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Abstract: Efficient deposition of biomolecules on the surface, maintaining their full activity and
stability, is a most significant factor in biosensor construction. For this reason, more and more research
is focused on the development of electrochemical biosensors that have the ability to electrically detect
adsorbed molecules on electrode surface with high selectivity and sensitivity. The presented research
aims to develop an efficient methodology that allows quantification of processes related to the
evaluation of enzyme activity (proprotein convertase) using electrochemical methods. In this study
we used impedance spectroscopy to investigate the immobilization of peptide substrate (Arg-Val-
Arg-Arg) modified with 11-mercaptoundecanoic acid on the surface of gold electrode. Both the
synthesis of the peptide substrate as well as the full electrochemical characteristics of the obtained
electrode materials have been described. Experimental conditions, including concentration of peptide
substrate immobilization, modification time, linker, and the presence of additional blocking groups
have been optimized. The main advantages of the described method is that it makes it possible to
observe the peptide substrate–enzyme interaction without the need to use fluorescent labels. This
also allows observation of this interaction at a very low concentration. Both of these factors make
this new technique competitive with the standard spectrofluorimetric method.

Keywords: proprotein convertases; 11-mercaptoundecanoic acid; electrochemistry; electrode modifi-
cation; electrochemical impedance spectroscopy; peptide substrate; gold electrode

1. Introduction

Depositing peptides on conductive materials over the past few years has attracted
the attention of many scientists. Highly efficient deposition of biomolecules on the sur-
face, while maintaining their full activity and stability, is a decisive factor in biosensor
technology. Accordingly, more and more research is focused on the development of elec-
trochemical biosensors that express the ability for molecular recognition when detecting
adsorbed molecules on the electrode surface through current changes with high selectivity
and sensitivity [1–10].

Proprotein convertases (PCs) are a family of secretory serine endoproteases found
in mammals, consisting of nine enzymes, including ubiquitously expressed furin [11].
In the human body, they are responsible for a number of important cellular functions,
and their dysregulation can lead to diabetes, obesity, metabolic syndrome, hypertension,
inflammation, cancer, pain, depression, or even viral and parasitic infections [12–16].
Therefore, the regulation of their concentration through the use of their selective inhibitors
is an important and needed direction of research, which may lead to the development
of new therapeutic agents with clinical application in the future. Detailed knowledge
of the inhibition of individual convertases, as well as finding a selective inhibitor for
individual enzymes, is an important element of research into new medicinal preparations.
The technique used so far (competitive assays) allows to track the interaction of the inhibitor
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with the enzyme by spectrofluorimetric determination of the fluorophore released from the
fluorogenic substrate by enzymatic hydrolysis. On this basis, the kinetics of the enzymatic
reaction is assessed and the inhibition constant determined. This method has a limited
sensitivity and requires the use of expensive reagents, including for the synthesis of a
fluorogenic substrate [14]. Electrochemical methods for the determination of analytes
on modified electrodes are known for their high sensitivity, as well as the possibility to
observe even small changes in their composition. Electrochemical studies of electrode
surfaces provide additional information about their structure and the reactions taking place
on them [4,10,17–19].

The main goal of this work was to develop a measurement methodology that allows
quantification of processes related to the evaluation of enzyme activity using electrochemi-
cal methods. Electrochemical techniques enable measurement in a label-free system. The
presented research, apart from the synthesis of a peptide substrate (Arg-Val-Arg-Arg)
and its thiolate derivative description, include the monitoring of the modification of the
gold electrode at each step, but also the development of a new method of incubating
the electrode with the enzyme—maintaining the conditions necessary for hydrolysis, as
well as optimizing the conditions of the electrode modification process and its stability
during storage. All this is to show that the developed method allows the observation of
substrate-enzyme interactions electrochemically.

