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A B S T R A C T   

The present study describes the development of a potentiometric sensor for microbial monitoring 
in water based on catalase activity. The sensor comprises a MnO2-modified electrode that re-
sponds linearly to hydrogen peroxide (H2O2) from 0.16 M to 3.26 M. The electrode potential 
drops when the H2O2 solution is spiked with catalase or catalase-producing microorganisms that 
decompose H2O2. The sensor is responsive to different bacteria and their catalase activities. The 
electrochemical sensor exhibits a lower limit of detection (LOD) for Escherichia coli at 11 CFU/ml, 
Citrobacter youngae at 12 CFU/ml, and Pseudomonas aeruginosa at 23 CFU/ml. The sensor shows 
high sensitivity at 3.49, 3.02, and 4.24 mV/cm2dec for E. coli, C. youngae, and P. aeruginosa, 
respectively. The abiotic sensing electrode can be used multiple times without changing the 
response potential (up to 100 readings) with a shelf-life of over six months. The response time is a 
few seconds, with a total test time of 5 min. Additionally, the sensor effectively tested actual 
samples (drinking and grey water), which makes it a quick and reliable sensing tool. Therefore, 
the study offers a promising water monitoring tool with high sensitivity, stability, good detection 
limit, and minimum interference from other water contaminants.   

1. Introduction 

Since the majority of water-borne illnesses are caused by pathogenic bacteria present in contaminated water, appropriate disin-
fection should be performed before its consumption. Even at very low levels, bacterial contamination is harmful. The American Public 
Health Association (APHA) has described the limit of coliforms in drinking water as zero CFU/100 ml [1]. Coliforms are considered as 
water quality indicators which includes Escherichia coli, Citrobacter youngae, etc. Pseudomonas is another catalase-positive bacterial 
group present in contaminated water. E. coli contamination in water represents fecal contamination, while Pseudomonas primarily 
enters into water through hospital wastes [2–4]. The direct detection of bacteria usually takes several hours, but assays based on 
bacterial enzymes are quick and accurate. Catalase is one such enzyme that serves as a useful water quality indicator. Microbial activity 
and biochemical oxygen demand (BOD) are highly associated with catalase activity in water [5,6]. Catalase decomposes hydrogen 
peroxide (H2O2) into H2O and O2. Conventionally, the catalase test involves adding a drop of bacterial culture to an H2O2 (0.98 M) 
solution, and observing the formation of O2 bubbles [7]. However, it provides qualitative results only, and specific laboratory assays 
are required to measure catalase concentrations accurately [8]. 
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The H2O2 concentration can be measured electrochemically using suitable electrode preparations. In certain cases, biosensors make 
use of immobilized catalase enzymes to sensitively measure H2O2 [9–11]. In all these studies, catalase aids in H2O2 sensing, but the 
reverse has not been tested. In many studies, nanomaterial-based sensors are developed for sensitive determination of H2O2, which 
involves the use of Fe@G-MWCNT, birnessite manganese oxide (MnO2) decorated MWCNT, MnO2/VACNTs, or ultra-thin/nano MnO2 
sheets [12–15]. Graphite felt is commonly used in bio-electrochemical cells for its high surface area, high conductivity, biocompat-
ibility, and relatively lower price [16]. Previous studies have used electrode modification with MnO2 for enhanced electrode reactivity 
[17–20]. Treatment with MnO2 increases the electrode surface area and redox reactions with test compounds. The later allows the 
detection of test compounds [21]. MnO2 has the highest catalytic activity for the degradation of H2O2 among other transition metal 
oxides [22,23]. It also regenerates its original oxidation state by interacting with carbon electrodes [24]. This cyclic response enables 
repeated electrode use with reproducible results [25]. 

