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A B S T R A C T   

β-1,4-Galactosyltransferase-V (β-1,4-GalT-V) is a membrane-bound glycoprotein with glycosyltransferase enzyme 
activity that synthesizes lactosylceramide and glycosylates high-branched N-glycans in the Golgi apparatus. 
Colorectal cancer (CRC) tumor cells have shown to overexpress these biomolecules concerning normal cells, 
releasing them into the body fluids. Thus, their detection has been suggested as a diagnosis/prognosis CRC 
biomarker. We report the first electrochemical immunosensor for the detection of such a novel β-1,4-GalT-V CRC 
biomarker. The label-free electrochemical immunosensor covalently coupled an anti-β-1,4-GalT-V antibody at a 
mixed self-assembled monolayer-coated screen-printed gold electrode (SPAuE) surface. This functionalized 
platform captured the β-1,4-GalT-V glycoprotein from human serum samples with high specificity, which 
response monitored by electrochemical impedance spectroscopy (EIS) was protein concentration-dependent. The 
resultant electrochemical immunosensor showed a linear dynamic range from 5 to 150 pM, with a sensitivity of 
14 Ω pM− 1 and a limit of detection of 7 pM, of clinical relevance. This outstanding performance makes it great 
potential for including it in a biomarker signature for the early diagnosis/prognosis of CRC.   

1. Introduction 

β-1,4-GalT-V has emerged as a candidate biomarker for diagnosing 
and treating human CRC [1]. β-1,4-GalT-V is a membrane-bound 
glycoprotein localized in the Golgi apparatus with transferase enzyme 
activity. It catalyzes galactosylation of glucosylceramide to synthesize 
the glycosphingolipid lactosylceramide [2]. β-1,4-GalT-V also catalyzes 
galactosylation of the N-acetylglucosamine β-1-6 mannose group of the 
highly-branched N-glycans [3]. There is evidence that CRC tumor cells 
synthesize β-1,4-GalT-V at high levels concerning normal cells [1]. 
Furthermore, it is widely accepted that the expression levels of different 
glycosyltransferases changes during carcinogenesis [4]. These glyco-
syltransferases can be released from the Golgi membrane after protease 
activity and then secreted into body fluids [5–7]. Hence, this suggests 
that β-1,4-GalT-V glycoprotein could be released into body fluids and 
used as a biomarker in CRC diagnosis [8]. 

Previous research reported the β-1,4-GalT-V quantification by 
Enzyme-Linked Immunosorbent Assay (ELISA) in CRC human tissues 
and mice skin [1,9]. It has also been used proteomics approaches to 
detect other glycoproteins and glycosyltransferases. These approaches 
combine liquid chromatography with mass spectrometry-based methods 

and data analysis by bioinformatics tools [10,11]. However, ELISA has 
some limitations, including laborious procedures, limited multiplexing 
options and requires centralized laboratory equipment, and relatively 
high sample volume [12]. Likewise, proteomics approaches are techni-
cally demanding and require sophisticated laboratory equipment and 
skilled personnel [13]. In addition, glycosyltransferases into human 
serum are at low levels (ng mL− 1) in healthy individuals concerning 
those diagnosed with the disease [5,14]. Therefore, sensitive, specific, 
simple, rapid, and precise tests must be implemented to detect the β-1, 
4-GalT-V both in health and disease conditions to reduce analysis time 
and cost and implement disease diagnosis in low- and middle-income 
regions with limited resources [15]. 

Electrochemical biosensing is a powerful tool for determining single 
or multiple clinical biomarkers at different molecular levels because it 
allows simple, rapid, affordable, and accurate determination [16]. 
Electrochemical biosensors have been developed using multiple bio-
receptors, such as antibodies, nucleic acids, aptamers, glycans, and 
peptides, etc. [17–21]. Among electrochemical biosensors, immuno-
sensors have shown great potential for real sample analysis due to their 
high specificity, sensitivity, accuracy, low detection limits and fast 
response. They can be of convenient operation, portable, amenable for 
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miniaturization and cost-affordable [22]. Electrochemical biosensors 
interrogated by the highly sensitive Electrochemical Impedance Spec-
troscopy (EIS) technique excel in simplicity, enhanced limits of detec-
tion, and portability [23]. Yet, there is no single report on a β-1,4-GalT-V 
glycoprotein biosensor to the best of our knowledge. 

This paper reports on the first electrochemical immunosensor for the 
determination of β-1,4-GalT-V glycoprotein. The label-free electro-
chemical immunosensor uses a polyclonal anti-β-1,4-GalT-V antibody as 
a bioreceptor that captures the analyte glycoprotein. The anti-β-1,4- 
GalT-V antibody was covalently immobilized onto an SPAuE, previously 
functionalized with a mixed self-assembled monolayer (SAM). The SAM 
provides available carboxylic acids for the anti-β-1,4-GalT-V antibody 
covalent attachment. The antibody-glycoprotein interaction was detec-
ted and quantified by EIS. The resultant immunosensor was highly 
specific for the β-1,4-GalT-V glycoprotein capture, detecting and quan-
tifying it in commercial human serum samples, thus holding consider-
able potential for determining other proteomic biomarkers. Also, the 
biosensing platform simplicity, low limit of detection achieved (pM 
range), and label-free operation mode, attributes required for minia-
turization, make this an ideal candidate immunosensing device for dis-
eases diagnosis close to the patient. 

2. Materials and methods 

2.1. Reagents and solutions 

11-Mercaptoundecanoic acid (MUA), 6-mercapto-1-hexanol (MCH), 
absolute ethanol, ethanolamine (ETA), potassium ferricyanide (III) (K3 
[Fe(CN)6]) and potassium hexacyanoferrate (II) trihydrate (K4 [Fe 
(CN)6]⋅3H2O) were purchased from Merck Millipore. Disodium 
hydrogen phosphate (Na2HPO4), potassium nitrate (KNO3) and Tween- 
20 were acquired from PanReac AppliChem. Potassium dihydrogen 
phosphate (KH2PO4), potassium chloride (KCl) and sodium chloride 
(NaCl) were obtained from J.T.Baker®. Sulphuric acid (H2SO4) was 
purchased from Honeywell Fluka™. Bovine serum albumin (BSA), 
human serum, 2-(N-morpholino) ethanesulfonic acid sodium salt (MES), 
N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) 
and N-hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich. 
Anti-β-1,4-GalT-V antibody (ab110398), recombinant β-1,4-GalT-V 
glycoprotein (ab160437), recombinant cellular tumor antigen (p53) 
protein (ab199593), anti-p53 antibody (ab28), interleukin-8 (IL-8, 
ab48481), and anti-human immunoglobulin (IgG) antibody (ab97161) 
were purchased from Abcam. All reagents were used as received and the 
solutions were prepared using ultrapure water of 18 MΩ cm from a 
Smart2Pure 3 UV/UF Milli-Q system. Phosphate Buffered Saline PBS 1X, 
pH 7.4 was used to prepare the antibody and glycoprotein solutions and 
spiked human serum samples. 