2. Materials and Methods

All chemicals were purchased from Sigma-Aldrich and used without further purifica-
tion. Dimethylformamide (DMF), dichloromethane (DCM), 4-Methylmorpholine (NMM),
diisopropylethylamine (DIPEA), 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium 3-oxid hexafluorophosphate (HATU), 1-Hydroxy-7-azabenzotriazole solu-
tion (HOAt), N,N’-diisopropylcarbodiimide (DIC), hexafluoroisopropanol (HFIP), trifluo-
roacetic acid (TFA); trifluoroethanol (TFE), triisopropylsilane (TIPS); bovine serum albumin
(BSA); furin human 2000 unit/mL (furin).

2.1. Synthesis of Peptide Substrate Arg-Val-Arg-Arg

The peptides used in this work were synthesized by the solid-phase method with an
automatic peptide synthesizer (Symphony, Gyros Protein Technologies, Uppsala, Sweden)
using Fmoc/tBu strategy. The resin used in our study was chloro-(2′-chloro)trityl resin
with the capacity of 0.8 mmol/g (Rapp Polymere, Germany). Loading of the first amino
acid residue (Fmoc-Arg(Pbf)-OH) was conducted manually using twofold molar excess
of Fmoc-amino acid and N,N-diisopropylethylamine (DIPEA, 1:1 eq) in DCM solution.
After a one-hour reaction, methanol was added to the mixture and stirred for 15 min. The
peptide-resin was drained, washed with DCM, DMF, and DCM, and dried in desiccator.

Fully protected peptide-resin was prepared according to standard procedures involv-
ing: (1) deprotection steps using 20% solution of piperidine in DMF (2.5 and 5 min), (2) two-
time acylation of Fmoc-amino acid derivative (2.5 molar excess) using 1-[bis(dimethyla-
mino)methylene]-1H-1,2,3-triazolo[4–b]pyridinium 3-oxido hexafluorophophate (HATU),
1-hydroxy-7-azabenzotriazole (HOAt) mixture in the presence of N-methylmorpholine
(NMM,1:1:1:2 eq) [20]. DMF was used between each of the following steps to remove the
excess of reagents. When synthesis of the peptide chain was completed, peptide-resin was
washed with DCM and dried with nitrogen. MALDI-TOF (Bruker) mass spectrometry was
used to check the identity of the synthesized compound.

Cleavage of the protected peptide was attained with the mixture of HFIP/TFE/DCM
(3:2:5, v/v/v) [14]. After a two-hour reaction, the resin was drained and solution was
concentrated to half of its starting volume. Fully protected peptide was precipitated with
cold diethyl ether, centrifuged in 5 ◦C and lyophilized from 50% aqueous solution of
tert-butyl alcohol. MALDI-TOF mass spectrometry was used to confirm the identity of the
obtained compound.
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2.2. Synthesis of Peptide Substrate SH-(CH2)10-CO-(Arg-Val-Arg-Arg)

The peptidyl resin after swelling in the mixture of DCM and DMF (1:1) and Fmoc-
deprotection reaction performed according to the procedure described above was used
for a coupling reaction with 11-mercaptoundecanoic acid in the presence of DIC (1:1 eq).
After 12 h of shaking, the resin was washed with mixture of DCM and DMF (1:1) and
dried. The deprotected peptide was cleaved from the resin after 2 h reaction in the presence
of TFA/TIPS/H2O (95:2.5:2.5, v/v/v) [21]. After evaporation of the solvents, the desired
product was precipitated by cold Et2O, centrifuged, and lyophilized. The MALDI-TOF
mass spectrometry was used to confirm the efficiency of the synthesis.

2.3. Modification Procedure

Before modification, the gold electrodes were prepared through a mechanical clea-ning
process. Each time, the electrodes were polished on a polishing cloth with 0.05 µm alumina
slurry. Then the electrodes were thoroughly rinsed with deionized water, ethyl alcohol,
and dried under a stream of nitrogen. Prior to the modification process, each electrode was
measured using CV and EIS techniques.