Nevertheless, the studies have demonstrated the H2O2 sensing with biotic or abiotic electrodes. However, none of the investigations 
make an association between H2O2 sensing and bacterial monitoring in water. Studies that describe the bacterial detection in water by 
electrochemical means generally use complicated electrode configurations and measurements that usually depend on amperometry, 
conductometry, or impedance. For the signal acquisition in these tests, additional electrochemical components are needed, which 
increases response time and lowers LOD. For example, platinum wire electrodes modified with organic/inorganic-hybrid sol-gel films 
were used to electrochemically monitor E. coli. The sol-gel film was composed of organosilanes, chitosan, and bovine serum albumin. 
The sensor took a minimum 60 min to respond [26]. Additionally, Serra et al. have demonstrated bacterial monitoring using a 
composite electrode of graphite-Teflon-peroxidase-ferrocene; however, the sensor could detect bacteria only when the concentrations 
reach as high as 2 × 106 CFU/ml [27]. To the best of our knowledge, catalase reaction-based potentiometric sensors for bacterial 
monitoring are not available [28]. As catalase stands as one of the most efficient enzymes in nature, with turnover rates reaching as 
high as 2.8 million molecules per second, tests reliant on catalase enzyme activity are inevitably faster [29]. Additionally, all coliforms 
that serve as indicators for the water quality produce catalase enzymes. The latter’s presence in water is a very reliable indicator of 
bacterial and organic matter contamination [6]. Hence, the sensors that determine the catalase activity in water with precision, can 
strongly correlate with biological contamination and BOD [30]. 

The study aims to develop an effective onsite bacterial monitoring tool by integrating electrochemical principles with catalase 
activity, ensuring rapid and reliable applications. In this study, catalase and catalase-positive bacteria in water are detected using 
abiotic MnO2-coated electrodes when samples are spiked with H2O2. The sensor’s response to various concentrations of bacteria and 
catalase is investigated. Additionally, a thorough review of the sensor’s figures of merit, including sensitivity, limit of detection, 
repeatability, the impact of interfering chemicals, drift, and shelf life, is presented in the paper. Similarly, the sensor’s usefulness for 
real sample tests is experimentally demonstrated. 

2. Material and methods 

2.1. Reagents and materials 

All the reagents used in this study were of analytical grade and deionized (DI) water was used to make the appropriate dilutions. 
Graphite felt (Nickunj Eximp Ent. Pvt. Ltd, Mumbai), hydrogen peroxide (Fisher Scientific), copper wire (gauge 0.2 mm, Local market), 
manganese oxide or MnO2 (Sigma-Aldrich), polytetrafluorethylene or PTFE (Sigma-Aldrich), n-butanol (Fisher Scientific), Luria 
Bertani (LB) broth (HiMedia), and catalase from bovine liver (C9322, 2000–5000 units/mg protein, Sigma-Aldrich) were procured, 
and used without further purification. All the measurements were done using an LXI data acquisition unit (34972A, Keysight Tech-
nologies), having a 0.004% basic dcV accuracy and ultra-low reading noise (www.keysight.com). Ag/AgCl reference electrode 
(012167, RE-1B, ALS Co., Ltd., Japan) is used in this study which has a potential (E0) of 195 mV vs RHE at 25 ◦C (https://www.als- 
japan.com/1388.html). 

2.2. Fabrication of MnO2-modified electrodes 

Graphite felt (1 cm × 1 cm) was pre-treated as described previously [31], and termed bare GF. A coating solution consisting of 
MnO2 (0.5 M), PTFE (5% v/v), and n-butanol dispersed in DI water, was prepared and homogenized on a magnetic stirrer for 20 min. 
Next, the pre-treated graphite felts were suspended in the homogenous coating solution and subjected to ultrasonication at 60 ◦C for 
30 min. This was followed by overnight drying of electrodes in a hot air oven at 80 ◦C. Subsequently, dried electrodes were subjected to 
heat annealing in a furnace at 360 ◦C for 60 min. The modified electrodes (termed modified GF) were cooled, and stored in a dark box 
at room temperature until further use [17,32,33]. 

2.3. Characterization of electrodes 

The cyclic voltammetry (CV) response of bare and modified GF was recorded using a potentiostat (EC-Lab®, Bio-Logic SP-300 
electrochemical workstation). The scanning window of the experiment was − 1 V to 1 V (vs. Ag/AgCl as reference electrode) and 
Platinum was used as an inert metal counter electrode at a scanning speed of 10 mV/s. The current responses were recorded by 
immersing the electrodes in H2O2 (0.98 M), phosphate buffer (50 mM) solution, or E. coli (2.5 × 108 CFU/ml) in H2O2 (0.98 M) 
separately to measure the performance. A 5 ml of E. coli culture in LB media was centrifuged, and collected cell pellets were mixed with 
5 ml DI water when used for the CV experiment. The surface area of the modified and bare GFs was determined using Brunauer Emmett 
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Teller (BET) analysis conducted with Quantachrome instruments. The electrode morphologies were analyzed using a scanning electron 
microscope (SEM, SEM- EVO 18, Carl Zeiss) equipped with energy-dispersive X-ray spectroscopy (EDS, EDS-51-ADDD-0048, Oxford 
Instruments). For this study, a bare GF, a modified GF, and a used modified GF (after 100 uses) were observed. These electrodes were 
subjected to gold sputtering and images were captured at different magnifications and resolutions. The presence of different elements 
was confirmed using EDS. 

