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Abstract. Electrochemical immunosensing has emerged as a contemporary sensing strategy 

based on the principles of specific antigen-antibody recognition, offering exceptional 

specificity, remarkable sensitivity, and seamless integration. In this study, we present a 

rapid, three-step, and cost-effective modification process to establish an immunosensing 

platform using a self-assembled monolayer (SAM) of L-Cysteine. This approach was 

experimentally implemented through quantitative detection of Bovine Serum Albumin 

(BSA) protein, spanning a concentration range from 0.5 µM to 8.0 µM. Optical signals, along 

with observable changes in electrical signals from cyclic voltammetry (CV), square wave 

voltammetry (SWV) and electrochemical impedance spectroscopy (EIS) confirmed the 

formation of monolayers on the electrode surface and detection signals for BSA protein. The 

characteristic curve, employing the change in charge transfer resistance (ΔRct) as a function 

of BSA protein concentration, was plotted with a coefficient of determination (R²) value of 

0.95136. These findings underscore the potential of L-Cysteine-based SAMs in 

electrochemical biosensing applications for highly sensitive and cost-efficient protein 

detection. 
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1 Introduction 

Self-Assembled Monolayers (SAMs) have been fundamental components of biosensors for 

immobilizing biorecognition elements, such as antibodies, antigens, DNA, enzymes, or 

aptamers [1–3]. They provide a stable and functional surface, offer control over surface 

properties, reduce non-specific binding, enhance sensitivity, and enable compatibility with 

various transduction methods. These attributes have made SAMs indispensable in advancing 

biosensors with heightened sensitivity and specificity, applicable in fields ranging from medical 

diagnostics to environmental monitoring, and beyond [4]. (R)-2-Amino-3-mercaptopropionic 

acid, also known as L-Cysteine, which plays a crucial role in the formation of SAMs in surface 
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chemistry applications, is a naturally occurring amino acid found in biological systems. Its 

biocompatibility makes it suitable for SAMs used in biomedical and biotechnology applications 

[5], enabling surface functionalization for bioconjugation. Additionally, L-Cysteine contains a 

thiol (sulfhydryl) group, which is essential for SAM formation due to its strong and stable 

binding to many metal surfaces [6], especially gold substrates [7, 8]. 

 

Fig. 1. Schematic diagram of the proposed process: Step (1) Self-assembled monolayer formation; Step (2) 

Antibody immobilization; Step (3) Protein capture 

Protein detection has primarily relied on immunoassay techniques, including 

immunohistochemistry (IHC) [9, 10], enzyme-linked immunosorbent assay (ELISA) [10, 11], 

flow cytometry [12], and protein microarray [13]. Additionally, electrochemical sensors have 

been increasingly developed in the field of electrochemistry to enhance analytical efficiency 

[14]. Possessing characteristics such as flexibility, miniaturization, and affordability [15], these 

sensors have broadened their range of applications, particularly in the monitoring and detection 

of biomarkers [16]. Thanks to their high sensitivity and selectivity, electrochemical biosensors 

have received substantial investments in both research and manufacturing, primarily based on 

the widely accepted mechanism of specific antibody-antigen pairing [17–19]. However, these 

biosensors often depend on intricate, multi-step detection and fabrication techniques that 

required advanced equipment platforms.  
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In research conducted by Yan et al. [20], a SAM of L-Cysteine was utilized to modify a 

gold electrochemical sensor, enabling the detection of copper ions in environmental samples 

with a low limit of detection of less than 5 ppb. Similarly, Moccelini et al. [5] employed a 

biosensor modified with an L-Cysteine SAM on a gold electrode to detect dopamine. In their 

study, dopamine concentrations ranging from 9.91 × 10−6 to 2.21 × 10−4 mol L−1 were successfully 

detected through square wave voltammetry, achieving a remarkable limit of detection of 4.78 × 

10−7 mol L−1. The presence of L-Cysteine SAM on the gold electrode formed the essential 

framework for immobilizing the biological probe to detect the necessary object.  