Then the electrode was immersed in the 5 mM degassed ethanol solution of SH-
(CH2)10-CO-(Arg-Val-Arg-Arg) for 20 h at room temperature. The electrodes were then
dried under a stream of nitrogen. To eliminate pinholes on the surface of the unmodified
peptide substrate, the electrode was incubated in a 2 mM ethanolic solution of 1-octanethiol
for 60 min. To block the non-specific binding occurring on the surface of the electrode, they
was incubated in 5 mL of a 1% solution of BSA in 0.01 M PBS, pH 7.11, for 60 min at 4 ◦C.

2.4. Procedure of the Enzymatic Studies

In order to ensure conditions most similar to those used in the classical method (1 h
in 37 ◦C), a new method of incubation of the modified electrodes with the tested enzyme
was developed (Figure 1). HEPES buffer solution (pH 7.5, 1 mM CaCl2), required in
furin activity studies [14], was prepared in 2 mL Eppendorf tubes and one portion of
enzyme (1U) was placed. A control sample containing no enzyme was prepared in an
analogous manner. Then the modified gold electrodes were immersed in the Eppendorf
tubes and the whole was sealed with a parafilm. They were then placed in the Eppendorf
Thermomixer comfort chamber and incubated for one hour at 37 ◦C. After this time,
electrodes were rinsed with Hepes buffer solution and dried with a stream of air and used
for the electrochemical measurements.
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2.5. Electrochemical Measurements

Electrochemical measurements were performed using an Autolab M204 Multi po-
tentiostat/galvanostat equipped with a FRA module (Metrohm AG, the Netherlands).
The measuring system consisted of a gold electrode (WE), a platinum plate as counter-
electrode (CE), and 0.1 M NaCl Ag/AgCl as a reference electrode (RE). A 5 mM solution
of [Fe(CN6]3−/4− in 0.5 M KCl (PBS buffered, pH 7.11) was used as the redox probe. The
solutions before measurements were degassed by stream of argon. Voltammograms were
recorded at a scan rate of 100 mV/s. Each measurement was repeated at least 3 times. EIS
measurements were carried out by applying the electrode potential to the open circuit
potential (OCP values = 0.180 V). Spectra were recorded in the range from 100 mHz to
10 kHz using RMS amplitude. EIS spectral matching was performed using the equivalent
Randles circuit in Nova 2.1.4. software (Metrohm AG, The Netherlands) [1,22,23].

2.6. Contact Angle Measurements

Measurements of the contact angle were made using Drop Shape Analyzer DSA100
(Krüss GmbH, Germany). Each time, a drop of 4 µL water was placed on the electrode
surface using a syringe. An image of the droplet was taken with the help of a CCD camera.
After the digital image analysis, the average contact angle was deduced by the Young-
Laplace method from the angles measured at both sides of the drop-in equilibrium [1,22,23].
Each measurement was repeated 20 times.

3. Results
3.1. Electrochemical Sensing Strategy of the Peptide Substrate—Enzyme Interaction

The electrochemical detection principle of the proprotein convertase interaction with a
peptide substrate is schematically shown in Figures 1 and 2. The binding affinity between
the peptide substrate and the enzyme from the proprotein convertases family was used to
obtain a specific electrochemical signal corresponding to the presence of this enzyme in
the solution and allowing its quantitative determination. We chose the Arg-Val-Arg-Arg
sequence, which is a furin recognition motif [11]. In the first stage, a peptide substrate
and 11-mercaptoundecanoic derivative (SH-(CH2)10-CO-(Arg-Val-Arg-Arg)) was used
for modification of the gold electrode. The next stage involved blocking active sites by
modifying with bovine serum albumine (BSA). These stages were optimized, which will
also be described in this work in the Optimization of the experimental conditions section.
Then the modified electrodes were tested for the interaction with furin.
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3.2. Gold Electrode Modification with Peptide Substrate—SH-(CH2)10-CO-(Arg-Val-Arg-Arg)