2.4. Sensor assembly and its operation 

The detection unit contains modified GF (size: 1 cm × 1 cm) as the working electrode (MnO2-modified graphite electrode), and Ag/ 
AgCl as a reference electrode (Fig. 1). To check the response of MnO2-modified graphite electrodes, a range of H2O2 concentrations 
were tested, and the response voltage was recorded. The tested concentration range of H2O2 is 0.16 M–3.26 M. Briefly, the working and 
reference electrodes were placed in an amber tube containing 10 ml of H2O2 test solution. Both these electrodes were connected to an 
LXI data acquisition unit, and the response voltage was recorded. The electrodes were rinsed with DI water after each measurement. 
After calibrating the sensor for H2O2 response, subsequent experiments were conducted with 0.98 M H2O2, where both working and 
reference electrodes were placed in an amber tube containing a 10 ml working solution of 1:1 ratio of 0.98 M H2O2 and test sample 
(catalase or bacterial solution). 

2.5. Preparation of standard catalase solution and bacterial cultures 

A stock solution of catalase was prepared by dissolving one mg of catalase powder from bovine liver, in 10 ml of phosphate buffer 
(50 mM). The working solutions of catalase were prepared using the stock solution, and diluted appropriately with phosphate buffer 
(50 mM). The catalase activity in the solution was verified using a method reported previously [34]. Briefly, a catalase solution (100 
U/ml) was reacted with 0.036% (w/w) H2O2 (each prepared in 50 mM phosphate buffer). The blank reading of 0.036% (w/w) H2O2 
was measured. A 0.10 ml catalase solution was added into 2.9 ml of 0.036% (w/w) H2O2, and OD240 was measured using a spec-
trophotometer. The time taken during the change in OD240 from 0.45 to 0.40 was recorded. The final catalase concentration was 
calculated as described previously, and reported for the further experiments [34]. 

Three different bacterial strains namely, E. coli, P. aeruginosa, and C. youngae were cultivated in an LB broth or agar as per the 
standard microbiological procedure. The cultures were cultivated in the broth till the optical density at 600 nm (OD600) of 1. The OD600 
is a measure of bacterial cell density and can be quantified using a spectrophotometer [35]. The serial dilutions of bacterial cultures 
were prepared in DI water. Colony formation units (CFU) were measured by spread-plating on LB with 1.5% (w/v) agar. The limit of 
detection (LOD) was calculated using linear regression using Equation (1) as specified previously [36]: 

Limit of detection (LOD)= 3.3 × σ/S (1)  

where σ is the standard deviation of the response, and S is the slope of the calibration curve. 

Fig. 1. The schematic shows the sensor fabrication and its working. The sensor fabrication steps involve pre-treatment of graphite felt electrodes, 
coating of the electrodes, drying of the coated electrodes, and working assembly of the sensor, including working and Ag/AgCl reference electrodes. 
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2.6. Analytical performance of the sensor 

To assess the effect of interfering compounds, different chemical compounds including, ammonium sulphate (400 ppm), sodium 
nitrate (50 ppm), sodium carbonate (60 ppm), sodium dihydrogen phosphate (100 ppm), glucose (12,000 ppm), and urea (4000 ppm) 
were tested, as reported by Ramanujam et al. [37]. The test was carried out first by measuring the response of each compound alone, 
followed by all compounds mixed together. The response voltage was measured for each condition. In each condition, 0.98 M H2O2 
was mixed with 1 ml of test solution in a 1:1 ratio. Subsequently, a mixed solution was added with two different bacterial concen-
trations with 0.98 M H2O2 in a 1:1 ratio, and response voltage was recorded for both conditions. Control experiments were performed 
with bacterial cultures (without mixed compounds) having 100 CFU/ml and 108 CFU/ml of E. coli. First, the bacterial concentrations 
were mixed with 0.98 M H2O2, and incubated for 5 min, thereafter, the voltage was measured. 

To measure the drift in the signals, 100 CFU/ml, 10000 CFU/ml, and 108 CFU/ml of E. coli culture samples with 0.98 M (1:1 ratio) 
were tested. DI water was used as a control. About 100 measurements were conducted with the same electrode to test its reusability 
and reproducibility of signals. 

