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Abstract: The impedance spectroscopy method (AC f=4 Hz-8 MHz at a constant amplitude of 1 V) 12 

and Pt-IDE sensors were used to detect and monitor different concentrations (103, 106, 109 CFU/ml) 13 

of both live and dead bacteria cells (Escherichia coli and Staphylococcus aureus). The analysis of the 14 

impedance spectra shows difference in resistance with increasing concentration for both types of 15 

bacteria and the presence of characteristic changes in the frequency range 10-100 kHz. The presence 16 

of live bacteria led to a decrease in the impedance value compared to dead cells, the value of Rs+Rct 17 

decreased about two times. 18 
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1. Introduction 22 

Detection of bacteria is important in various fields, including health care, food 23 

safety, and environmental monitoring. Rapid and accurate identification of bacterial 24 

pathogens such as Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) is essential 25 

for public health and safety. Traditional methods of bacterial detection often involve 26 

time-consuming sample preparation steps, specialist personnel and equipment that in- 27 

volves complex analyses. In the last decade, more innovative methods have been de- 28 

veloped that greatly simplifies the approach for real-time detection of bacteria [1–4], such 29 

as Electrical Impedance Spectroscopy (EIS). 30 

Electrical impedance spectroscopy (EIS) is used to study various biological samples 31 

in suspension and is capable of characterizing the properties of biological samples [5–7]. 32 

Due to the native net negative surface charge on live bacteria [8], the native negative 33 

surface charge on live bacterial cells enables the detection and characterization by elec- 34 

trical impedance measurements. EIS uses the electrical properties of bacterial cells that 35 

enables detection and characterization by monitoring changes in electrical impedance. 36 

The impedance Z is the ratio of the applied voltage to the measured current and is a 37 

function of resistance (R), capacitance (C) and the applied frequency: Z=V/I = R+1/j ω C 38 

[7,9]. 39 

The metabolic activity of bacteria can be controlled by changes in the conductivity of 40 

the nutrient medium [10–12]. EIS has successfully been used to monitor changes related 41 

to adhesion, growth of bacteria and their behavior in real time [1-3]. Impedance-based 42 

detection of bacteria has several advantages over more traditional detection methods, 43 

such as low cost, versatility, and ease of implementation [5, 6]. However, very few works 44 

have been devoted to the direct detection of bacteria on interdigitated electrode (IDE) 45 
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sensors without bacterial immobilization using impedance spectroscopy [1,6,13]. Modern 1 

biosensors typically require immobilization of specific antibodies onto the surface of the 2 

sensor to offer high specificity but have a low sensitivity mainly due to low capture effi- 3 

ciency (<35%) even after careful optimization [2,14]. Therefore, the search for alternative 4 

methods of bacteria detection that do not depend on the immobilization of the electrode 5 

surface is still relevant. 6 

In this paper, we review the principles, methodology, and applications of direct 7 

detection of E. coli and S. aureus on IDE sensors using immobilization-free impedance 8 

spectroscopy. We have proposed an approach for direct detection of bacteria on IDE 9 

sensors by measuring the change in impedance. This method avoids complex surface 10 

modification and immobilization stages, simplifying the detection process while main- 11 

taining high measurement sensitivity [6,9,11,13,15]. The presented method is capable of 12 

detecting the bacterial concentration (103 - 109 CFU/ml) in a short time (30 s) in a wide 13 

frequency range (4 Hz - 8 MHz) and demonstrated selectivity for two different types of 14 

bacterial cells (E.coli and S. aureus). We also demonstrate the ability to distinguish be- 15 

tween living and dead cells. At the same time, the work processes for preparing the 16 

sensor surface are simplified, thereby increasing the economic efficiency of this method 17 

and reducing the need for specialist trained personnel. There is an obvious prospect of 18 

practical application for this method of selective detection of various types of bacteria. 19 

2. Materials and Methods 20 

2.1. Preparation of the Biological Samples (Gram-positive S. aureus and Gram-negative E.coli ) 21 

Gram-negative E. coli (CCM3954) and gram-positive S. aureus (CCM 3953) were 22 

stored at -20 °C in single-use vials and thawed at room temperature before use. A 1-in-10 23 

dilution series was performed from the stock vial using sterile 0.9 % NaCl (Penta), and 24 