2.2. Equipment and SPAuEs pretreatment 

We purchased SPAuEs employed in the electrochemical measures 
from Metrohm DropSens (ref 220 BT). They consist of a three-electrode 
cell configuration with a 4 mm working gold electrode, a counter gold 
electrode, and a silver pseudo-reference electrode printed all together on 
the ceramic substrate. We performed the electrochemical measurements 
in a multi-channel potentiostat/galvanostat MultiPalmSens 4 with 
software MultiTrace version 4.4. We used SPAuEs because gold surfaces 
are amenable for functionalization with alkanethiols-based self-assem-
bled monolayers (SAMs), acting as an interface to biomolecules immo-
bilization [24–29]. Furthermore, gold is a reasonably inert material 
resisting oxidation (in comparison to silver), has surface defects 
appropriate for electron transfer, and has high electrical conductivity 
[30–32]. 

First, we cleaned the surface of the SPAuE through electrochemical 
activation in an acidic medium. The electrochemical activation was 
carried out in 0.1 M H2SO4 by Cyclic Voltammetry (CV). We scanned the 

potential between +1.6 V and 0 V (vs Ag pseudo-reference electrode) at 
a scan rate of 0.1 V s− 1 for 5 cycles. When the surface of SPAuE was 
activated, we estimated the effective area by considering that the 
reductive peak from the gold surface has a charge density of 410 μC 
cm− 2 [33]. Finally, we calculated the electroactive area (A) of the 
electrodes with the Randles-Sevcik equation, from the CV experiments 
in 1 mM K3 [Fe(CN)6]/0.1 M KNO3, at a scan rate of 50 mV s− 1. This final 
step was necessary to verify the proper activation of the electrode sur-
face. See details in the supporting information (SI) section. 

2.3. Electrochemical measurements 

We characterized the biosensing platform by electrochemical tech-
niques. At each step of the immunosensor assembly, we evaluated the 
electrochemical performance by CV and EIS using the redox pair 5 mM 
[Fe(CN)6]4-/3- in PBS 1X pH 7.4 as supporting electrolyte. The potential 
window for CV was between +0.5 V and − 0.1 V, at a scan rate of 0.05 V 
s− 1 for 3 consecutive cycles. This measurement was made initially with 
the bare electrode and later after each step of the functionalization 
process. To carry out the EIS measurement, we applied the formal po-
tential of the redox pair (+0.18 V). The amplitude of the sinusoidal wave 
was 10 mV and frequencies ranging from 100 kHz to 0.1 Hz. We held the 
potential for 1 min before recording each spectrum to ensure the system 
reached a steady-state condition [34,35]. We fitted the EIS data to the 
electrical equivalent circuit using EIS analyzer software to characterize 
the interfacial electrical properties. 

We performed the impedance measurements after each step of the 
immunosensor development, i.e., after the formation of the mixed SAM, 
activation of the carboxyl groups, covalent coupling of the antibody, 
blocking off the remaining active esters, and incubation with the mo-
lecular target. 

We used the electrical equivalent circuit Rs (CPE Rct) to model the 
SAM formation step for data analysis. Subsequent steps were fitted to Rs 
(CPE [Rct Zw]), where Rs is the solution resistance, CPE is the constant 
phase element, Rct the charge transfer resistance and Zw the Warburg’s 
element. 

2.4. Assembly of the electrochemical immunosensor 

We started the assembly of the electrochemical immunosensor by 
forming a mixed SAM of alkane-thiols through chemisorption onto the 
SPAuE surface. It enables functionalization of the electrode surface with 
carboxylic groups placed distal to the thiol group of the SAMs. For 
achieving it, we submerged the SPAuE in an ethanolic solution con-
taining a mixture of a 1:1 M ratio of MUA and MCH at a concentration of 
1 mM for 30 min. After incubation, we washed the SPAuEs with absolute 
ethanol and finally with ultrapure water [26]. 

Once a SAM was formed with carboxyl and hydroxyl groups on the 
SPAuE surface, we proceeded with the anti-β-1,4-GalT-V antibody co-
valent coupling. We used the EDC-NHS chemistry to activate the 
carboxyl group of MUA on the SPAuE surface. To achieve this, we added 
4 μL of a 400 mM EDC and 100 mM NHS mixture, prepared in a 25 mM 
MES buffer solution pH 6.5, for 15 min. At the end of this step and in the 
following incubation steps, the SPAuE was washed with ultrapure water. 
Next, we added 6 μL of 40 μg mL− 1 anti-β-1,4-GalT-V antibody solution 
prepared in PBS 1X pH 7.4 for 90 min, and later we blocked the 
remaining active esters with 1 M ethanolamine pH 8.5 for 15 min. 

We used the assembled electrochemical immunosensor to detect the 
β-1,4-GalT-V glycoprotein by EIS. To do this, we prepared a 16 nM (722 
ng mL− 1) β-1,4-GalT-V glycoprotein solution from a 100 μg mL− 1 (MW 
45.13 kDa) stock solution by diluting in PBS 1X pH 7.4. Next, we 
incubated the electrochemical immunosensor with 6 μL of the β-1,4- 
GalT-V glycoprotein solution for 45 min. Finally, we washed the SPAuE 
with ultrapure water and carried out the EIS measurement using the 
redox pair [Fe(CN)6]4-/3- in PBS 1X pH 7.4 as an electrochemical probe 
and supporting electrolyte, respectively. 
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2.5. Optimization of experimental parameters 

Once we confirmed the functionality of the electrochemical immu-
nosensor, we optimized the anti-β-1,4-GalT-V antibody concentration 
based on the best signal/noise (S/N) ratio. The S/N ratio was calculated 
as the ratio between Rct (β-1,4-GalT-V) and Rct (ETA), where Rct (β-1,4- 
GalT-V) was the charge transfer resistance value related to the binding of 
β-1,4-GalT-V glycoprotein to the antibody and Rct (ETA) was the charge 
transfer resistance value having the anti-β-1,4-GalT-V antibody immo-
bilized on the SPAuE surface and remanent reactive esters blocked with 
ETA. In this assay, we evaluated anti-β-1,4-GalT-V antibody concentra-
tions of 5, 10, 20, 40, and 50 μg mL− 1 at excess of β-1,4-GalT-V glyco-
protein concentration (16 nM, 722 ng mL− 1) for 45 min and chose the 
concentration at which the S/N ratio was the largest. Therefore, we 
selected this concentration for the following experiments (optimization 
of the β-1,4-GalT-V glycoprotein incubation time with the immuno-
sensor and building the calibration curve). Finally, we evaluated β-1,4- 
GalT-V glycoprotein incubation times with the immunosensor from 15 
to 60 min and chose the time with the highest S/N ratio. 