In this study, an immunosensor using L-Cysteine as a SAM was developed for the 

electrochemical detection of target proteins, employing a straightforward three-step process as 

described in Figure 1. In the first step, a SAM was formed on the screen-printed gold electrode 

surface using (R)-2-Amino-3-mercaptopropionic acid (L-Cysteine). This crucial layer served as 

an interface between the gold electrode surface and the bio-probe [21–23], facilitated by the 

robust bond between SAM’s thiol functional group and the gold electrode surface, and the 

linking of its amino group with the bio-probe's amino group. The second step involved the 

immobilization of the anti-Bovine Serum Albumin antibody (anti-BSA) as a bio-probe, onto the 

electrode surface by crosslinking between its amino groups and L-Cysteine’s amino groups 

using glutaraldehyde (GTA) [24, 25]. Bio-probe immobilization is also a critical step for various 

sensing and diagnostic applications, as each bio-probe can only pair with one specific target. In 

the third step, the detection of the Bovine Serum Albumin-fluorescein isothiocyanate conjugate 

(BSA) protein was performed. This detection was based on observing an increase in optical 

signals resulting from the specific binding of the bio-probe (anti-BSA) and the target protein 

(BSA), corresponding to an increase in BSA concentration ranging from 0.5 µM to 8.0 µM. 

Combined with the evident changes in electrical signals of cyclic voltammetry (CV), square 

wave voltammetry (SWV), and electrochemical impedance spectroscopy (EIS), the formation of 

monolayers on the electrode surface and the detection of the BSA protein were confirmed. 

2 Experimental 

2.1 Materials 

(R)-2-Amino-3-mercaptopropionic acid (L-Cysteine) for SAM formation was obtained from 

Sigma–Aldrich. Glutaraldehyde 50%, also from Sigma–Aldrich, was used for crosslinking the 

amino groups. Anti-Bovine Serum Albumin antibody (anti-BSA) from Sigma–Aldrich was used 

as a bio-probe to detect the target protein. Bovine Serum Albumin-fluorescein isothiocyanate 

conjugate (BSA) from Sigma–Aldrich was used as the target protein at different concentrations. 

10X Phosphate Buffered Saline (PBS) at pH 7.4 was from Gibco, USA. Deionized (DI) water 

(18.2 MΩ·cm) from a PURIST® Ultrapure Water Systems, Rephile, Singapore was used to clean 

electrodes five times and a light stream of nitrogen was used to dry the chip surface. Potassium 
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Chloride (KCl) and Potassium Ferricyanide (K3Fe(CN)6) and Potassium Ferrocyanide 

(K4Fe(CN)6) purchased from Choneye Pure Chemicals, Taipei, Taiwan were used for electrodes 

scanning in all electrochemical measurements. Screen-Printed Gold Electrode (SPAuE) chips of 

BioDevice Technology Ltd., Japan were connected to the Palmsens4 Potentiostat, Galvanostat 

for Electrochemical Impedance Spectroscopy of PalmSens BV, The Netherlands to find out the 

necessary signal. The surface modification steps for protein detection were applied to modify 

the working electrode surface of these chips. Figure 2 shows the connection of the Palmsens4 

measurement device to SPAuE chip and PS Trace 5.9 software on a computer. 

 

Fig. 2. Connection of the Palmsens4 measurement device to SPAuE chip and PS Trace 5.9 software on a 

computer 

2.2 Bio-probe immobilization 

In preparation for the experiments, the SPAuE chips were cleaned with an ethanol solution, 

then recleaned with DI water and dried with a nitrogen stream. For step 1 in Figure 1, the L-

Cysteine SAM was formed on the working electrode surface of the SPAuE chip. This step 

involved immersing the chip overnight in a 10 mM L-Cysteine solution diluted in 1X PBS at 

room temperature. After cleaning with DI water and nitrogen, the SPAuE chip was labeled as 

SPAuE/SAM. For step 2 in Figure 1, a 3.0 μL solution containing anti-BSA at 15 µM and 

glutaraldehyde at 5%, both diluted in 1X PBS at a 1:1 volume ratio, was dropped on the 

working electrode surface. The electrode was then incubated for 2 hours at 4°C. During this 
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step, crosslinking occurred between L-Cysteine’s amino groups and anti-BSA’s amino groups. 