2.7. Application of sensor for real water samples 

The real water samples were tested with the sensor to determine the water quality. For this purpose, various water samples were 
collected that includes DI water (no detectable bacteria), packaged drinking water (different brands), tap water (up to 30 CFU/ml), 
grey water (sterilized), grey water (6200–6800 CFU/ml). The grey water samples were collected from the inlet of the decentralized 
wastewater treatment system (DEWATS) at IIT Jodhpur campus. These samples were tested by mixing with 0.98 M H2O2 in 1:1 ratio as 
described in previous sections. Jal TARA water testing kit and HI 3812 hardness test kit (Hanna instruments) were used to characterize 
different water samples. The recoveries in real samples were tested in semi-continuous monitoring as well to determine the sensor 

Fig. 2. The CV curves of A) bare and MnO2-modified graphite felt (GF) in H2O2 solution with/without bacteria, and B) bare and modified GF in 
phosphate buffer solution. Voltage (V) is measured vs. Ag/AgCl reference electrode. 
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efficacy. These tests were conducted with the same electrode for 100 min in which electrodes were in continuous contact with water. 

2.8. Statistical analysis 

All the experiments were performed in triplicates and repeated several times to check the reproducibility (n = 3). Regression 
analysis and sensor linear ranges were determined using Microsoft Excel. 2-way ANOVA test was used to analyze the three data sets 
using the software GraphPad Prism 8.0.1. 

3. Results and discussion 

3.1. Effect of MnO2 coating on electrode response 

The electrocatalytic performance of electrodes was evaluated by comparing the voltammetric behaviour through the CV. The 
capacitive background current increased with MnO2 modification of GF electrodes, as compared with bare GF electrodes, as shown in 
Fig. 2A and B in H2O2 (0.98 M) and phosphate buffer (PB) solution, respectively. The modified electrode has an increased surface area 
of 55.65 m2/g and a larger pore area compared to the original GF surface area of 25.99 m2/g. The increased surface area of the 
modified GF results in a 58.74% prevalence of O2-rich surface, resulting in a decrease in the potential difference between peaks and 
significant enhancements in the current at the peaks. Moreover, the metal oxides can undergo redox reactions on the electrode 
interface resulting in anodic and cathodic currents. Bare GF, on the other hand, does not have any redox active compounds that display 
signals upon CV analysis. This CV trend obtained in the present study has similarities with profiles reported earlier in PB solution [38, 
39]. Redox peaks were absent in the CV of modified electrodes acquired in H2O2 solution prepared in DI water which is expected as the 
solution has no conductivity. The results indicate that MnO2 increases the electroactivity of the electrodes which results in the high rate 
of electron transfer [40] (Fig. 2A). H2O2 causes disturbances in the cell structure and permeability of the cell wall and membrane, 
thereby lysing the cells which further allow the cell constituents to be released from the cell. Adding the H2O2 to the bacterial solution 
causes the breakdown of the H2O2 in H2O and O2 [41]. Both are non-conductive species; hence, no redox peaks were observed. The 
consumption of H2O2 in the presence of bacteria leads to decrease in the current produced as compared to fresh H2O2 solution as shown 
in Fig. 2A. This indicates that the sensor is suitable for an amperometric response as well. 

A very similar trend was also reported previously, where electrochemical measurement of H2O2 was investigated using catalase 
enzyme-coated on NAF/MWCNTs electrodes [10]. In the later study, when CV was performed in PB or H2O2 solution without bacteria, 

Fig. 3. SEM images of A) bare Graphite Felt (GF), B) fresh MnO2-modified GF, and C) used MnO2-modified GF (used up to 100 times).  
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no significant peaks were observed at the electrode interface. The number of cycles can be varied for more detailed CV analysis of these 
modified electrodes. However, the present study is more focused on identifying the differences between bare and MnO2 modified 
electrodes. 

3.2. SEM and EDS analysis of the working electrodes 

Fig. 3 shows the morphology of the bare graphite felt and MnO2-modified graphite felt, respectively. The modified electrode 
exhibited altered morphology with a rough surface over the bare electrode. The SEM images of the used electrode are also showing the 
altered morphology which suggest the stability of MnO2 coating after repeated use. The EDS shows (Fig. 4) the representative peaks for 
Mn, C, and O in modified electrodes. The Mn peak was absent in bare graphite felt. The free electrons in graphite felt may form the 
π-bond with the MnO2 particles allowing a stably modified electrode [42]. The results were in line with studies reported previously 
[32]. The Mn peak intensity dropped in the used electrode (after 100 tests) indicating withering of Mn. 