2.6. Determination of analytical parameters 

Once we determined the optimal conditions, we evaluated the 
analytical performance of the electrochemical immunosensor, detecting 
different concentrations of the β-1,4-GalT-V glycoprotein. Different di-
lutions with known β-1,4-GalT-V glycoprotein concentrations were 
evaluated by EIS using the difference in charge transfer resistance (ΔRct) 
as the response variable for β-1,4-GalT-V glycoprotein quantification. 
The biosensor calibration curve was made by plotting ΔRct versus β-1,4- 
GalT-V glycoprotein concentration. Changes in resistance were calcu-
lated according to ΔRct = Rct (β-1,4-GalT-V) - Rct (ETA). Proper volumes 
of β-1,4-GalT-V glycoprotein stock solution were diluted up to 100 μL of 
buffer PBS 1X pH 7.4 to get 5, 50, 75, 100 and 150 pM (0.23, 2.26, 3.38, 
4.51 and 6.77 ng mL− 1). Finally, we analyzed the resulting β-1,4-GalT-V 
glycoprotein solutions with three independent immunosensors. We 
determined the limit of detection (LOD) and the limit of quantification 
(LOQ) of the biosensor by using the 3-sigma and 10-sigma criteria, 
respectively, with LOD = 3Sb/m and LOQ = 10Sb/m, where Sb is the 
standard deviation for the Rct (ETA), and m is the slope of the calibration 
curve. 

2.7. Specificity and selectivity studies 

To assess the specificity of the electrochemical immunosensor, we 
evaluated the cross-reactivity of the anti-β-1,4-GalT-V antibody sepa-
rately to p53 protein, anti-p53 antibodies, IL-8 and IgG. Such bio-
molecules are overexpressed in CRC tumors and could be cross-reactive 
with the anti-β-1,4-GalT-V antibody. IgG is an abundant biomolecule in 
human serum and could also interfere with the determination of β-1,4- 
GalT-V. The concentration evaluated of p53, anti-p53, IL-8, and IgG was 
50 μg mL− 1. The selectivity was assessed by mixing 10 μg mL− 1 of p53, 
anti-p53, IL-8, and IgG in a buffer PBS 1X pH 7.4 containing 100 pM 
(4.51 ng mL− 1) β-1,4-GalT-V glycoprotein. Finally, we completed these 
analyses using the protocol mentioned above to detect the β-1,4-GalT-V 
glycoprotein by EIS. We performed a paired t-test and a 1-way ANOVA 
with a level of statistical significance of 99% to evaluate the statistical 
significance between the samples. 

2.8. Quantification of β-1,4-GalT-V glycoprotein in human serum 

As a proof of concept, we used the electrochemical immunosensor to 
detect the β-1,4-GalT-V glycoprotein in commercial human serum. First, 
we spiked 10 μL of human serum with known concentrations of β-1,4- 
GalT-V glycoprotein (2.5, 5.0, 7.5 and 1.0 nM) and next diluted the 
spiked serum 1:100 with PBS pH 7.4 containing 0.1% Tween-20 (v/v) 
and 3% BSA (w/v). The resultant solutions were vortexed for 15 s and 

incubated at 37 ◦C for 15 min to dissolve the possible lipid aggregates 
present in the matrix. We removed the insoluble residual components of 
the sample by centrifugation at 13,000 rpm, 4 ◦C for 5 min. After that, 
we dropped 4 μL of supernatant onto the SPAuE and incubated it in the 
humidity chamber for 30 min to bind the β-1,4-GalT-V glycoprotein. We 
performed a series of washing steps with ultrapure water to remove the 
components that did not bind to the antibody. Finally, we completed 
these analyses using the protocol mentioned above to detect the β-1,4- 
GalT-V glycoprotein by EIS. 

We also detected the β-1,4-GalT-V glycoprotein in undiluted serum. 
For this purpose, we spiked human serum with known concentrations of 
β-1,4-GalT-V glycoprotein (25, 50, 75, and 100 pM) and dropped 6 μL of 
undiluted serum samples onto the SPAuE. After a series of washing steps 
with ultrapure water, we completed these analyses using the protocol 
mentioned above to detect the β-1,4-GalT-V glycoprotein by EIS. 

3. Results and discussion 

3.1. Development of the electrochemical immunosensor 

We successfully developed a label-free electrochemical immuno-
sensor for the detection of β-1,4-GalT-V glycoprotein, as shown in 
Scheme 1. For this purpose, we assembled the immunosensor, step by 
step, starting with forming a mixed MUA/MCH SAM onto the SPAuE 
surface. The SAM formation was followed by chemical activation of 
carboxylic acids with EDC/NHS, forming a reactive N-hydrox-
ysuccinimidyl ester (NHS-ester) on the SPAuE surface. After activation 
of carboxylic acids, we attached the anti-β-1,4-GalT-V antibody by 
amide bond formation between the NHS-ester onto the SPAuE surface 
and primary amine groups from the antibody. Following anti-β-1,4- 
GalT-V antibody covalent attachment on the SPAuE surface, we reverted 
unreacted NHS-esters with ethanolamine, preventing the non-specific 
binding of proteins onto the SPAuE surface. 

The anti-β-1,4-GalT-V antibody attached to the surface of SPAuE was 
the bioreceptor that specifically and selectively recognized the target 
glycoprotein. The immunosensor’s working principle was the molecular 
interaction between anti-β-1,4-GalT-5 antibody with β-1,4-GalT-V 
glycoprotein by an antigen-antibody affinity reaction. When the anti-
body captured the target glycoprotein on the electrode surface, the 
interfacial electrical properties were disturbed. Then, the electro-
chemical transducer detected these changes in interfacial electrical 
properties and transferred the output signal from the molecular 
biochemical domain to the electrical domain into quantitative analytical 
information. Finally, the electrical signal was correlated to the glyco-
protein concentration. 