500 µL of each dilution was added to petri dishes containing Mueller Hinton (MH) agar 25 

that were placed overnight in an incubator (37°C). The following day, a single colony was 26 

removed from MH agar plate and reconstituted in 5 mL MH broth and grown overnight 27 

at 37°C in an orbital shaker (150 rpm). After culturing, bacteria were centrifuged (13000 28 

rpm at 10 min), to separate bacterial cells from MH broth and resuspended in sterile de- 29 

ionised water (DH2O, (σ) = 0.1 μS/cm). This process was repeated a further two times to 30 

remove any residual MH broth. To obtain dead bacteria, the first wash step was 31 

preceeded with the additional wash using 99.9% ethanol and confirmed by the absence of 32 

growth on MH agar. Bacteria were then adjusted to McFarland’s density 6.0 which is 33 

equivalent to 1.8 x 109 colony forming units per millilitre (CFU/ml) before sequential di- 34 

lutionusing DH2O to the desired concentrations (103, 106, 109 CFU/ml).  35 

2.2. Preparation of the IDE sensor surface 36 

Prior to use, the surface of the Pt-IDE sensor platform was cleaned with isopropanol, 37 

then rinsed with deionized water and dried under a stream of nitrogen. 38 

2.3. Electrical Impedance Measurements  39 

Electrical impedance spectroscopy (EIS) measurements with IDE (Au/Pt) sensors 40 

were made by using IM 3536 LCR meter and application software (Hioki) in the fre- 41 

quency range from 4 Hz up to 8 MHz. The sample was placed in a Faraday cage, the 42 

electrodes we fixed by a clamp, and connected to the LCR meter. Experimental Nyquist 43 

plots of the impedance -Zim=f(Zrel) were constructed to analyze the electron transport 44 

processes occurring at the interface of the Pt-IDE sensor and two types of bacteria cells 45 

(E.coli and S.aureus). All measurements were conducted at a temperature of 24±1ºC and 46 

the immersion sample volume was 1 ml. The general scheme of the proposed method for 47 

the detection of bacteria using impedance spectroscopy on IDE sensors is shown in Fig. 1. 48 
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Figure 1. Schematic image of bacteria detection by EIS on IDE sensor: (a) preparation of different 2 
concentrations of bacteria; (b) IM 3536 LCR and IDE sensor (total view and zoomed measurement 3 
part). 4 

3. Results and Discussion 5 

3.1. Detection of bacteria cells. Characterization of Impedance Spectrum Data 6 

Impedance spectroscopy wasperformed in deionized water (DH2O) (non-Faraday 7 

EIS) with increasing E. coli concentrations (103, 106, 109 CFU/ml) in a frequency range 8 

between 4 Hz and 8 MHz at a formal voltage of 1 V. The effect of different concentrations 9 

of E. coli bacteriacells on DH2O pH was previously measured (Fig. 2a). The growth of live 10 

and dead cells was monitored using agar plates for 24 hours at 37°C (Fig. 2b). 11 

. 12 

Figure 2. E. coli in DH2O: (a) pH of E. coli for different CFU/ml; (b) Recultivated E. coli colonies (108 13 
CFU/ml) (live (H/D) and dead (Hx/Dx) with HPLC (H) and DH2O (D) on LB agar plate after incu- 14 
bation. 15 

The Nyquist plots (Fig. 3) were fitted with an equivalent circuit (inset Fig. 3), 16 

showing that the Rct is a relevant parameter that depends on the bacterial cell concentra- 17 

tion. The Nyquist curves were fitted using the EIS analyzer software, and the best results 18 

were obtained with the equivalent circuit (inset of Fig. 3), where CPE is a constant phase 19 

element included in the circuit in parallel and in series with the charge transfer resistance 20 

Rct, Rs is the solution resistance. A decrease in the charge transfer resistance Rct was ob- 21 

served with an increase in the concentration of bacterial cells, both live (Fig. 3a) and dead 22 