Cyclic voltammetry served as a tool to characterize the electrode at every stage of
its modification. For this purpose, an 5 mM ferro/ferricyanide redox system was used in
0.5 M KCl (PBS buffered, pH 7.11), which on a bare gold electrode is characterized by the
pre-sence of two peaks—oxidation and reduction peak, with an anodic-to-cathodic peak
ratio of about 1 and a peak separation (∆E) of 90 mV (Figure 3A, black line). From the CV
measurements, we see that the deposited layer affects the voltammogram (Figure 3A). The
changes are observed both in peak separation and in the current response. The deposition
of the peptide substrate in the peak-to-peak separation increased to about 135 mV, whereas
the anodic/cathodic peak ratio decreased to 0.81. Further modification with BSA leads to
significant changes in cyclic voltammogram. Peak separation increased almost twice (to
243 mV), and the observed anodic current decreased, leading to peak ratio about 0.66. Such
electrochemical behavior indicates that the electron transfer process is partially blocked
by compounds that modify the surface of the electrode. Due to the presence of positively
charged amino acids in the modified layer, this effect can be changed by the electrostatic
interactions of the charged layer with the charged [Fe(CN6]3−/4− redox system [24–27].
In order to further characterize the modified surface, measurements of electrochemical
impedance spectroscopy were performed.
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Due to the fact that electrochemical impedance spectroscopy is a method much more
sensitive to changes in the double layer than cyclic voltammetry, it was used as a method of
tracking the biosensor fabrication process and the interactions with the investigated enzyme.
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Figure 3B presents the EIS spectra of a bare gold electrode immersed in a 5 mM
solution of [Fe(CN6]3−/4− in 0.5 M KCl (PBS buffered, pH = 7.11) and after subsequent
stages of modification. From the Nyquist plot (Figure 3B), we definitely see the influence of
the deposited molecules on the resistance of the surface. The bare electrode is characterized
by a very small (~130 Ω) semicircle at high frequency related to a RC equivalent circuit,
which corresponds to the combination of the charge transfer resistance (RCT) with the
double layer capacitance of the electrode and a low-frequency Warburg line at an angle of
45◦ representing the diffusion processes at the surface of the electrode. These parameters
indicate a fast electron transfer [Fe(CN)6]3−/4− towards the electrode. After modification,
the charge transfer resistance increased (Table 1).

Table 1. Electrochemical impedance spectroscopy (EIS) characteristic parameters of gold electrodes—bare and modified.

Modification Step Rct [Ω] CPE Yo [mF] n χ2 (×10−4)

Bare Au 131.1 2.201 0.8045 1.348
Modified Au (substrate) 440.5 1.439 0.8116 2.797

Modified Au (substrate + octanethiol) 1649 0.506 0.8484 1.655
Modified Au (substrate + octanethiol + BSA) 4077 0.385 0.8599 0.936

Modified Au (substrate + octanethiol + BSA) + furin 6101 0.331 0.8716 0.691
Modified Au (substrate + octanethiol + BSA) Blank 3669 0.309 0.8779 0.946

Bode plots (Figure 3B,C) allow to examine the absolute impedance, |Z|, and the
phase shift as a function of frequencies. At a very high frequency (>104 Hz), the solution
resistance (Rs) dominates the impedance. The variation of the phase angle with frequency
(Figure 3B) shows that at very high frequency, the system behaves like a resistor (Rs).
For all modified electrodes, the phase angle increased until it reached maximum at about
55–65◦, due to the increase in the imaginary impedance component. Then, the phase angle
decreased to 10◦ due to the influence of Rct; this value is less than the value of the reactance
of the double layer. At very low frequencies (below 10 Hz), Warburg impedance prevails;
therefore, the phase angle began to increase to 15–35◦.