3.2. Functionalization of the SPAuE surface 

The immunosensor functionalization required self-assembly and 
molecularly well-ordered alkanethiols immobilization onto a solid-state 
conductive SPAuE surface [36]. To achieve it, we used a mix of alka-
nethiols consisting of MUA and MCH; the SAM was formed by sponta-
neous chemisorption of these alkanethiols onto the SPAuE surface. This 
chemisorption led to well-defined packed and dense MUA and MCH in a 
molecular layer on the SPAuE surface, with free carboxylic acids avail-
able for antibody coupling from the solution phase [37,38]. The chem-
isorption needed to be controlled and reproducible to achieve proper 
immunosensors reproducibility and repeatability by activating the 
SPAuE by CV in acidic conditions [39]. This CV was used to obtain the 
voltammograms corresponding to the gold reduction and oxidation 
processes, as shown in S.I. Figure S1A. The resultant voltammogram 
enabled calculating the effective area (Ae) by integrating the gold oxide 
reduction peak in the last scan (5th cycle) and using a value of 410 μC 
cm− 2 as the corresponding charge required for the reduction of gold 
oxide monolayer to consider the SPAuE surface roughness [39]. Such 
surface defects generate heterogeneity of the surface energy states, 
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where current could pass through depending on the phase boundary 
[40]. The calculated Ae from CV data was 126.5 ± 4.4 mm2, more sig-
nificant than the geometric area. Once Ae was calculated, we maintained 
the surface roughness factor (Ae/Ag) at 10 ± 0.3 to get a reproducible 
SAM on the SPAuE surface, considering Ag = 12.6 mm2 as the geometric 
area reported by the manufacturer. 

We then calculated an electroactive area (A) of 12.5 ± 0.05 mm2, 
closed to Ag, using the Randles-Sevcik equation from CV experiments in 
1 mM K3 [Fe(CN)6]/0.1 M KNO3, at 50 mV s− 1 (S.I. Figure S1B) [41]. 
The electroactive area represented the SPAuE surface area accessible to 
the electrochemical probe for the redox process [42]. These results 
indicate the proper activation of the SPAuEs with an interelectrode 
relative standard deviation lower than 3% in ten independent SPAuEs. 
Afterward, the SPAuEs were treated with the MUA/MCH solution, and 
the SAM was formed successfully and reproducibly onto the SPAuE 
surface. SPAuEs have a high surface roughness that may decrease the 
quality of monolayer assembly and molecular packing [36,43]. How-
ever, although the SAM is less ordered and packed, the 11-MUA enables 
an efficient immobilization of antibodies onto the electrode surface, and 
therefore, a high antigen binding [44]. 

3.3. Electrochemical characterization of the immunosensor 

Each step of immunosensor’ assembly was electrochemically char-
acterized by CV and EIS using 5 mM Fe(CN)6

4− /3-/PBS 1X as a redox 
probe, as shown in Fig. 1A. The maximum current intensity corresponds 
to the bare SPAuE because the redox probe diffused to the SPAuE surface 
without steric hindrance and, therefore, with fast electron transfer ki-
netics. After SAM formation on the SPAuE surface, the current intensity 
decreased drastically due to electrostatic repulsion between the MUA’s 
carboxylic acids onto the SPAuE surface and the redox probe in solution 
[45]. Once carboxylic acids were activated, the current intensity 

increased because N-hydroxysuccinimidyl ester (NHS-ester) is an un-
charged compound; therefore, the electrostatic repulsion between the 
redox probe and SPAuE surface decreased, promoting the reduction and 
oxidation reactions [46]. Contrarily, the antibody attached to the SPAuE 
surface hindered electron transfer, dropping the current intensity. After 
blocking unreacted NHS-esters, we observed that current intensity 
increased because the deactivation of unreacted NHS-esters with etha-
nolamine decreased electrostatic repulsion and promoted electron 
transfer. 

The results obtained with CV showed how the interfacial electrical 
properties changed as the immunosensor assembled. However, these 
interfacial electrical changes were more evident when characterized by 
EIS; with this technique, significant changes in charge transfer resistance 
were observed after each immunosensor assembly step, as shown in 
Fig. 1B. The interfacial electrical changes were evidence of successful 
biomolecules immobilization onto the SPAuE surface. These bio-
molecules immobilized onto the SPAuE surface hindered the electron 
transfer from the soluble redox probe to the SPAuE surface, increasing 
the Rct. The electrochemical process on the SPAuE surface was modeled 
by the electrical equivalent circuit depicted in Fig. 1B (inset), where Rs is 
the electrolyte solution resistance, Rct is the charge transfer resistance, 
CPE is the constant phase element, and Zw is the Warburg’s element. The 
electrical equivalent circuit was used to quantify each electrical element 
that described the electrochemical characteristics of the SPAuE/elec-
trolyte interface. The SPAuE surface in the electrolyte had capacitive 
(CPE) and solvent resistive (Rs) contributions, modeled by Rs in series 
with CPE. We used the CPE instead of the typical double-layer capaci-
tance (Cdl) to consider the interfacial heterogeneity of the SPAuE surface 
that depends on a pre-exponential factor (P) and an exponent (n) [47]. 
The values obtained for P indicated a decrease in the capacitive 
component of the system as the Rct increased and the n values were less 
than one, consistent with a pseudo interfacial double layer capacitance 

Scheme 1. Assembly steps of the electrochemical immunosensor. 1) Self-assembled monolayer formation. 2) Carboxylic acids activation. 3) Antibody covalent 
immobilization. 4) Reverting remanent NHS-esters. 5) Glycoprotein capture. 
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at the SPAuE/electrolyte interface [48]. Furthermore, the presence of 
the soluble redox probe added two additional components into the 
equivalent circuit, i.e., Rct, describing electron transfer kinetics, and Zw 
describing diffusional resistance for the redox probe [23]. We calculated 
Rct from the impedance spectra visualized as Nyquist plot (Fig. 1B), 
which allowed calculating Rct from the diameter of the semicircle. On 
the other hand, Zw corresponded to the straight line in the low-frequency 
range of the Nyquist plot. The specific molecular binding on the SPAuE 
surface altered the interfacial electrical properties, and one or more of 
the electrical equivalent circuit elements changed (significantly Rct). By 
this, we used Rct to detect the molecular binding between the antibody 
and glycoprotein on the SPAuE surface. 

