
  

Int. J. Electrochem. Sci., 16 (2021) Article Number: 211225, doi: 10.20964/2021.12.09 

 

International Journal of 

ELECTROCHEMICAL 
SCIENCE 

www.electrochemsci.org 

 

 

Highly sensitive electrochemical impedance spectroscopy based 

sensor for Staphylococcus aureus detection  

 
Peng Gu1#, Jing Huang2#, Jiajiu Yao3* 

1 General Hospital of the Yangtze River Shipping, Wuhan, Hubei, 430014, China 

2 The Attached Hospital of Northeast Teachers University, Changchun, Jilin, 134000, China 
3 Emergency Department, Tangdu Hospital, Air Force Military Medical University, Xi'an, Shaanxi 

710038, China 
*E-mail: jiajiuyao_air@sina.com 
 

Received: 3 August 2021  /  Accepted: 18 September 2021  /  Published: 10 November 2021 

 

 

Staphylococcus aureus is now considered one of the major pathogen of prostatitis. Its resistance to 

multiple drugs makes it difficult to treat, leading to a high morbidity and mortality rate. Therefore, it is 

imperative to establish sensitive, rapid and timely methods for the detection of Staphylococcus aureus. 

In this work, an electrochemical impedance spectroscopy sensor based on functionalized gold 

nanoparticles was constructed and realized for the rapid and highly sensitive analysis as well as the 

detection of Staphylococcus aureus. The experimental results demonstrated that the biosensor has a 

detection limit of 3 × 103 CFU/mL and a linear response range of 3 × 103 – 3 × 107 CFU/mL, which 

means a high sensitivity. In addition, the sensor has a short detection time, simple operation and high 

stability, which can be used for real-time detection. 
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1. INTRODUCTION 

 

Prostatitis has long been believed to be associated with age, low immune function, and a 

weakened resistance of the body to disease. For some patients, the genitourinary tract has its own 

pathological basis, which can trigger infection by disrupting the natural defense mechanisms [1]. It was 

previously assumed that the most common non-specific bacterial infections of the male urogenital 

system were caused by gram-negative bacilli from the digestive tract, such as Escherichia coli, Proteus 

mirabilis, and occasionally Neisseria gonorrhoeae. However, some studies today suggest that the main 

bacteria associated with prostatitis are Staphylococcus aureus [2–4], which is capable of producing a 

large number of toxins both inside and outside the cell, causing damage to biofilms through direct 

interaction with the host, which leads to cell death. These toxins include staphylococcal enterotoxins 
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(SEA, SEB, SEC, SED, SEE, SEG, SHE, and SEI), toxic shock syndrome toxin-1 (TSST-1), and 

leukocidin killers. They are highly infectious or toxic and resistant to high temperatures [5–7]. The toxins 

survive even when Staphylococcus aureus is killed by heat treatment [8]. Therefore, studies on the 

detection of Staphylococcus aureus are of great significance. 

Plate colony counting is the traditional detection method of Staphylococcus aureus, counting the 

number of bacteria contained in the sample [9,10]. Its basic principle is that after the sample to be tested 

is properly diluted, an appropriate amount of dilution is taken and spread on an agar culture dish, and 

under a certain temperature and a certain time of incubation, each cell can grow into a single colony 

visible to the naked eye [11]. According to the inoculum amount and dilution times, the number of 

bacteria contained in the sample is determined. Despite good accuracy and high sensitivity, this method 

is time-consuming with high labor cost, which is not suitable for large-scale and real-time detection of 

Staphylococcus aureus in samples. Immunological methods for the detection of Staphylococcus aureus 

include immunodiffusion, radioimmunoassay, immunoblotting, reverse passive latex agglutination assay 

and enzyme-linked immunosorbent assay [12], among which the immunodiffusion method was the first 

to be applied and was divided into one-way immunodiffusion and two-way immunodiffusion methods. 

However, both methods have disadvantages such as low sensitivity and the need for sample enrichment, 

thus they have not been promoted [13]. The radioimmunoassay combines the specificity of antigen-

antibody reaction and the high sensitivity of isotope determination, which improves the specificity and 

sensitivity of detection. However, this method has radioactive contamination and is not easily promoted. 

The reverse passive latex agglutination assay is based on the same principle as the reverse indirect 

coagulation assay, but the reaction takes 16-24 h for the detection [14]. 