3.3. Potentiometric response of the sensor with pure catalase and bacteria 

The working electrode potential (vs. Ag/AgCl electrode) increases linearly with increasing H2O2 concentrations. The H2O2 interacts 
with MnO2 groups causing its cyclic oxidation/reduction on electrode interface. Previous studies have also shown the calibration curve 
for modified electrodes, which shows linear response in the range of 3.00 × 10− 7–3.63 × 10− 4 M H2O2 where rise in the potential can 
be observed [24]. However, when catalase or catalase-positive bacteria are introduced into the solution, they decompose H2O2 to H2O 
and O2, leading to a notable reduction in the electrode potential. This serves as the basis to measure bacterial/catalase activity in 
water. The decomposition of H2O2 was studied by measuring the reduction potential of the working electrode against the Ag/AgCl 
reference electrode. The electrode potential was plotted as a function of Log10H2O2 as shown in Fig. 5A to obtain a calibration curve. 
The calibration equation obtained in the given experimental conditions is y = 0.0909x + 0.0114, where y is the voltage in volts (vs. 
Ag/AgCl) and x is the Log10C (H2O2 concentration, mM). The response of modified GF towards H2O2 paved the path to explore it as a 
potentiometric catalase sensor. 

The calibration curve for catalase activity and bacterial concentrations were prepared by first mixing the catalase or bacterial 
dilution with 0.98 M H2O2 in 1:1 ratio and incubating for 5 min. The electrodes (working and reference) are then immersed in the 
solution to measure the electrode potential. The results are represented in Fig. 5 where the curves are plotted with the best fitted points. 

Fig. 4. EDS spectra of A) bare Graphite Felt (GF), B) fresh MnO2-modified GF, and C) used MnO2-modified GF (used up to 100 times).  

A. Sharma et al.                                                                                                                                                                                                        



Heliyon 10 (2024) e26724

7

Fig. 5. The sensor response curves for A) H2O2: voltage vs. Log10C (mM) y = 0.0909x + 0.0114, B) Catalase: voltage vs. Log10C (U/ml), y =
− 0.0243x + 0.2961, C-E) voltage vs. Log10C (CFU/ml) for E. coli (y = − 0.0157 + 0.3208), P. aeruginosa (y = − 0.0175x + 0.3612) and C. youngae (y 
= − 0.0117x + 0.3334), respectively. 

Table 1 
Comparison of existing sensors for catalase-positive bacteria.  

S. 
No. 

Target organism Limit of 
detection (CFU/ 
ml) 

Linear range of 
detection (CFU/ml) 

Assay 
time 

Detection mechanism References 

1 P. aeruginosa 20 – 50 min Lateral flow nucleic acid biosensor [2] 
2 E. coli 10 106–108 60 min H2O2-selective organic/inorganic-hybrid sol-gel film- 

(Pt) electrode. 
[25] 

3 E. coli <100 100–10 × 105 <10 min Lateral flow immunoassay-based amperometric sensor [26] 
4 E. coli 11640 1 × 106–1 × 108 10 min Nickel based rotating disc electrode [37] 
5 P. aeruginosa  5 to 50 14 s Electrochemical measurement using biomarker 

pyocyanin 
[47] 

6 E. coli 1000 1000 to 1.0 × 109 Within 
60 min 

Electrochemical method based on p-benzoquinone as a 
redox mediator to monitor the bacterial concentration 

[48] 

7 E. coli, P. putida, S. 
epidermidis 

20 20–105 10 min Nanostructured Gold/Graphene Microfluidic Device [49] 

8 P. aeruginosa 50  150 s Polymeric nanofilm is imprinted on the SPR sensor 
surface with the microcontact printing method 

[47] 

9 P. aeruginosa 8 10 to 105 – Ferrocene-labelled anti-Ps as redox probe with zeolitic 
imidazolate framework/gold nano-particle composite 
as a platform 

[50] 