The results of the electrochemical characterization by EIS are shown 
in Fig. 1B, the Nyquist plot for each step of the immunosensor’ assembly. 
Fig. 1B inset shows the Nyquist plot from the bare SPAuE, which pre-
sented a typical trend of a conductive surface, where the charge transfer 
resistance was low (Rct = 94 ± 20 Ω) and the electrochemical reaction 
kinetics was controlled by probe diffusion. After SAM formation onto the 
SPAuE surface, Nyquist plot semicircle diameter increased significantly, 
indicating a greater hindering to electron transfer (Rct = 12,517 ± 62 Ω). 
This result was attributed to the electrostatic repulsion between car-
boxylic acids on the SPAuE surface and the negatively charged probe. In 
contrast, once carboxylic acids were activated, the electrostatic repul-
sion decreased, and a drop in Rct was observed down to 1804 ± 106 Ω. 
The covalent attachment of the antibody on the SPAuE surface increased 
the Rct to 4501 ± 91 Ω because this biomolecule hindered the electron 
transfer from the redox probe. This increase in Rct indicated the 

successful attachment of the antibody on the SPAuE surface. Once the 
antibody was immobilized onto the SPAuE surface, reverting the 
remaining activated esters with ethanolamine reduced the negative 
charges and introduced hydrophilic groups, producing a slight drop in 
Rct to 4208 ± 34 Ω. 

Finally, we evaluated the Rct after the antibody-glycoprotein inter-
action. When the antibody recognized the glycoprotein by a biochemical 
affinity reaction, it was observed a significant increase in Rct from 4208 
± 34 Ω up to 6465 ± 50 Ω. This result indicates the successful molecular 
biorecognition event between antibody and glycoprotein, which hin-
dered the electron transfer at the SPAuE/electrolyte interface. In addi-
tion, we normalized the CV and EIS results when developing the 
biosensing platform to the surface area to facilitate comparison with 
other laboratories regardless of the electrodes. (see S.I. Figure S2). The 
values of the Chi-squared function (χ2) were lower than 4.6 × 10− 3, 
which indicated a proper fitting of experimental data and the electrical 
equivalent circuit (see S.I. Figure S3). Table 1 summarizes all fitted 
circuit elements mentioned above. It is important to highlight that the 
SAM completely blocked the SPAuE surface so that the Nyquist plot 
lacks Warburg’s diffusion. Therefore, to model the SAM on the SPAuE 
surface, the electrical equivalent circuit did not include Warburg’s 
element. Remarkable, we achieved high inter-electrode reproducibility 
because the relative standard deviation (RSD) for Rct0 of 5 and 10 
immunosensors was 2.21 and 4.60%, respectively. 

3.4. Optimization of experimental parameters 

In seeking to optimize the immunosensor performance, we consid-
ered two experimental parameters regardless of the antibody bio-
receptor. First, we evaluated different antibody concentrations 
intending to generate an antibody density high enough to maximize the 
glycoprotein capture probability but low enough to avoid steric hin-
drance effects on the electrode surface [49]. The EIS responses and ΔRct 
calculated for each antibody concentration are shown in Fig. 2A–E and 
Fig. 2F, respectively. Because we used independent electrodes for each 
antibody concentration, the starting value of Rct0 is different for each 
electrode. The Rct0 reached a maximum value when antibodies mole-
cules saturated the electrode surface [50,51]. The best S/N = 1.54 and 
most significant ΔRct was observed by antibody covalent attachment at 
40 μg mL− 1. At this concentration, a higher antibody loading was 
attached to the SPAuE surface and maximized the probability of 
capturing the glycoprotein, selected as optimal. Next, we evaluated the 
effect of glycoprotein incubation time at 40 μg mL− 1 antibody. The ef-
fects of glycoprotein incubation time on the EIS responses and 

Fig. 1. (A) Cyclic voltammograms for each immunosensor’s assembly step at a 
scan rate of 50 mV s− 1 (the bare electrode is in the inset). (B) Nyquist plot with 
frequency range 100 kHz to 0.1 Hz, amplitude 10 mV (the bare electrode and 
the electrical equivalent circuit are in the inset). The redox probe was 5 mM [Fe 
(CN)6]4-/3-/PBS 1X, pH 7.4. 

Table 1 
Electrochemical characterization of the biosensor. Data from EIS experiments. 
Charge-transfer resistance (Rct), electrolyte solution resistance (Rs), Warburg 
impedance (ZW), constant phase element (CPE) with pre-exponential factor (P) 
and exponent (n) and Chi-squared function (χ2).  

[β-1,4-GalT- 
V]a 

Rct (kΩ) Rs 

(Ω) 
ZW (Ω 
s− 0.5) 

CPE χ2  

P (Ω− 1 

sn) 
n 

SPAuE bare 
SAM MUA/ 
MCH 

0.09 ±
0.02 
12.52 ±
0.06 

25 
± 1 
24 
± 1 

827 ±
46 

8.98 ×
10− 5 

1.25 ×
10− 5 

0.7 
0.9 

6.49 ×
10− 4 

2.82 ×
10− 3 

EDC/NHS 1.80 ±
0.11 

26 
± 2 

230 ± 2 3.74 ×
10− 5 

0.8 3.81 ×
10− 3 

Antibody 4.50 ±
0.09 

29 
± 2 

322 ±
44 

1.61 ×
10− 5 

0.8 2.73 ×
10− 3 

Antibody-ETA 4.21 ±
0.03 

30 
± 2 

296 ±
56 

2.14 ×
10− 5 

0.8 3.81 ×
10− 3 

β-1,4-GalT-V 6.46 ±
0.05 

29 
± 1 

339 ±
88 

1.94 ×
10− 5 

0.8 4.61 ×
10− 3  

a 16 nM (722 ng mL− 1). 
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corresponding ΔRct are shown in Fig. 3A–D and Fig. 3E, respectively. The 
results showed that the ΔRct response increased as the incubation time 
from 15 to 30 min, with a maximal S/N ratio of 1.66 at 30 min; then ΔRct 
response decreased, suggesting that the formation of the 
antibody-glycoprotein complex has reached a saturation level on the 
SPAuE surface [52]. Therefore, 30 min was selected as the optimal in-
cubation time for the glycoprotein detection. Finally, we used the 
optimal 40 μg mL− 1 glycoprotein for 30 min in subsequent experiments 
to assess the immunosensor analytical performance. 