The chips were then cleaned again, labeled as SPAuE/SAM/antiBSA and stored at 4°C in 

preparation for the detection of BSA protein at different concentrations. 

2.3 Protein detection 

For step 3 in Figure 1, the working electrode surface of the SPAuE/SAM/antiBSA chip was 

incubated with 3.0 µL of different concentrations of BSA protein, diluted in 1X PBS, for 1 hour 

at 4°C. During this step, antibody-antigen pairing between anti-BSA and BSA occurred. The 

chip was then cleaned to remove the unspecific binding and labeled as 

SPAuE/SAM/antiBSA/BSA. Thanks to the fluorescent conjugation of BSA, the pairing of anti-

BSA and BSA could be observed under an inverted microscope. Besides, this pairing created a 

non-conductive layer coating the working electrode surface, which sharply increased the 

impedance corresponding to Rct (charge transfer resistance) in EIS signal and significantly 

decreased the current peak in SWV, and CV signals. To determine these electrochemical 

characteristics, this chip's three electrodes were covered with 35 µL of an electrolyte solution (5 

mM of each K3Fe(CN)6 and K4Fe(CN)6 in 0.1 M KCl, diluted in DI water) and scanned at a rate 

of 50 mV/s with an Ag/AgCl reference electrode. 

3 Results and discussion 

3.1 Investigation of optical signal 

An inverted microscope system integrated with a camera was used to observe and capture 

fluorescence images of the BSA fluorescein isothiocyanate conjugate. A desktop computer was 

connected to the camera for data acquisition. After modification process for detecting BSA 

protein at different concentrations, the SPAuE/SAM/antiBSA/BSA chips were placed on the 

inverted microscope system and the images of optical signal were collected. Figure 3 shows the 

images of SPAuE/SAM/antiBSA/BSA working electrode surface at BSA protein concentrations 

ranging from 0.5 µM to 8.0 µM. These optical images show that as the concentration increases, 

the fluorescence intensity becomes stronger. Figure 4 shows the fluorescence intensity 

measured within the same specific area at different concentrations of BSA protein using the 

rectangle tool in ImageJ software. The fluorescence intensity was automatically quantified and 

averaged at 11.722, 16.319, 20.861, 24.456 and 27.421 corresponding to concentrations of 0.5 µM, 

1.0 µM, 2.0 µM, 4.0 µM and 8.0 µM, respectively. The greater the concentration, the clearer the 

optical signal. This result demonstrates the success in capturing and detecting BSA protein at 

different concentrations. 
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Fig. 3. Images of BSA protein on the SPAuE/SAM/antiBSA/BSA working electrode surface at BSA protein 

concentrations ranging from 0.5 µM to 8.0 µM 

 
Fig. 4. Fluorescence intensity measured within the same specific area at different concentrations of BSA 

protein 

3.2 Investigation of electrical signal 

In addition to optical signals, electrochemical signals were also studied to confirm the formation 

of monolayers on the electrode surface and the detection of BSA protein. Figure 5a shows the 

cyclic voltammetry (CV) signal before and after formation of L-Cysteine SAM on the chip 

surface. The increase in current peaks after the SAM formation indicates an enhancement in 

electron transfer dynamics [26, 27]. The improved electrical conductivity of the electrode after 
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SAM formation can be considered an advantage of L-Cysteine compared to other SAMs, which 

are typically characterized by increased impedance [28, 29]. Figure 5b shows the CV signal of 

the chip after SAM formation, anti-BSA immobilization, and at different concentrations of BSA 

protein. The current peaks decrease after the immobilization of the bio-probe and the capture of 

the target protein at different concentrations, the higher the BSA concentration, the lower the 

current peak signal. To further confirm the successful capture and detection of the protein at 

different concentrations, the square wave voltammetry (SWV) signal was investigated, as 

illustrated in Figure 6. The current peaks decrease sharply after anti-BSA immobilization and 

with increasing concentrations of BSA protein, ranging from 0.5 µM to 8.0 µM. 