10 E. coli 11 54.95–1.08 × 106 5 min MnO2 modified graphite felt Present 
study 

11 P. aeruginosa 23 30.73–2.97 × 107 5 min MnO2 modified graphite felt Present 
study 

12 C. youngae 12 24.66–4.37 × 107 5 min MnO2 modified graphite felt Present 
study  
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When the catalase or bacterial concentration increases, the electrode potential vs. Ag/AgCl decreases linearly due to the breakdown of 
H2O2 by the action of catalase. Literature studies have suggested that sensors that respond rapidly to a change of 1 U/ml catalase 
activity can be very useful for water monitoring [43]. The sensor showed a lower limit of detection (LOD) of 11 CFU/ml for E. coli, 12 
CFU/ml for C. youngae, and 23 CFU/ml for P. aeruginosa. The linear detection range for catalase, E. coli, C. youngae, and P. aeruginosa 
are 0.8–3.40 U/ml, 54.95–1.08 × 106 CFU/ml, 24.66–4.37 × 107 CFU/ml, and 30.73–2.97 × 107 CFU/ml, respectively as shown in 
Fig. 5B–E. These findings have suggested better LODs than the previous reports based on electrochemical sensors. The linearity range 
was different for the different bacterial strains which may stem from the metabolic status and intracellular catalase activities of 
different bacterial species [43]. 

The sensor offered baseline voltage from 0.30 to 0.34 V in the DI water as control. The sensitivity of the working electrode was high, 
with a value of 4.83, 3.49, 3.02, and 4.24 mV/cm2dec for catalase enzymes, E. coli, C. youngae, and P. aeruginosa, respectively. The 
coefficient of determination (R2) for regression slopes were 0.99, 0.99, 0.99, and 0.99 for catalase enzymes, E. coli, P. aeruginosa, and 
C. youngae, respectively. The control experiments consisted of purified catalase enzymes as the positive control while DI water with no 
detectable bacteria was the negative control. Lower response time, lower LOD, and higher sensitivity of the sensor make it superior to 
the previously reported sensors [2,27,44,45]. Moreover, the abiotic platforms as used in our study, have higher shelf life and stability 
over biotic sensors. 

The electrochemical measurement of H2O2 was previously reported using a Nickel oxidation reaction on a rotating disc electrode 
showing high specificity for E. coli [37]. The lower LOD value was 11640 CFU/ml, which is higher considering the requirement of 
sensitive bacterial detection in water. A recent study has shown the detection of viable bacterial cells using an amperometric sensor 
with an indium tin oxide electrode. This sensor had a lower LOD of 28 CFU/ml for E. coli with a response time of >60 min [46], while 
the sensor reported in the current study has a much lower detection value and lower response time. Table 1 summarizes the advantages 
of the sensor developed in this study with similar studies in the literature. The sensor cannot precisely detect a particular bacterial 
species, although that can be possible when multiple samples with a mixture of bacteria and individual bacteria are analyzed. The 

Fig. 6. Graphical representation of A) the effect of interfering substances on sensor response (The interference in the sensor is tested for bacteria 
with/without mixed interfering solution. Here, ns means no significant change). B) The drift in sensor response after multiple uses (Samples 1: DI 
water, Sample 2: 100 CFU/ml, Sample 3: 10000 CFU/ml, and Sample 4: 108 CFU/ml). 
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algorithmic analysis of voltage v/s time curves may predict the specific bacteria or combination of bacteria. The catalase activity in 
bacteria is guided by its physiological status and stress response. Nevertheless, the catalase activities are found in fixed ranges, and it is 
not difficult to develop a bacterial monitoring device using a sensor developed in our study. 

Moreover, the sensor hysteresis can result in different output values for the same input depending on whether the input is 
increasing or decreasing. To mitigate the effects of hysteresis, calibration techniques and compensation algorithms may be employed 
to improve the accuracy and reliability of the sensor’s measurements. The hysteresis of the developed sensor was assessed, given its 
reliance on biological components reacting with H2O2. Ensuring the vitality of bacteria in the water sample and the stability of H2O2 
are crucial phenomena for each measurement. In this study, the impact of varying environmental conditions on sensor performance 
was evaluated, revealing minor fluctuations in the potential of the H2O2 solution. The baseline voltage in the absence of bacteria was 
calibrated within the range of 0.30–0.34 V. 

3.4. Sensor selectivity and response time 

The possible interfering chemical compounds were tested on the sensor. The compounds tested were ammonium sulphate (400 
ppm), sodium nitrate (50 ppm), sodium carbonate (60 ppm), sodium dihydrogen phosphate (100 ppm), glucose (12,000 ppm), and 
urea (4000 ppm). The results indicated that the test has no interference from urea, ammonium, sulphate, phosphates, and glucose. The 
carbonate and nitrate slightly triggered the sensor response, as evident by the change in the initial voltage value in the absence of 
bacteria, indicating them as interfering substances. The presence of carbonate and nitrates triggers the breakdown of H2O2 resulting in 
the lower reduction potential of the solution [51,52]. The sensor signal was relatively stable in the mixture of the said compounds 
(Fig. 6A), and no significant changes were observed when interfering ions were present along with the bacteria (two-way ANOVA, 
P-value >0.05). The results followed the previous study by Ramanujam et al. [37]. The sensor stability in the presence of interfering 
compounds indicated its usefulness for real bacterial monitoring. In addition, the sensor was able to respond in seconds when different 
bacterial concentrations were introduced in the sensing unit which suggests the applicability of the sensor as a rapid bacterial detection 
system. 