3.5. Analytical parameters and calibration curve 

Once we determined optimal conditions for glycoprotein detection, 
we assessed the immunosensor analytical performance by analyzing 
different solutions containing known concentrations of β-1,4-GalT-V 
ranging from 5 pM to 16 nM (0.23–722 ng mL− 1). We built a calibration 
curve by estimating the ΔRct for each resultant glycoprotein solution, as 
shown in Fig. 4. This figure evidenced that Rct did not change at a 
concentration above 150 pM due to saturation, allowing us to determine 
the immunosensor linear range. The data showed a linear correlation of 
ΔRct with the β-1,4-GalT-V glycoprotein concentration in the range from 
5 to 150 pM (0.23–6.77 ng mL− 1) as described by the equation ΔRct =

Fig. 2. Nyquist plots recorded using the redox probe 5 mM [Fe(CN)6]4-/3-/PBS 1X, pH 7.4, frequency range from 100 kHz to 0.1 Hz and amplitude 10 mV [Antibody]: 
(A) 5, (B) 10, (C) 20, (D) 40, and (E) 50 μg mL− 1, (F) Difference in the charge transfer resistance for the different antibody concentrations. 
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13.96*[β-1,4-GalT-V] + 200.74 with a correlation coefficient R2 =

0.993 (Fig. 4B). Moreover, the calculated LOD value of the immuno-
sensor was 7 pM (0.32 ng mL− 1) and the LOQ 24 pM (1.08 ng mL− 1). 
From levels of β-1,4-GalT-V reported in solid tissue and quantification by 
ELISA, we estimated a background around 500 ng mL− 1 [1,9] in healthy 
individuals. Therefore, our immunosensor could be applied to detect 
β-1,4-GalT-V glycoprotein in body fluids with minimally invasive pro-
cedures, according to glycoprotein levels of clinical relevance reported 
in the literature. 

The level of β-1,4-GalT-V glycoprotein measured in protein extrac-
tion from colon tissue of healthy individuals is around 500 ng mg− 1 with 
a marked increase of approximately 6.5-fold in CRC patients. Further-
more, β-1,4-GalT-V immunostaining of the cytoplasm, both in control 
and CRC tumor tissues, suggested that β-1,4-GalT-V must exist in a 

membrane-bound and a soluble form in various body fluids [1]. 
Furthermore, according to the ELISA method reported by Bedja et al. for 
the β-1,4-GalT-V quantification in tissues, we estimate that β-1,4-GalT-V 
concentration in fluids from healthy individuals is around 500 ng mL− 1 

[9]. There are also other reports of glycosyltransferases sera levels, 
which are in the range of ng mL− 1. The sera level of β-1,3-GalT-II gal-
actosyltransferase in patients diagnosed with CRC has been reported to 
be 48 ng mL− 1, more significant concerning the normal level of 14 ng 
mL− 1 in healthy individuals [14]. On the other hand, the sera level of 
β-1,3-GalT-4/5 from patients with various types of uterine cancer has 
been reported to have a cut-off value of 5.4 ng mL− 1 [5]. Hence, this 
suggests that β-1,4-GalT-V glycoprotein could be released into the body 
fluids at levels ranging from pg mL− 1 to ng mL− 1. These reports show 
that our immunosensor has the proper LOD and LOQ to detect 

Fig. 3. Nyquist plots recorded using the redox probe 5 mM [Fe(CN)6]4-/3-/PBS 1X, pH 7.4, frequency range from 100 kHz to 0.1 Hz and amplitude 10 mV. Incubation 
times: (A) 15, (B) 30, (C) 45 and (D) 60 min. (E) Difference in the charge transfer resistance for the different incubation times. 
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glycosyltransferases at levels of clinical interest with high accuracy. 
Moreover, our immunosensor has a LOD and linear range similar to the 
commercial ELISA kits, as shown in Table S2 of the supporting infor-
mation. These results suggest that it would be possible to use the 
immunosensor in real clinical applications with the portability offered 
by electrochemical biosensors. On the other hand, the sensitivity of the 
immunosensor could improve by incorporating conductive nano-
materials on the electrode surface. The high surface area of nano-
materials enables the immobilization of many bioreceptors, and 
conductive properties improve the electrochemical performance, 
resulting in better immunosensor sensitivity, lowering the LOD and LOQ 
[53]. Additionally, continuous monitoring of β-1,4-GalT-V concentra-
tion over time would be possible by differential electrochemical 
impedance spectroscopy (DEIS). In this approach, the EIS spectra are 
obtained at different times until the system reaches saturation [54]. 
DEIS allows the detection of tiny concentration changes within the 
linear range of the biosensor. 

3.6. Immunosensor specificity, repeatability, and reproducibility 

To assess the immunosensor specificity, we evaluated the ΔRct 
response to biomolecules that could cross-react with the anti-β-1,4-GalT- 
V antibody. The biomolecules evaluated were p53, anti-p53 antibody, 
IL-8 and IgG. The p53 antigen, anti-p53 antibody, and IL-8 are 

biomarkers overexpressed during CRC progression and are released 
from tumor cells to body fluids [55]. IgG is the most abundant antibody 
in human blood and is generally produced in response to protein and 
polysaccharides antigens [56]. All these biomolecules could potentially 
interact with the anti-β-1,4-GalT-V antibody, producing a false-negative 
result. Fig. 5. shows the Nyquist plot from the EIS measurements and the 
corresponding ΔRct. As mentioned above, these experiments used 
different sensor electrodes with high inter-electrodes reproducibility 
(RSD of Rct0 = 2.44%). The results shown that the ΔRct was higher for the 
β-1,4-GalT-V glycoprotein (ΔRct = 1525 ± 80 Ω) compared to p53 (ΔRct 
= 69 ± 5 Ω), anti-p53 antibody (ΔRct = 99 ± 26 Ω), IL-8 (ΔRct = 127 ±
60 Ω), and IgG (ΔRct = 283 ± 22 Ω). The ΔRct shows a differential 
response with significant statistical differences when analyzed by a 
paired t-test and a 1-way ANOVA with a level of statistical significance 
of 99%. Yet, the slight cross-reactivity between IgG and anti-β-1, 
4-GalT-V antibody indicates a slight interaction between these bio-
molecules. This cross-reactivity can be explained by the fact that IgG 
antibodies could interact with the light chains and the Fc regions of the 
anti-β-1,4-GalT-V antibody [57]. Furthermore, when we interrogated 
the β-1,4-GalT-V glycoprotein in the presence of the other biomolecules, 
a slight increase in ΔRct was observed (ΔRct = 1798 ± 124 Ω). This result 
was attributable to slight cross-reactivity with the IgG antibody. 