Biosensor is a combination of a substance to be measured with a biosensitive material that allows 

a specific biochemical reaction to occur and converts the resulting chemical signal into an optical or 

electrical signal [15]. Optical, electrochemical and piezoelectric biosensors are mainly applied in the 

detection of pathogenic bacteria. Electrochemical biosensors are the devices that consist of a biological 

identification element and a signal element to detect the target analyte [16]. The recognition element is 

generally a biological material, and the signal transducer is mainly an electrode. There are three major 

types of electrochemical biosensors, including resistance type, potential type and current type. The first 

one is used for bacterial detection and the latter two are commonly used for virus detection [17]. 

Electrochemical immunosensors are based on the specificity of antigen-antibody binding, which shows 

a linear relationship between the electrical signal and the concentration of the substance within a certain 

range, thus they can be well adopted to determine and analyze the target [18–20]. The specific binding 

of antigens and antibodies determines a number of positive properties of electrochemical 

immunosensors, including high sensitivity, being not interfered by other substances in the solution, and 

the reduction of the lower limit of detection. Therefore, electrochemical immunosensors, as a branch of 

immunosensors, are often applied in the detection of pathogens and can obtain favorable results [21–

23]. 

In recent years, the emergence of nanotechnology has opened new research area for 

electrochemical biosensors. Nanomaterials have unique catalytic properties, photoelectrochemical 

properties, and excellent biocompatibility, and are therefore widely applied in electrochemical 

biosensors. For example, carbon-based nanomaterials, noble metal nanoparticles and nanocomplexes 
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have become increasingly popular and are used for highly loaded binding labels and amplifying 

electrochemical signals [24–29]. Nanomaterials, as immobilization carriers for biomolecules, have 

flexible pores adapted to the size of the biomolecule guest, and can also protect the immobilized 

biomolecules from environmental changes. The excellent properties of nanomaterials can immobilize 

biomolecules on the electrode surface.  

AuNPs are capable of rapid and direct electron transfer between a wide range of electroactive 

substances and electrode materials. The light scattering properties of the local electromagnetic field and 

the great enhancement capabilities allow AuNPs to be applied as signal amplification tags for a variety 

of biosensors [30]. Their analytical performance is improved compared with other biosensor designs. In 

this work, an electrochemical impedance spectroscopy sensor based on functionalized gold nanoparticles 

was constructed and realized for the rapid and highly sensitive analysis and detection of Staphylococcus 

aureus. When Staphylococcus aureus reacts specifically with antibodies, it can act as a barrier to the 

electron transfer on the electrode surface, which is manifested by the increase of electron transfer 

resistance with the concentration of Staphylococcus aureus [31]. The prepared electrode was 

characterized to facilitate the understanding of the state and nature of the electrode modification layer, 

as well as the reaction principle of the electrode. The result shows that sensor has a high sensitivity, 

specificity and reproducibility for the detection of Staphylococcus aureus. 

 

 

 

2. EXPERIMENTAL 

2.1. Materials and instruments 

Tetrachloroauric acid (HAuCl4-3H2O), sodium borohydride (NaBH4), silver nitrate (AgNO3), 

ascorbic acid, sodium chloride (NaCl), potassium chloride (KCl), disodium hydrogen phosphate 

(Na2HPO4), and sodium dihydrogen phosphate (NaH2PO4) were purchased from Shanghai Sinopharm 

Group Chemical Reagent Co. Polydiallyldimethylammonium chloride (PDDA, MW 200000~3500000, 

20 wt %), polystyrene sodium sulfonate (PSS, MW 70000), bovine serum albumin (BSA) and 

cetyltrimethylammonium bromide (CTAB) were purchased from Sigma Corporation (St. Louis, MO, 

USA). Staphylococcus aureus antibody was purchased from Abcam Inc (Cambridge, UK). The 

CHI660D electrochemical workstation (Shanghai Chenhua Instruments Co., Ltd.) was adopted for all 

electrochemical experiments. Phosphate-buffered saline (PBS)  applied in this work  is a buffer solution 

commonly used in biological research and  is a water-based salt solution containing disodium hydrogen 

phosphate, sodium chloride and potassium dihydrogen phosphate. The buffer can help to maintain a 

constant pH. The osmolarity and ion concentrations of the solutions match those of the human body. 1 

M KCl containing 5 mM K3[Fe(CN)6]3-/4- and 0.1 M PBS were adopted for electrochemical impedance 

spectrum (EIS) and cyclic voltammetry (CV) analysis. A pHS-3E meter (Shanghai Youke Instrument 