In the absence of bacteria, the potential of H2O2 is directly measured. However, for bacterial measurement, a brief incubation 
period is essential to facilitate interaction between bacteria and H2O2. Therefore, the total test duration is 5 min, including the sample 
mixing and incubation time. Despite the sensor’s rapid response within seconds, omitting the required incubation period may lead to 
erroneous results in case of bacterial monitoring. 

3.5. Sensor drift measurement 

The sensor was characterized in terms of response time, reproducibility, accuracy, and reusability. The sensor was reused up to 100 
times for four samples with different bacterial concentrations (Fig. 6B). Sample 1 is control (DI water), sample 2 is E. coli at 100 CFU/ 
ml, sample 3 is E. coli at 10000 CFU/ml, and sample 4 is E. coli at 108 CFU/ml. For samples 1 to 4, the mean ± SD voltage values are 
0.3370 ± 0.005 V, 0.3018 ± 0.005 V, 0.2565 ± 0.009 V, and 0.2065 ± 0.005 V with a coefficient of variation of 1–3%. These results 
suggested that the sensor signal was stable after repeated use, indicating a low drift (Fig. 6B). A slight rinse with DI water was sufficient 
to condition the working electrode for subsequent use. 

3.6. Sensor application for drinking water and grey water monitoring 

The present study has assessed the suitability of the developed sensor for real-time application for monitoring bacterial contam-
ination in drinking and grey water. It was observed that the packaged drinking water samples (two different brands tested) produced 
signals (0.293 ± 0.014 V) comparable to DI control, indicating that the water samples had no bacteria and interfering compounds. The 
tap water (bacterial content up to 30 CFU/ml) causes a potential drop in the range of 0.25–0.26 V, while grey water (6200–6800 CFU/ 
ml) shows a higher decline (0.199 ± 0.005 V) indicating a proportionality in the sensor signal and bacterial concentration in water 
(Table 2). The sterilized tap water and grey water also exhibited a drop in voltage signal due to the presence of nitrate (up to 10 ppm) 
and carbonates (78–111 ppm). The potential reduction in the unsterilized sample was more significant. These results follow our study 
with simulated wastewater where nitrates (50 ppm) and carbonates (60 ppm) turned out to be interfering compounds. This indicates 
that the calibration of the sensor shall be necessary for bacterial monitoring when testing different water samples at various locations, 
which may have variable concentrations of interfering ions. Nevertheless, the developed sensor works well for water monitoring by 

Table 2 
The sensor performance for monitoring drinking water and grey water.  

S. No. Sample/Parameters DI water Packaged drinking water Tap water Grey water (sterilized) Grey water (unsterilized) 

1 pH 7.01 ± 0.06 6.45 ± 0.06 7.59 ± 0.03 7.306 ± 0.035 7.221 ± 0.028 
2 Conductivity (μS) 2.43 ± 0.03 182 ± 0.035 295.33 ± 7.57 699 ± 7.93 704 ± 10.58 
3 Nitrate (ppm) – <10 <10 10 10 
4 Carbonate (ppm) – 45 ± 4.24 84 ± 8.48 103.2 ± 3.12 111 ± 4.24 
5 CFU/ml – – 0–30 – 6.2 × 103–6.8 × 103 

6 Sensor signal (Voltage, V) 0.323 ± 0.018 0.293 ± 0.014 0.249 ± 0.016 0.221 ± 0.005 0.199 ± 0.001  
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effectively measuring the drop in the reduction potential of the solution in the presence of bacterial contamination. These results 
support the usefulness of the sensor for real-time measurements. 