Fig. 4. (A) Nyquist plots for different glycoprotein concentrations (pM) 
recorded with the redox probe 5 mM [Fe(CN)6]4-/3-/PBS 1X, pH 7.4, frequency 
range from 100 kHz to 0.1 Hz and amplitude 10 mV. (B) Resultant calibration 
curve, with the difference in charge transfer resistance as a response variable. 

Fig. 5. (A) Nyquist plot for 100 pM β-1,4-GalT-V in the presence of 10 μg mL− 1 

p53 antigen, anti-p53 antibody, IL-8, and IgG (red curve). It also shows the EIS 
response for each biomolecule regardless, measured with independent immu-
nosensors. (B) The difference in the charge transfer resistance for each sample. 
**a Significantly different concerning the PBS sample (p < 0.01). **b Signifi-
cantly different respect to the 100 pM β-1,4-GalT-V sample (p < 0.01). (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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We evaluated the repeatability and reproducibility of our immuno-
sensor by measuring the EIS response to 75 pM of β-1,4-GalT-V glyco-
protein. The repeatability and reproducibility, calculated as relative 
standard deviation (RSD), were 2.1% (n = 3) and 2.7% (n = 5), 
respectively. Although different strategies have been reported to 
regenerate the SPAuE surface [58,59], we did not reuse the SPAuE to 
avoid changes in the electrical properties at the transducer surface that 
may be detected by the highly sensitive EIS over regeneration cycles. 
Furthermore, some studies report that SAMs have limited long-term 
stability, for instance, when immersed in PBS or biological media for 
long periods [60–63]. Because to evaluate the long-term stability is 
necessary to immerse the biosensors in PBS to preserve the biological 
activity of the antibodies, we used freshly prepared immunosensors to 
avoid significant changes in the EIS response. 

3.7. Quantification of β-1,4-GalT-V glycoprotein in spiked human serum 

To assess the possible detection of β-1,4-GalT-V glycoprotein in body 
fluids from a real-like sample, we spiked commercial sera samples with 
the β-1,4-GalT-V glycoprotein at different concentrations and imple-
mented a sample pretreatment protocol as detailed in the Materials and 
methods section. The β-1,4-GalT-V glycoprotein concentration was 
calculated by extrapolating the ΔRct values obtained for each serum 
sample in the calibration curve depicted in Fig. 4B. Table 2 shows the 
results for the recovery assay from human sera spiked with the β-1,4- 

GalT-V glycoprotein. The quantity of β-1,4-GalT-V glycoprotein recov-
ered from 100-fold diluted sera was ~100% for concentrations from 50 
to 100 pM. At a concentration of 25 pM, the quantity recovered of β-1,4- 
GalT-V glycoprotein was the lowest (~84%). This result may be 
explained by the fact that the LOQ of the immunosensor is 24 pM, which 
is a close value to the concentration tested and the matrix effect may be 
considerable [64–66]. Nevertheless, the results showed that the immu-
nosensor enabled the β-1,4-GalT-V glycoprotein detection in spiked 
human serum with high accuracy. 

The feasibility of straightforward protein detection was assessed, and 
the results compared with those from the pretreatment protocol to 
simplify the measurement. The β-1,4-GalT-V glycoprotein concentration 
in human serum determined by EIS showed an RSD lower than 8% and 
7% in diluted and undiluted samples, respectively. The high recovery of 
the β-1,4-GalT-V glycoprotein in human serum could be attributed to the 
antifouling properties of the mixed SAM onto the SPAuE surface. SAM’s 
terminal hydroxyl groups form hydrogen bonds in contact with the 
aqueous samples, effectively counteracting the adsorption of matrix 
proteins [67,68]. The mixed SAM also allows tuning the distance among 
contiguous immobilized anti-β-1,4-GalT-V antibodies, preventing two 
neighboring antibodies from hindering each other in binding the β-1, 
4-GalT-V glycoprotein, thus increasing the glycoprotein recognition [69, 
70]. The β-1,4-GalT-V glycoprotein recovery assay using undiluted 
serum demonstrated that our immunosensor detects levels of the protein 
of clinical relevance straightforwardly and with fast response. It holds 
the potential for differentiation between healthy individuals and pa-
tients suffering CRC at the point-of-care. Furthermore, the immuno-
sensor could also be applied to detect other glycoproteins associated 
with other diseases. 

4. Conclusions 

We successfully developed a label-free electrochemical immuno-
sensor to detect the β-1,4-GalT-V CRC biomarker. The biosensing 
interface was developed by forming a mixed SAM of alkanethiols onto 
the SPAuE surface, with pending carboxylic acids covalently linking an 
anti-β-1,4-GalT-V antibody on the SPAuE surface. The anti-β-1,4-GalT-V 
antibody captured the β-1,4-GalT-V glycoprotein with high specificity, 

Fig. 6. (A) Nyquist plots for different glycoprotein concentrations (pM) spiked 
in 100-fold diluted human serum. (B) Nyquist plots for low, medium, and high 
glycoprotein concentrations (pM) spiked in undiluted human serum. 

Table 2 
Recovery assay in human serum spiked with β-1,4-GalT-V glycoprotein.  

Diluted sera [β-1,4- 
GalT-V] (pM)a 

ΔRct 

(kΩ) 
Recovered [β-1,4- 
GalT-V] (pM) 

Recovery 
(%) 

RSD (n =
3) (%) 

Blank 0.23 ±
0.06 

N.D   

25 0.72 ±
0.01 

21.0 83.8 4.89 

50 1.12 ±
0.05 

49.5 98.9 7.15 

75 1.48 ±
0.01 

75.3 100 1.55 

100 1.83 ±
0.06 

100 100 4.44 

Undiluted sera 
[β-1,4-GalT-V] 
(pM) 

ΔRct 

(kΩ) 
Recovered [β-1,4- 
GalT-V] (pM) 

Recovery 
(%) 

RSD (n =
3) (%) 

Blank 0.12 ±
0.01 

N.D   

25 0.67 ±
0.01 

24.8 99.9 1.69 

50 1.02 ±
0.04 

50.1 100 5.73 

75 1.31 ±
0.11 

72.7 96.9 6.11 

100 1.64 ±
0.05 

94.1 94.1 3.82  

a 2.5, 5.0, 7.5, and 1.0 nM spiked sera were diluted 1:100 to obtain 25, 50, 75, 
and 100 pM solutions, respectively. ND: Non detected. 
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detected by the sensitive EIS technique at low glycoprotein concentra-
tions. The high performance of the electrochemical immunosensor 
allowed us to detect glycoprotein concentrations of clinical relevance in 
spiked serum samples and thus demonstrate the potential to determine 
the positive serostatus of CRC patients. Moreover, by their attributes as 
simplicity and low LOD, the electrochemical immunosensor reported 
herein offers new opportunities for diagnosis in decentralized settings. 
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S. Żołędowska, D. Nidzworski, Electrochemical immunosensors based on screen- 
printed gold and glassy carbon electrodes: comparison of performance for 