(Fig. 3b) in deionized water.  23 
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Figure 3. Impedance spectra (Nyquist and Bode plots) of E.coli (103, 106, 109 CFU/ml): (a) live and 2 
(b) dead bacteria. 3 

The semicircle-shaped portion of the Nyquist plots obtained at high frequencies 4 

corresponds to the faradic transfer of electrons on the electrodes, while the spectrum 5 

obtained at low frequencies provides information on the diffusion process of transferring 6 

bacterial waste products in solution to the electrode surface. For dead E. coli bacteria, 7 

characteristic changes were observed at frequencies of 10-100 kHz, which were absent in 8 

the impedance spectra for live cells, which can serve as an identifier for distinguishing 9 

live cells from dead ones. 10 

The obtained estimated parameters of charge transfer resistance, series resistance 11 

and for series and parallel CPE are shown in Table 1. 12 

Table 1. Evaluated parameters for E.coli EIS (live and dead cells). 13 

14 
. 15 

For dead cells, a decrease in the CPE values by an order of magnitude is observed 16 

(Table 1). Moreover, the value of CPE1 decreases by an order of magnitude, which is as- 17 

sociated with a change in the capacitive properties of the membranes of dead cells. CPE2, 18 

responsible for the change in mass transfer in solution, increases by an order of magni- 19 

tude, indicating an increase in ion diffusion in solution due to changes in osmotic pres- 20 

sure inside and outside the dead cells. There is a significant decrease in resistance for 21 

suspensions with dead E. coli cells. For comparison, the impedance spectra for live and 22 

dead cells with a concentration of 103 and 106 CFU/ml are shown below in one plot (Fig. 23 

4a). 24 
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Figure 4. Comparison of Impedance spectra of E.coli (Nyquist and Bode plots): (a) E.coli live and 2 
dead; (b) E.coli 108 CFU/ml (during 1st, 4th and 8th day) and DH2O. 3 

Impedance measurements were also performed for live E. coli 108 CFU/ml cells in 4 

DH2O on 1st, 4th and 8th day after suspension preparation. There was a tendency to de- 5 

crease the charge transfer resistance with increasing storage time of the suspension, 6 

which is associated with increase of bacteria waste products. For comparison, the im- 7 

pedance spectrum for pure deionized water is shown (Fig. 4b – black curve). It is obvious 8 

that the increase in the electrical conductivity of the suspension is due to the presence of 9 

bacterial cells. 10 

To compare the impedance spectra of E. coli and S.aureus in deionized water, sus- 11 

pensions with a concentration of 109 CFU/ml were chosen. The Nyquist and Bode curves 12 

are shown in Fig. 5a,b.  13 

 14 

Figure 5. Nyquist and Bode plots of Impedance spectra live/dead: (a) E.coli; (b) S.aureus. 15 

The obtained estimated parameters of the charge transfer resistance Rct and series 16 

resistance Rs, as well as the values of the CPEs included in parallel and in series with the 17 

charge transfer resistance Rct are given below in Table 2.  18 
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Table 2. Evaluated parameters for live and dead bacterial cells. 1 

. 2 

Opposite dependencies of the change in charge transfer resistance and the obtained 3 

values of the total impedance for live and dead cells for the two types of bacteria are ob- 4 

served. This difference is obviously related to the structural features of these types of 5 

bacteria and their size. S.aureus are spherical cells that tend to form larger agglomerates 6 

whereas E.coli are rod-shaped cells and preferentially exist as individual cells. For 7 

S.aureus, increase CPE1 (the capacity of the double layer Cdl) is due to changing in bacte- 8 

rial cells membranes structure. 9 

4. Conclusions  10 

The proposed method of selective detection of bacterial cells can be used to differ- 11 

entiate between two types of bacteria, specifically E.coli and S.aureus, as well as  qualita- 12 

tively characterize their physiological state i.e., dead or live, and to estimate their con- 13 

centration in samples with an unknown number of bacteria per unit volume. 14 

5. Patents 15 
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