Co., Ltd.) was used for pH detection. Scanning electron microscopy (SEM) was performed on a FEI-

Sirion 200 field emission scanning electron microscope. 
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2.2. Preparation of AuNPs 

1 mL of CTAB (0.2 M) and 1 mL of HAuCl4-3H2O (0.5 mM) aqueous solution were stirred well 

at 25°C. The final mixture was slowly changed to brownish yellow. Afterwards, 0.12 mL of ice-cold 

NaBH4 (0.01 M) solution was added and the resulting mixture slowly turned brownish yellow. At the 

same temperature of 25°C, 50 mL of HAuCl4-3H2O (0.001 M), 50 mL of CTAB (0.2 M) and 2.5 mL of 

AgNO3 (5 mM) were slowly mixed in water. 650 µL of ascorbic acid (50 mM) was added and the color 

of the resulting solution slowly faded. Finally, 120 µL of gold seed solution was added to the growth 

solution and mixed slowly at 27°C for 10 min, and the color of the solution gradually changed to dark 

blue. The final solution obtained by this process was AuNPs. 

 

2.3. Preparation of electrochemical impedance spectroscopy sensor 

The ITO electrodes were first cleaned by ultrasonication with acetone and anhydrous ethanol for 

10 min each time, after which the ITO was placed in 1 M HCl for 10 min, removed and rinsed with 

deionized water. The ITO was placed in a 1:1:5 (v/v) H2O2/NH4OH/H2O solution at 70°C for 1 h. After 

rinsing with deionized water 3 to 5 times, the electrodes were dried in a hot air stream at 80 °C for 4 h 

to ensure a clean and dry surface. 20 µL of aqueous PDDA (1 mg/mL PDDA) and 20 µL of aqueous 

PSS (1 mg/mL) were stepwise dropped on to ITO for 30 min (denoted as ITO/PDDA/PSS). 20 µL of the 

prepared AuNPs solution was applied to the previously treated electrode for 1 h (denoted as 

ITO/PDDA/PSS/Au). 15 µL of 100 µg/mL anti- Staphylococcus aureus antibody was added to the 

electrode for 1 h at 4°C in the refrigerator, and the non-functionalized anti-Staphylococcus aureus was 

gently washed with phosphate buffer solution (denoted as ITO/PDDA/PSS/Au/Ab). A 20 µL solution of 

BSA (1 mg/mL) was coated for 1 h to close the non-specific reaction site (denoted as 

ITO/PDDA/PSS/Au/Ab/BSA). Subsequently, 20 µL of gradient-diluted Staphylococcus aureus liquid 

was added to the electrode (denoted as ITO/PDDA/PSS/Au/Ab/BSA/S). The reaction was incubated for 

1 h, and the unrecognized bound Staphylococcus aureus was gently washed with phosphate buffer 

solution. The construction and detection process of the impedance spectroscopy sensor is shown in 

Figure 1. 

 

 
Figure 1. Schematic representation of label-free impedance spectroscopy sensor. 
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3. RESULTS AND DISCUSSION 

The process of functionalization of AuNPs on the electrode surface is based on the electrostatic 

interaction between polyelectrolytes and nanoparticles with the process of layer-by-layer assembly of 

polyelectrolytes, which has been applied in the process of functionalization of various nanomaterials 

[32]. Figure 2 shows the UV as well as SEM images of AuNPs solutions. It can be seen that the 

synthesized AuNPs are around 80 nm in length and are uniform in size and distribution. The UV-visible 

spectrograms present that the absorption peaks at wavelengths around 550 nm correspond to a small 

amount of Au nanoparticles and those around 650 nm correspond to Au nanorods, which is consistent 

with literature reports [33]. 

 

 
 

Figure 2. UV-vis spectrum and SEM image of AuNPs. 

 

 

The reversible voltammetric curve of ITO electrodes is determined by the Bulter-volmer 

equation. Figure 3 reveals that the redox current of the ITO electrode decreases after the silanization of 

the electrode surface, the reason for which is that silane, antibodies, and different concentrations of 

Staphylococcus aureus are coated on the surface of the electrode. As the thickness of the film increases, 

the redox effect on Fe(CN)6
3-/4- diffusion to the surface of the electrode gradually increases the ease of 

charge transfer reaction. In the cyclic voltammetric scan of the Fe(CN)6
3-/4- reversible system, the 

difference between the peak anode scan potential Epa and the peak cathode scan potential Epc (ΔEp) can 

be adopted to detect whether the electrode reaction is a Nernst reaction [34]. When the ΔEp of an 

electrode reaction is close to 59/ mV (n is the number of electrons transferred), it can be determined that 

the reaction is a Nernst reaction. From curve a, it can be noted that ΔEp is close to 59 mV. By comparing 

curve b and curve c, it can be seen that the active site of unbound antibody is blocked by the addition of 