D. Echeverri and J. Orozco                                                                                                                                                                                                                   

https://doi.org/10.1016/j.talanta.2022.123337
https://doi.org/10.1016/j.talanta.2022.123337
https://doi.org/10.1016/j.bbrc.2018.11.149
https://doi.org/10.2174/138945008783954952
https://doi.org/10.1006/bbrc.1999.1684
https://doi.org/10.1006/bbrc.1999.1684
https://doi.org/10.1038/nrc3982
https://doi.org/10.1038/nrc3982
https://doi.org/10.1159/000203129
https://doi.org/10.1159/000203129
https://doi.org/10.1023/A:1011967119736
https://doi.org/10.1023/A:1011967119736
http://refhub.elsevier.com/S0039-9140(22)00133-3/sref7
http://refhub.elsevier.com/S0039-9140(22)00133-3/sref7
http://refhub.elsevier.com/S0039-9140(22)00133-3/sref7
https://doi.org/10.3390/ijms22115822
https://doi.org/10.1038/s41598-018-28663-9
https://doi.org/10.1038/s41598-018-28663-9
https://doi.org/10.1074/mcp.R110.003251
https://doi.org/10.1002/pmic.200700710
https://doi.org/10.1002/pmic.200700710
http://refhub.elsevier.com/S0039-9140(22)00133-3/sref12
http://refhub.elsevier.com/S0039-9140(22)00133-3/sref12
http://refhub.elsevier.com/S0039-9140(22)00133-3/sref12
http://refhub.elsevier.com/S0039-9140(22)00133-3/sref12
https://doi.org/10.1001/archneur.63.12.1692
https://doi.org/10.1001/archneur.63.12.1692
https://doi.org/10.1073/PNAS.81.8.2529
https://doi.org/10.1073/PNAS.81.8.2529
https://doi.org/10.1002/celc.201600758
https://doi.org/10.1002/celc.201600758
https://doi.org/10.1016/j.coelec.2021.100703
https://doi.org/10.1016/j.bios.2016.08.082
https://doi.org/10.1016/j.bios.2016.08.082
https://doi.org/10.1016/j.talanta.2019.120648
https://doi.org/10.1016/j.talanta.2019.120648
https://doi.org/10.1021/acsnano.7b00373
https://doi.org/10.1016/j.talanta.2020.121117
https://doi.org/10.1371/journal.pone.0222144
https://doi.org/10.1371/journal.pone.0222144
https://doi.org/10.1016/j.snb.2021.130349
https://doi.org/10.1016/j.coelec.2021.100717
https://doi.org/10.1016/j.coelec.2021.100717
https://doi.org/10.1002/pssa.201900827
https://doi.org/10.1007/S00604-012-0902-6
https://doi.org/10.1007/S00604-012-0902-6
https://doi.org/10.1016/j.talanta.2013.02.052
https://doi.org/10.1016/j.talanta.2013.02.052
https://doi.org/10.1016/j.bios.2012.06.051
https://doi.org/10.1016/j.bios.2014.01.044
https://doi.org/10.1016/j.bios.2014.01.044
https://doi.org/10.1021/acssensors.9b01177
https://doi.org/10.1515/chem-2015-0082
https://doi.org/10.1515/chem-2015-0082
https://doi.org/10.1039/c4ay00692e
https://doi.org/10.1007/BF03214964
https://doi.org/10.1038/s41596-020-0390-9
https://doi.org/10.1038/s41596-020-0390-9
https://doi.org/10.1038/s41598-017-15806-7
https://doi.org/10.1038/s41598-017-15806-7


Talanta 243 (2022) 123337

11

respiratory syncytial virus detection, Biosensors 10 (2020) 1–13, https://doi.org/ 
10.3390/bios10110175. 

[36] G. Dutta, F.C.B. Fernandes, P. Estrela, D. Moschou, P.R. Bueno, Impact of surface 
roughness on the self-assembling of molecular films onto gold electrodes for label- 
free biosensing applications, Electrochim. Acta 378 (2021) 138137, https://doi. 
org/10.1016/j.electacta.2021.138137. 

[37] J.J. Gooding, S. Ciampi, The molecular level modification of surfaces: from self- 
assembled monolayers to complex molecular assemblies, Chem. Soc. Rev. 40 
(2011) 2704–2718, https://doi.org/10.1039/C0CS00139B. 

[38] P.A. Raymundo-Pereira, R. De Oliveira Pedro, O. Carr, M.E. Melendez, A.L. Gobbi, 
M. Helena De Oliveira Piazzetta, A.L. Carvalho, R.M. Reis, P.B. Miranda, O. 
N. Oliveira, Influence of the molecular orientation and ionization of self-assembled 
monolayers in biosensors: application to genosensors of prostate cancer antigen 3, 
J. Phys. Chem. C 125 (2021) 498–506, https://doi.org/10.1021/acs.jpcc.0c09055. 

[39] J. Tkac, J.J. Davis, An optimised electrode pre-treatment for SAM formation on 
polycrystalline gold, J. Electroanal. Chem. 621 (2008) 117–120, https://doi.org/ 
10.1016/j.jelechem.2008.04.010. 

[40] A.N. Sekretaryova, M.Y. Vagin, A.V. Volkov, I.V. Zozoulenko, M. Eriksson, 
Evaluation of the electrochemically active surface area of microelectrodes by 
capacitive and faradaic currents, Chemelectrochem 6 (2019) 4411–4417, https:// 
doi.org/10.1002/celc.201900989. 

[41] D. Soto, M. Alzate, J. Gallego, J. Orozco, Electroanalysis of an Iron@Graphene- 
carbon nanotube hybrid material, Electroanalysis 30 (2018) 1521–1528, https:// 
doi.org/10.1002/elan.201800115. 

[42] S.P. Zankowski, P.M. Vereecken, Electrochemical determination of porosity and 
surface area of thin films of interconnected nickel nanowires, J. Electrochem. Soc. 
166 (2019) D227–D235, https://doi.org/10.1149/2.0311906jes. 
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