Fig. 5. (a) CV signal before and after formation of L-Cysteine SAM on the chip surface. (b) CV signal of the 

chip after SAM formation, anti-BSA immobilization, and at different concentrations of BSA protein 

 
Fig. 6. SWV signal of the chip after SAM formation, anti-BSA immobilization, and at different 

concentrations of BSA protein 
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The electrochemical impedance spectroscopy (EIS) method involves analyzing total 

impedance of the electrochemical system by applying a small amplitude AC voltage (5 to 10 

mV) over a wide frequency range, varying from high to low (MHz to mHz). The interface 

between the electrode and the electrolyte is presented by Randles equivalent circuit which 

includes Rs, Cdl, Rct and W. Rct, which characterizes the charge transfer, depends on both the 

morphology and the conductivity of the electrode surface [30]. Therefore, to investigate the 

change in conductivity of the electrode surface after SAM formation, anti-BSA immobilization, 

and at different concentrations of BSA protein, the chips were scanned in the electrolyte 

solution over a frequency range from 0.05 to 105 Hz with an applied voltage of 10 mV. The 

measured signals were automatically matched to Randles equivalent circuit using PS Trace 5.9 

software to calculate Rct. Figure 7a shows an increasing Nyquist plot semicircle diameter 

corresponding to the increasing Rct after bio-probe immobilization (SPAuE/SAM/antiBSA) and 

BSA protein capture (SPAuE/SAM/antiBSA/BSA) at different concentrations. The Figure 7b 

inset shows the Randles equivalent circuit automatically matched using PSTrace 5.9 software 

for calculating the Rct values. Figure 7b presents a linear fit with a coefficient of determination 

R2 value of 0.95136, representing the change in Rct (ΔRct) as a function in response to changes in 

BSA concentration (C) ranging from 0.5 µM to 8.0 µM as follows: 

 ΔRct (kΩ) = 0.94301 × C (μM) + 4.81667                             (1) 

The significant difference in both current and impedance between SPAuE/SAM/antiBSA 

and SPAuE/SAM indicates the successful immobilization of anti-BSA on the electrode surface, 

enabling the detection of BSA protein.  

Fig. 7. (a) EIS signal of the chip after SAM formation, anti-BSA immobilization, and at different 

concentrations of BSA protein. (b) ΔRct plotted as a function of BSA protein concentration 
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4 Conclusion 

In this study, we proposed a rapid, three-step and efficient immunosensor electrode 

modification process for detecting BSA protein. The successful formation of a SAM using L-

Cysteine on the surface of gold electrode laid the foundation for electrode functionalization 

with a bio-probe, enabling the detection of protein within a concentration range from 0.5 µM to 

8.0 µM. The proposed process induced significant changes in cyclic voltammetry, square wave 

voltammetry, electrochemical impedance spectroscopy, and optical signals at different 

concentrations. The current peaks in CV and SWV measurements decreased in correspondence 

with the increase in charge transfer resistance Rct observed in EIS measurements as the 

concentration increased. This was consistent with the optical results, where fluorescence 

intensity, automatically calculated by ImageJ software, showed that the optical signal became 

more pronounced with increasing concentration. The ΔRct signal, used as a measure of BSA 

protein concentration, exhibited a high coefficient of determination (R²) at 0.95136. This finding 

establishes a robust sensing platform with great potential for selective BSA detection. Our 

future work will involve deploying the immunosensor in real samples to further assess its 

selectivity and enhance its applicability for protein detection in research and analysis. 
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