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Abstract—Microbial growth has been of prime importance to the researchers in health and biotechnology 
industries. It has been known to be closely associated to the secretion of extracellular polymeric substances that help 
in the formation of colonies. Inter-microbial communication happens within such colonies by means of extracellular 
electron transfer mediated by the aforementioned polymeric substances. Conventionally, different phases of microbial 
growth are monitored with the aid of a traditional UV-Visible spectrophotometer by measuring the optical density of 
the liquid medium at 280 nm. In this paper, we have developed an alternative novel way to sense different growth 
phases employing electrochemical means i.e. two-terminal cyclic voltammetry. This cyclic voltammetry relies on the 
extracellular electron transfer mechanism taking place via the polymeric substances secreted by the microorganisms, 
measured by the temporal area changes in the current-voltage hysteresis curves in the inoculated nutrient broth. This 
work paves a new way to detect the biological activity in the medium, which can be directly correlated to the 
population of microorganisms. It would be of immense interest to scientists and researchers working in the field of 
microbiology as well as in development of biosensors, electrochemical sensors etc. which would be helpful in 
absence of traditional spectrophotometers. 

 
Index Terms—Biosensors, cyclic voltammetry, electrochemical sensors, extracellular electron transfer, extracellular 

polymeric substances,  growth curve, microbial growth phases 

 

 

I. Introduction 

ESEARCHERS from biotechnology and health industries 

have long been bothered about the growth of 

microorganisms for economic and etiological concerns, 

respectively. Conventionally, the growth phases of 

microorganisms are determined by measuring the optical 

absorbance of the liquid nutrient broth media, containing 

microorganisms at 280 nm. A comprehensive treatise of 

microbial sensing strategies could be found in [1]. Microbial 

growth is facilitated by the formation of clusters, which is 

mediated by the secretion and accumulation of extracellular 

polymeric substances (EPS) for more firmly attached, adhered 

cells to form the clusters [2-4]. Recently, researchers have 

shown that EPS mediate the microbial extracellular electron 

transfer (EET) [5]. In the said work, the microbial EET is 

suggested to take place by hopping mechanism. This 

mechanism is schematically shown in Fig. 1. 

 
 

 
Fig. 1 Schematic representation of the hopping mechanism 

of charge transfer constituting microbial EET via the EPS, is 

shown.  

 

 In hopping, the electron transfer takes place between the 

localized states in the EPS and strong electronic vibrational 

interactions with full vibrational relaxation, given by the rate 

constant 
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where 
𝜔𝑒𝑓𝑓

2𝜋
 is the effective vibrational frequency of nuclear 

modes (~1012 s-1). Activation free energy is given by nuclear 

reorganization free energy, , and the reaction free energy, 

∆𝐺0.  (= 
0
𝑒−𝛽∆𝑅)is the electronic transmission coefficient 

determined by the hop step size, ∆𝑅, and the decay factor, 𝛽. 

Such charge transfer mechanisms, with the magnitudes of 

current as direct indicators of the microbial population in the 

medium, could be used as indicators of different phases of 

growth. 

In this paper, we have reported the development of a novel 

sensing mechanism to detect different phases of microbial 

growth by measuring the two-terminal cyclic current-voltage 

(I-V) characteristics at different time intervals, as discussed 

further in the paper. This work would bypass the need of 

sophisticated instruments required for the detection of 

microbial growth phases like well-plate readers [6, 7], UV-

Visible spectrophotometers [8], microplate readers, metabolite 

screening [9] etc. and would enable researchers working in the 

interdisciplinary domains requiring to monitor microbial 

growth [10].  

.  

II. MATERIALS AND METHODS 

A. Preparation of microbial sample 

One gram of garden-variety soil sample (collected from the 

neighborhood) was thoroughly mixed with 100 ml of distilled 

water by vigorous stirring. The soil-water sample was then 

allowed to settle overnight. The supernatant water part of the 

mixture was taken further as microbial sample inoculum. 

B. Chemicals 

1.32 grams of nutrient broth powder (Himedia, MM244) 

was dissolved in 100 ml of distilled water. This broth was 

divided into four parts. Out of these, two parts were inoculated 

with 0.5 ml of microbial sample each (preparation discussed 

earlier) and remaining two parts were kept as control samples 
after further addition of 0.5 ml distilled water each. The final 

samples were kept for electrical and optical measurements, 

classified as under: 

 

2×Experimental (E): 0.5 ml of soil water supernatant + 1.5 

ml of nutrient broth medium 

2×Control (C): 0.5 ml of distilled water + 1.5 ml of 

nutrient broth medium 
 

C. Electrical measurements 

The measurements were done with the aid of makeshift 

devices using eppendorf tubes and metallic all pins (shown in 

Fig. 2) using a Keysight B2901A Precision Source/Measure 

Unit. Data acquisition was done using QuickIV.4.1.1821.3680 
open source GUI. Following settings were kept for the 

measurements: Mode: Voltage, Shape: DC, Source Delay: 0, 

Sweep: Linear Double, Start: -5V, Stop: +5V, Step: 0.204V, 

Compliance: 1A, Range limit: 1mA, Measurement delay: 0.5s. 