3.7. Sensor cost analysis 

The developed sensor was compared with the existing bacterial sensors and a cost analysis is presented in this section. The 
developed system costs approximately 350 INR or 4.53 USD per unit which is relatively lower over the existing biosensors/biotic 
sensor electrodes. The development of the sensor system involves the design of interface circuits, read-out electronics, embedded 
algorithms for drift compensation and signal conditioning, analog to digital converter and LCD display. The complete sensor system is 
expected to cost 12–18 USD which is relatively less considering its figures of merit. The available bacterial meters, namely ATP Meters 
& Swabs costs £150.00 – £1671.01. These detect water contaminants, including food contaminants, allergens, and bacteria. In 
addition, the Bactaslyde E. coli test kit costs 13.85 USD per test. Recently developed PadmaBio E. coli testing box costs 2.40 USD per 
test; however, the test requires 24 h test time (https://www.earthface.in/product/padma-bio). These studies suggest cost-effective 
bacterial monitoring in water. 

3.8. Performance and the possible mechanism of the sensor 

The mechanism of MnO2-modified carbon electrodes for H2O2 detection has been explained previously [24,25]. Briefly, MnO2 
oxidizes and forms MnO4

2− or Mn2O3 increasing the potential developed at the sensor interface. With the increased concentration of 
H2O2, the electrode potential increases. In the presence of catalase/bacteria, the H2O2 concentration decreases, resulting in a low 
electrode potential. The sensor eventually regenerates itself through the reverse reaction of MnO4

2− or Mn2O3 to MnO2. Both the 
electrode and coating material are quite stable at ambient conditions and do not require specific storage conditions [53]. When the 
sensor was employed for semi-continuous water monitoring, it regenerates its surface and reaches the same initial potential reading 
after taking measurements in real samples indicating good recovery. The sensor surface could show stability up to 60 min only when it 
was continuously immersed in water. After 60 min, the sensor response was unstable which might be due to removal of MnO2 coating. 

3.9. Challenges and the way forward 

The present study has addressed several technical challenges associated with coliform sensing that includes the use of a cost- 
effective electrode with an increased detection range for catalase-positive bacteria. The modified electrode is responsive to H2O2 in 
a linear range of 0.16 M–3.26 M, which is suitable for measuring catalase activity. The study has shown the higher sensitivity of the 
working electrodes than the prior art, with an improved response time. Previous studies with MnO2-modified electrodes have not 
shown bacterial monitoring. This suggests that the modified electrode can detect coliforms more quickly and accurately than the 
previous methods [37,48]. The use of an abiotic sensing system improves the shelf life and storage of the system. However, a 
continuous supply of H2O2 solution is needed. The H2O2 is light-sensitive and needs to be stored in the dark. The appropriate initial 
concentration of H2O2 is critical for sensor response. This aspect needs future work to determine the constant supply and concentration 
of H2O2 for consistent results. The electrodes used in the present work are easy to prepare, scalable, and can be easily operated with 
minimum technical knowledge which may make coliform sensing methods more accessible and practical for a wider range of users. 
These sensor mechanisms can be adapted on paper substrates for miniaturization or lateral flow assays to enhance the ease of operation 
of the sensor [54]. 

This study examined the impact of ions on sensor performance, revealing negligible to minimal interference. Furthermore, the 
sensor’s efficacy was assessed using real water samples, reinforcing its suitability for bacterial monitoring applications. In regions 
characterized by elevated concentrations of water contaminants, pre-filtration can be implemented to mitigate potential effects on 
sensor performance. While previous studies have advocated bacterial enrichment or separation, such procedures introduce testing 
delays and impede the practical onsite application of the developed sensor by necessitating bacterial separation from the water sample. 
Therefore, the present sensor has been designed with the objective of enabling cost-effective bacterial detection in remote locations, 
eliminating the reliance on laboratory environments. Also, the present study utilizes H2O2 as the test reagent, which also undergoes 
spontaneous decomposition. Therefore, the measurements were done in batch mode. However, if the complete device is constructed 
with this sensor, allowing for semi-continuous measurements, it becomes feasible to perform such continuous monitoring directly from 
water channels. 

4. Conclusions 

This study has investigated the suitability of MnO2-modified carbon electrodes for rapid potentiometric detection of catalase/ 
catalase-positive bacteria with a lower limit of detection of 11–23 CFU/ml. The method doesn’t require any pre-enrichment or con-
centration step. The sensor is deployable in low-resource settings. The developed sensor offers long shelf life, good linearity of the 
signals with various concentrations of catalase/catalase-positive bacteria, and minimal interference from other water contaminants. 
The sensor response to drinking water as well as wastewater makes it promising for real-time applications. The design of interface 
circuits with embedded drift compensation algorithms and read-out circuits for LCDs will constitute future studies on miniaturized 
chip-based electrodes. 
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