In addition, the wettability of the bare and modified electrodes was tested in order to
further confirm the effectiveness of the modification process and determine its chemical
nature (Figure 4). In the case of gold electrodes, the water contact angle (WCA) decreased
after modification with the peptide substrate by about 14◦. The decrease in contact angle on
modified Au electrodes revealed an increase in surface hydrophilicity due to the presence
of amino groups in the modified layer. In turn, the total surface free energy γs increased
after modification with the peptide substrate for Au electrodes from 26.52 to 33.93 mJ·m−2.
This increase was mainly due to an increase in the polar component γp. Analysis using the
acid and basic components γ + and γ- was more helpful because the alkaline component
ranged from 5.86 to 13.75 mJ·m−2 for Au electrodes (Figure 4). This is consistent with
the presence of amino groups in the structure of the deposited layer derived from basic
amino acids.

3.3. Optimization of the Experimental Conditions

Several approaches have been developed to improve the chemical and electrochemical
properties of modified gold electrodes. Experimental conditions, including concentration of
peptide substrate immobilization, modification time, linker, and the presence of a additional
blocking agent, have been optimized. The aim is to develop a sensor with greater sensitivity
and without the use of a fluorescent label for determining substrate-enzyme interactions.
In the case of gold electrodes, the most commonly used system are derivatives containing
a thiol group, because they form a strong bond with the gold surface, and this process is
relatively fast and efficient.



Chemosensors 2021, 9, 199 7 of 12Chemosensors 2021, 9, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 4. Contact angle and Surface Free Energy diagram for bare (A) and peptide modified (B) 
electrode along with contact angle measurement images. γs—total SFE, γd—disperse part, γp—polar 
part; WCA—water contact angle. 

3.3. Optimization of the Experimental Conditions 
Several approaches have been developed to improve the chemical and electrochem-

ical properties of modified gold electrodes. Experimental conditions, including concentra-
tion of peptide substrate immobilization, modification time, linker, and the presence of a 
additional blocking agent, have been optimized. The aim is to develop a sensor with 
greater sensitivity and without the use of a fluorescent label for determining substrate-
enzyme interactions. In the case of gold electrodes, the most commonly used system are 
derivatives containing a thiol group, because they form a strong bond with the gold sur-
face, and this process is relatively fast and efficient.  

3.3.1. Effect of Peptide Concentration, Different Linker, and Time 
The process of deposition of biomolecules on the surface of conductive materials re-

quires the use of a linker that will allow for permanent and stable modification of the 
electrode. The linker used depends primarily on the type of electrode material, and thus 
on the chemistry of its surface, but also on the biomolecule that we want to deposit. In the 
case of gold electrodes, the best choice is to use a thiol linker. These systems are capable 
of forming self-organizing layers, and therefore allow to obtain layers of high ordering 
[28–34].  

In our research, we tested different linkers to determine which one would be the best 
platform for observing the enzyme-substrate reaction. The first group included deriva-
tives of long-chain alkanethiols with a carboxyl group. Two modification methodologies 
were tested—the first one involved modifying the peptide substrate with an alkanethiol 
and then anchoring this product on the electrode surface, and the second one—modifying 
the electrode surface with an alkanethiol, and then attaching the peptide to it. The second 
group consisted of much smaller systems, namely 4-aminothiophenol and cysteamine. In 
this case, only the method of anchoring the peptide substrate to the previously thiolated 
surface was used. This method required the use of a coupling reagent N-ethyl-N-[dime-
thylaminopropyl]carbodiimide (EDC) to couple the amine and carboxyl groups and N-
hydroxysuccinimide (NHS) to make this process more efficient [35–37]. Nevertheless, the 
conducted research clearly indicated that the first of the mentioned methods and groups 
of linkers turned out to be the best, allowing the observation of the greatest changes in the 
resistance of the electrode material. Therefore, in further stages of the research, a peptide 
substrate modified with alkanethiol was used, which was then attached to the electrode 
surface. 