10 cycles of measurements were done at each time interval. 

All the remaining parameters were kept in their default 

settings. The experiment was conducted for 55 hours. 

D. Optical measurements 

The optical densities of experimental and control samples 

were measured at 280 nm, using Eppendorf Biospectrometer 

(Basic). The experiment was conducted for 55 hours. 

E. Data Analysis 

Post data-acquisition analysis was done using Origin 8 Pro® 

graph plotting software. Mathematical area was calculated 

using the software for all the 10 cycles of voltage sweeps 

done. The mathematical area is defined as the sum of areas of 

the curve above and below the mean axis as it is. This means 

that such an area would indicate the positive value for the 

parts of the curve above the mean axis and negative values for 

the parts of the curve that lie below the mean axis [11].  

III. RESULTS AND DISCUSSION 

As discussed in the Materials and Methods section, two sets 

of control and experimental samples were used for this study. 

One set was used for measurement of optical density (@ 

280nm) using spectrophotometer to determine the microbial 

growth phases. The other set was used to measure the 
electrical behavior of the samples. Distinct colors of control 

and experimental samples could be seen, thus giving an 

indication about the contaminated and clean sample, as shown 

in Fig. 2.  

 
 

Fig. 2 Distinct colors can be seen in control (labeled as C) 

and experimental (labeled as E) samples, after 48 hours of 

measurements. Description of these samples is given in 

Materials and Methods section. 

 

As discussed earlier, the voltage sweeps were conducted for 

10 cycles to get an averaged trend of the electrical behavior of 
the growing microbes in the nutrient broth. Representative 

current-voltage trace curves taken after 4, 28 and 51 hours of 

inoculation, respectively, are shown in Fig. 3.  
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Fig. 3 Representative current-voltage curves indicating 

various stages of microbial growth, taken after 4, 28 and 51 

hours of inoculation have been shown. 

 

It is evident from the curves in Fig. 3 that the time 

derivatives of current at zero voltage values are different for 

different phases of microbial growth. The maximum slope is 

seen for the stationary phase (red curve) and almost same 
slopes are obtained for the log (black curve) and death (blue 

curve) phases, thus leading to maximum area for stationary 

phase in comparison to the log and death phases. The 

mathematical area of these I-V curves (plotted against time 

elapsed) depict an exactly similar trend as seen in the A280-

time curve, shown in Fig. 4. 

 
 

Fig. 4 Comparison of temporal behaviors of mathematical 

areas (left) and A280 (right) values, show exactly similar 

trends. 

 

With reference to the left panel of Fig. 4, the production of 
EPS with microbial growth leads to an increase in the quantity 

of charge transfer media, thus leading to an increase in the 

corresponding electrical power consumption. This electrical 

power consumption is denoted by the calculated mathematical 

area of the current-voltage curves at every time interval. This 

explains the increasing trend of area in the phase I. When the 

microbes reach the stationary phase of their growth, their 

numbers stop increasing. This leads to the approximately same 
amount of electrical power consumed leading to the constant 

trend of area in phase II. In the final phase of their life cycle 

i.e. death phase, the number of live microbes starts decreasing. 

This would reduce the overall metabolic activities happening 

in the nutrient broth and thus quantitatively decreasing the 

EET due to such activities. This leads to the decreasing trend 

of area in phase III.  

IV. CONCLUSIONS 

In this paper, we have developed a novel way to sense 

different phases of microbial growth in nutrient broth by doing 

in situ two-terminal cyclic voltammetry. The mathematical 

area calculated from the cyclic voltammetry hysteresis curves 

depicted various stages of microbial growth. These 

mathematical areas when plotted against time showed trends 

that were in perfect agreement with the optical density data 

(i.e. absorbance @ 280nm). Thus, researchers equipped with 
this novel method would be able to detect different microbial 

growth stages in absence of a conventional spectrophotometer. 

This work would find applications in development of novel 

electrochemical sensors for various biological and chemical 

purposes. 
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