BSA solution [35], which compensates for some of the unbound sites in the membrane layer, resulting 

in a decrease in the redox current and an increase in the distance of the redox peak. Curve d indicates 

that the redox current is further reduced by the addition of the target antigen. Meanwhile, the distance of 

the redox peak increases further, which means that the bacteriophage has a significant effect on the 
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blockage of charge transfer by redox. ΔEp increases with the thickness of the biofilm on the electrode 

surface, indicating that the reversibility of the electrode reaction was decreasing. 

 
Figure 3. Cyclic voltammograms for (a) ITO/PDDA/PSS/Au, (b) ITO/PDDA/PSS/Au/Ab, (c) 

ITO/PDDA/PSS/Au/Ab/BSA and (d) ITO/PDDA/PSS/Au/Ab/BSA/S in 0.01 M PBS (pH 7.4) 

containing 5.0 mM [Fe(CN)6]
3-/4- (scan rate: 50 mV/s). 

 

Electrochemical impedance spectroscopy is performed near the electrode equilibrium potential, 

which has a low impact on the biofilm and allows for the fitting of an equivalent circuit to the system 

[36]. In an electrochemical cell containing a redox probe, the equivalent circuit can be represented in 

Figure 4 in the presence of both electrochemical polarization and concentration polarization [37]. The 

resistance of the electrolyte is RS, the double layer generated by the charge at the interface is Cd, and the 

impedance resulted from charge migration during redox reactions is Rct. When performing polarization, 

it is also necessary to consider the impedance containing new resistance and capacitive components 

(Warburg impedance). ZW, RS and ZW represent the impedance of the electrolyte solution and the 

diffusion characteristics of the redox probe in solution, respectively, which are not influenced by the 

electrochemical reactions on the electrode surface. The other two parameters, Cd and Rct, are mainly 

determined by the dielectric properties and insulating properties of the electrolyte/electrode surface [38]. 

The electrochemical impedance of an electrode consists of a real part and an imaginary part, and the 

Nyquist diagram, which plots the imaginary part of the impedance against the real part of the impedance, 

is the most common form of impedance data representation [39] and is particularly suitable for 

representing the magnitude of impedance changes in a system. 

 

 
 

Figure 4. Equivalent circuit diagram for electrochemical detection. 
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As shown in Figure 5, the Ret of the bare electrode ITO (line a) is 107 Ω. The PDDA, being 

positively charged and not conducting itself, hinders the electron transfer, as shown by the increase in 

Ret to 477.6 Ω (line b). PSS has a negative charge and the interaction between positive and negative 

charges fixes the PSS on the electrode surface. Since the homogeneous repulsion has a significant 

hindering effect on the electron transfer, the resistance Ret of ITO/PDDA/PSS increases significantly to 

1566.5 Ω (line c). The impedance of ITO/PDDA/PSS/Au decreases significantly to 337.2 Ω (line d) 

compared with the previous two. The reasons for this phenomenon are: 1) AuNPs are inherently 

conductive and contributive to electron transfer, and 2) the positive charge of AuNPs and the negatively 

charged [Fe(CN)6]
3-/4- in solution contribute to electron transfer due to positive and negative charge 

interactions. The attachment of antibodies and Staphylococcus aureus that are both biological 

macromolecules, further hinders the electrons from the solution from reaching the electrode surface. 

Thus the further increases of electron transfer resistance were 586.8 Ω (line e) and 915.0 Ω (line f), 

respectively. The above experiments have confirmed the success of the electrode surface modification, 

and also detected the value of the change in resistance due to the immune reaction [40]. 

 

 

 
 

Figure 5. Nyquist plots of (a) ITO. (b) ITO/PDDA, (c) ITO/PDDA/PSS, (d) ITO/PDDA/PSS/Au, (e) 

ITO/PDDA/PSS/Au/BAS and (f) ITO/PDDA/PSS/Au/BAS/S in 0.01 M PBS (pH 7.4) 

containing 5.0 mM [Fe(CN)6]
3-/4-. 

 

 

The results of the above experiments demonstrate that electrochemical impedance spectroscopy 

is a good interfacial characterization technique for the qualitative detection of Staphylococcus aureus. 