Figure 4. Contact angle and Surface Free Energy diagram for bare (A) and peptide modified (B) elec-
trode along with contact angle measurement images. γs—total SFE, γd—disperse part, γp—polar
part; WCA—water contact angle.

3.3.1. Effect of Peptide Concentration, Different Linker, and Time

The process of deposition of biomolecules on the surface of conductive materials
requires the use of a linker that will allow for permanent and stable modification of the
electrode. The linker used depends primarily on the type of electrode material, and thus
on the chemistry of its surface, but also on the biomolecule that we want to deposit. In the
case of gold electrodes, the best choice is to use a thiol linker. These systems are capable of
forming self-organizing layers, and therefore allow to obtain layers of high ordering [28–34].

In our research, we tested different linkers to determine which one would be the best
platform for observing the enzyme-substrate reaction. The first group included derivatives
of long-chain alkanethiols with a carboxyl group. Two modification methodologies were
tested—the first one involved modifying the peptide substrate with an alkanethiol and
then anchoring this product on the electrode surface, and the second one—modifying the
electrode surface with an alkanethiol, and then attaching the peptide to it. The second
group consisted of much smaller systems, namely 4-aminothiophenol and cysteamine.
In this case, only the method of anchoring the peptide substrate to the previously thio-
lated surface was used. This method required the use of a coupling reagent N-ethyl-N-
[dimethylaminopropyl]carbodiimide (EDC) to couple the amine and carboxyl groups and
N-hydroxysuccinimide (NHS) to make this process more efficient [35–37]. Nevertheless,
the conducted research clearly indicated that the first of the mentioned methods and groups
of linkers turned out to be the best, allowing the observation of the greatest changes in
the resistance of the electrode material. Therefore, in further stages of the research, a
peptide substrate modified with alkanethiol was used, which was then attached to the
electrode surface.

The next step was to select the appropriate concentration of the modified peptide for
electrode modification. The limiting factor turned out to be the solubility of the peptide, so
we used 5 mM as the highest possible concentration at which the peptide dissolved. On
the other hand, the use of a lower concentration resulted in a small change in the resistance
of the modified electrode, therefore indicating that the electrode surface was not saturated.

Moreover, the stability of the modified layers was also investigated, namely their
resistance after prolonged storage in the PBS solution. This was to check whether the
electrode could be stored between successive stages or whether the process should be
carried out without longer time intervals (Figure 5).
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The results clearly indicate that the maximum electrode storage time is several hours
to one day. During this time, the resistance increased by approx. 25%. The longer storage
time resulted in a drastic increase in the electrode resistance, reaching as much as 250%
increase after 72 h (Figure 5).

3.3.2. Effect of Blocking Agent

The use of additional systems blocking free places on the electrode surface, previously
modified with the substrate, is aimed at increasing the sensitivity of the sensor. In the
presented research, alkanethiols were used due to their self-organizing properties, as well
as the ease of modification of the gold surface. The presence of alkyl chains affects the
arrangement of peptide chains on the electrode surface, and thus the ordering of the layer
and the availability of the peptide for the enzyme in further stages of research.

Among the alkanethiols used, the most differentiating ones were octanethiol and
undecanethiol. The conducted experiments have shown that, first of all, the application
of any alkanethiol increases the sensitivity of the sensor. This is assessed on the basis
of the differences in the change in charge transfer resistance between the modified elec-
trode incubated with the enzyme and the electrode incubated without the enzyme (blank)
(Figure 6). Moreover, octanethiol turned out to be the optimal blocking agent, enhancing
the observed effects. In the case of the system without alkanethiols, the difference in
resistance between the electrode incubated with the enzyme and the control sample was
about 500 Ω. In the case of undecanethiol, this value increased approximately two times,
and in the case of octanethiol—four times. This effect is most likely due to the difference in
the chain length of the thiols used—the undecane chain is already too long, while the octyl
one seems to be optimal and has the most beneficial effect on the layer ordering. Therefore,
only octanethiol was used in further experiments.

