassin et 

al., 2021). Mg²⁺ showed minimal influence, suggesting limited involvement in catalytic function. The improved 

tolerance to metal ions in EF may be linked to enhanced electron transfer and redox regulation, which stabilize 

enzyme structure and function (Mancílio et al., 2020). 
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Substrate concentration significantly influenced enzyme activity, with 1% starch identified as optimal for SmF, 

consistent with Abdel-Fattah et al. (2013). In EF, however, maximum activity was achieved at slightly lower 

substrate concentrations, indicating more efficient substrate utilization. At low substrate levels, activity is limited 

by insufficient enzyme-substrate complex formation, while higher concentrations lead to saturation of active sites 

and possible substrate inhibition (Zhang et al., 2024). In SmF, increased substrate concentration may also elevate 

medium viscosity, limit mass transfer and reducing catalytic efficiency. The consistently higher activity observed in 

EF suggests improved enzyme performance, likely due to enhanced metabolic activity and favorable 

electrochemical conditions. 

Kinetic analysis further supported these observations, with both systems exhibiting comparable maximum 

velocities (Vmax ≈ 46.4 U/mL), indicating similar catalytic capacities under saturating substrate conditions. 

However, the significantly lower Km value for EF-derived amylase (0.0001835 mM) compared to SmF (0.00058 

mM) indicates higher substrate affinity. This suggests that EF enhances enzyme–substrate interactions, enabling 

efficient catalysis at lower substrate concentrations. Such improvements may result from electrochemical 

stabilization of enzyme structure or conformational optimization of the active site, which is advantageous for 

industrial applications by reducing substrate requirements and process costs. 

░ 4.0. Conclusion and Future Suggestions 

In conclusion, these findings demonstrate that EF not only enhances amylase production but also improves enzyme 

stability, substrate affinity, and tolerance to environmental stresses. These attributes highlight EF as a promising 

alternative to conventional fermentation systems for industrial enzyme production. However, as this study was 

conducted at laboratory scale using a single microbial strain, further studies involving multiple strains and 

pilot-scale validation are necessary to confirm scalability and industrial applicability. 

4.1. Future Suggestions 

1. Scale-up studies should be conducted to evaluate the performance of electrofermentation systems at pilot and 

industrial levels. 

2. Molecular and structural studies are needed to explain the mechanisms underlying improved enzyme stability 

in electrofermentation system. 

3. Future research should explore the use of different electroactive microbial strains for enhanced enzyme 

production. 

4. Optimization of electrochemical parameters such as electrode materials, and reactor design should be carried 

out to maximize enzyme yield. 

5. Economic feasibility and cost benefit analysis of electrofermentation compared to conventional fermentation 

should be accessed. 

6. The industrial application of the produced amylase should be validated in real industrial processing like food, 

textile, and detergent industries. 
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