In this work, the specific recognition of antigen-antibody is the principle on which the sensor works. The 

immunocomplex (i.e., the antigen–antibody complex) is directly determined by the measuring of the 

physical changes induced by the formation of the complex. In this case, the EIS change during the 

different concentrations of Staphylococcus aureus has been used as signal [41]. Moreover, we have tried 

to quantify Staphylococcus aureus by applying electrochemical impedance spectroscopy biosensors. The 

ITO/PDDA/PSS/Au/BAS was incubated with different concentrations of Staphylococcus aureus to 

allow the sufficient reaction of the antigen and antibody, which was subsequently placed in the 

electrochemical detection cell for electrochemical impedance spectroscopy. The results are shown in 

Figure 6. It is clear that the measured charge transfer impedance increases with the concentration of the 
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Staphylococcus aureus. The specific impedance values are shown in Table 1. The sensor has a good 

linear relationship in the detection range. The response equation for the rate of change of resistance and 

concentration is: 

Rct =123.02 LogC – 260.26 

 
 

Figure 6. (A) The electrochemical impedance spectra of Staphylococcus aureus bound to 

ITO/PDDA/PSS/Au/BAS at different concentrations. a to f represent the Staphylococcus aureus 

concentration (CFU/mL): 3 × 10; 3 × 102; 3 × 103; 3 × 104; 3 × 105; 3 × 106
, 3 × 107 in 0.01 M 

PBS (pH 7.4) containing 5.0 mM [Fe(CN)6]
3-/4-. (B) Calibration curves of the bacterial 

concentration vs. charge transfer impedance. 

 

 

Table 1. Bacterial concentration vs. charge transfer impedance relationship. 

 

Concentration 

(CFU/mL) 

3 × 10 3 × 102 3 × 103 3 × 104 3 × 105 3 × 106 33 × 

107 

Charge transfer 

impedance (Ω) 

2.41 18.21 157.7 346.69 491.19 527.39 699.97 

 

For the purpose of testing the selectivity of the sensor, five other species were selected as 

comparators: E. coli, S. typhimurium, B. pumilus, K. pneumoniae and B. subtilis. The ∆Ret were measured 

by adding different strains of the same concentration dropwise on the electrode surface as shown in 

Figure 7. The value of ∆Ret was less than 300 Ω as the five species were added dropwise, while the value 

of ∆Ret for Staphylococcus aureus was 911.4 Ω. The major reason for such a significant change is the 

specificity of the antibody for antigen recognition. The results again indicate that the immunosensor is 

feasible for the detection of Staphylococcus aureus. 
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Figure 7. Specificity investigation of the proposed sensors towards E. coli, S. typhimurium, B. pumilus, 

K. pneumoniae, B. subtilis and S. aureus.  

 

The experiments also examined the detection of this sensor on real samples. A serum spiked with 

Staphylococcus aureus was selected as the sample for the assay. 1 μL of serum was taken and diluted to 

1 mL of sample by adding PBS (pH 7.4). The sample was divided into four portions and spiked with 

different concentrations of Staphylococcus aureus. The sensor was adopted to test each of the above 

treated samples, and the procedure was repeated three times with the results shown in Table 2. The 

relative standard deviations of the immunosensor were in the range of 1.75%-2.75%, indicating that the 

immunosensor is accurate and can be applied to the actual samples. 

 

 

Table 2. Determination of Staphylococcus aureus in serum samples by using the proposed sensor and 

plate count method. 

 

Sample Staphylococcus aureus concentration (CFU/mL) RSD (%) 

Blank Added Found Plate count 

1 / 4.00 × 102 4.07 × 102 4.03 × 102 1.75 

2 / 4.00 × 103 4.10 × 103 4.19 × 103 2.50 

3 / 4.00 × 104 3.89 × 104 3.84 × 104 2.75 

 

 

 

4. CONCLUSION 

In this work,  a new electrochemical sensor for Staphylococcus aureus detection was prepared 

based on electrochemical impedance spectroscopy with AuNPs immobilized on the surface of silanized 

ITO electrodes. The preliminary detection of Staphylococcus aureus was achieved with electrochemical 

impedance spectroscopy. The experimental results demonstrate that the biosensor has a detection limit 

of 3 × 103 CFU/mL and a linear response range of 3 × 103 - 3 × 107 CFU/mL, which means a high 

sensitivity. In addition, the sensor has a short detection time, simple operation and high stability, which 

can be applied in real-time detection.   
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