It is worth mentioning that the obtained results differed between individual electrod-
es—the modification process took place with different efficiency, which may be the result of
their different morphology, but also of the gold electrode pre-treatment process. Therefore,
it is very important that the entire experiment (as well as all tests) is carried out on one
electrode, thus allowing the registration of the relative changes in the RCT charge transfer
resistance. Nevertheless, the process of interaction with the enzyme compared to a sample
incubated in its absence is clearly evident in the form of large changes in charge transfer
resistance. These differences are visible in the Nyquist plots presented in Figure 7.
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3.4. Enzyme-Substrate Interactions at the Electrode Surface

In this study, we used impedance spectroscopy to investigate the immobilization
of peptide substrate with mercaptoundecanoic acid on the surface of gold electrode. A
more complex circuit (Randles model) was used to interpret the experimental results; it
additionally takes into consideration the diffusion of redox species through the double layer.
This process takes place at very low frequencies (<10 Hz) and is described by Warburg
impedance. The model also includes the solution resistance, the charge transfer resistance,
and the double-layer capacitance. Data fitting was done using Nova software, and the
quality of fitting was evaluated by the error value.

The electrical equivalent circuit (EEC) was selected based on the impedance tests
obtained. The EEC with the abbreviation R(Q(RW)) consists of the R resistance and parallel
connection of the solid phase element (CPE), imitating the heterogeneity on the electrode
surface and the RCT resistance of the charge transfer with the diffusion resistance W
Warburg (Figure 8).
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(5 mM), in phosphate buffer (pH 7.11).

From both the Nyquist and Bode plots (Figure 8), we definitely see the influence of the
deposited molecules on the resistance of the surface. The bare electrode is characteri-zed by
a semicircle at high frequency related to a RC equivalent circuit, which corresponds to the
combination of the charge transfer resistance (RCT) with the double layer capacitance of the
electrode and a low-frequency Warburg line at an angle of 45◦ representing the diffusion
processes at the surface of the electrode. After modification, the charge transfer resistance
increased (Table 1). In addition, after the incubation of the electrodes with the enzyme, we
observe changes in the impedance of the layer, while for an identical sample incubated
without the enzyme (blank), such changes are not visible (Figure 8).

Incubation of the modified electrode with the enzyme (furin) inhibits the charge
transfer process, resulting in an increase in RCT. The observed behavior corresponds to
the influence of a functionalized organic layer on the kinetics of charge transfer process.
This allows observation of the interaction of the enzyme with the substrate resulting in
its cleavage from the electrode surface at very low concentrations without any label used,
thanks to which this technique might be considered competitive for the standard method.
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4. Conclusions

The conducted research allowed to optimize both the method of obtaining a gold
electrode modified with a peptide, as well as extract the methodology of incubating
this electrode with the enzyme. In addition, the obtained results show that this method
allows the observation of the enzyme-substrate interaction without the use of a label.
Factors such as the thiol linker, the solubility of the substrate, the storage time between
the individual steps, as well as the length of the aliphatic chain of the electrode surface
blocking agent turned out to be the key elements determining the effectiveness of the
obtained sensor. The obtained sensor consisted of a substrate Arg-Val-Arg-Arg modified
with 11-mercaptoundecanoic acid, anchored to the surface of a gold electrode, which
was then blocked with octanethiol. The material prepared in this way (without a label),
incubated under the same conditions as in the standard (spectrofluorometric) method, in
the presence of the enzyme (furin) and in its absence, showed clear changes in the charge
transfer resistance, which is the analytical signal of our sensor.

Therefore, the sensor modified with a peptide turned out to be an interesting and
competitive methodology for the electrochemical observation of the interaction of the
substrate with an enzyme which belongs to the proprotein convertases family.
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