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Introduction
For many reasons, the material sciences have focused in studies 

of electroanalysis, exploring the knowledge of conductive materi-
als that can be used as sensitive elements for composing sensors in 
order to specifically recognize analytes of interest [1]. According to 
the IUPAC [2], the material responsible for providing a measurable 
output signal by means of a biological reaction on its surface is de-
fined as a “transducer” and it is a crucial component of a biosensor. 
In electrochemical biosensors, the transduction phenomena occurs 
due to oxidative and reductive processes, and the charge transfer-
ring can be correlated to the concentration of a target molecule, 
providing a selective and sensitive detection in a simple and easy-
to-use format [3,4]. Electrochemical transduction has received 
larger attention due to its simplicity, low cost of instrumentation 
and possibility of application as miniaturized systems. Thus, among 
innumerous applications of biosensors, medical field has particular  

 
interest on it for requiring quick, portable and simple devices for 
providing early and efficacious diagnosis [5]. Nowadays, point-of-
care sensors represent about 57% of the biosensors market and it 
requires cost-effective platforms and materials [6]. Thereby, many 
studies have focused on developing high-performance biosensors, 
whose analytical response strongly depends on the properties of 
their transducers [7]. In the light of this context, Stainless Steels 
(SSs), which are alloys of iron containing at least 11% w/w Cr, are 
promising candidates for biomedical applications, since they have 
high corrosion resistance, great biocompatibility and low cost [8,9]. 
Due to these interesting characteristics, some researches have been 
devoted to the use of SSs in the field of biosensors for various ap-
plications [8,10,11].

The present study aimed to evaluate the employment of 304 
SS as an electrochemical transducer for biosensors of medical rel-
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ARTICLE INFO abstract

Stainless Steels (SS) are promising candidates to constitute the transducer substrate 
of devices for electrochemical sensing mainly due to their high electrical conductivity, 
biocompatibility and relative low cost. In this study, the corrosion resistance of SS 
was examined in four solutions that represent the environment of biosensors in 
real applications: 0.01 M Tris buffer (pH 7.4), an electrolyte containing Tris and 0.1M 
KCl as supporting source of ions, Hanks’ solution to simulate body fluids and, also, a 
solution to represent the electrolyte commonly used to performed Cyclic Voltammetry 
(CV). Potentiodinamic anodic polarization, Chronoamperometry and images of Optical 
Microscopy revealed that the Hanks’ and CV solutions were the most aggressive media to 
the SS electrodes, which remained chemically stable in both Tris and electrolyte during 
16h under the influence of critical potentials. When functionalized to recognize venom 
from Crotalus snakes, the SS suffered an increase of the diameter of the capacitive arc in 
the EIS experiment as a result of the detection of the target analyte, corroborating it is a 
promising electrochemical transducer for application in biosensors.
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evance. For this purpose, the corrosion resistance of the material 
was analyzed in four media where biosensors are commonly em-
ployed at their work condition: Tris buffer, which is used to prepare 
biological solutions and to store sensors in appropriate conditions 
of salt concentration and pH [12-14]; an electrolyte containing 
potassium chloride, which is an aqueous solution commonly used 
in the literature due to its good conductivity to perform electro-
chemical measurements [15,16]; Hanks’ solution, which is a syn-
thetic solution that simulates body conditions and it is one option 
constantly considered in corrosion studies of environmental body 
influence [17-20]; and a ( ) ( )3 46 6

K Fe CN K Fe CN        solution, which 
is a medium commonly used for Cyclic Voltammetry studies, elec-
trochemical technique that is largely employed in biosensors re-
searches [19,21,22] or even in Faradaic Electrochemical Impedance 
Spectroscopy (EIS) [24].

Materials and Methods

Preparation of the Transducer Substrate

A copper wire was welded on the backside of the 304 SS (geo-
metrical area of 1 cm²), which has chemical composition of Cr 
(18%-20%), Ni (8.0%-10.5%), Mn (2.0%), Si (1.0%), N (0.1%), C 
(0.08%), P (0.05%), S (0.03%) and Fe (balance) [25]. The whole 
system was cold embedded in an insulating epoxy resin (Aka-Resin, 
Akasel). The surface of this electrode was then polished with silicon 
carbide emery papers of 400, 600, 800 and 1200 mesh respectively. 
After polishing, the steel was sonicated for 5 min in ethanol and 
deionized water in an ultrasonic bath.

Potentiodynamic anodic polarization: All the electrochemi-
cal measurements were performed in a potentiostat Princeton Ap-
plied Research Versa STAT 3 (AMETEK) using an electrochemical 
three-electrode cell consisting of the substrate as a working elec-
trode, a platinum sheet counter-electrode and Ag/AgCl (3M KCl) 
as a reference electrode. Potentiodynamic anodic polarization was 
performed to evaluate the corrosion resistance of the 304 SS. In 
this study, we evaluated four different electrolytes where the bio-
sensors are commonly applied at their working condition, named: 

a)	 Tris: 0.01M aqueous solution of Tris(hydroxymethyl)ami-
nomethane, whose pH was adjusted to 7.4 with hydrochloric 
acid;

b)	 Electrolyte: Tris buffer containing 0.1 M KCl as supporting 
electrolyte;

c)	 Hanks’ solution: electrolyte that simulates blood fluids. It 
is composed by NaCl (8 g.L-1), KCl (0.4 g.L-1), MgSO4.7H2O (0.06 
g.L-1), MgCl2.6H2O (0.1 g.L-1), CaCl2 (0.14 g.L-1), Na2HPO4.2H2O 
(0.06 g.L-1), KH2PO4 (0.06 g.L-1), glucose (0.1 g.L-1) and NaHCO3 
(0.35 g.L-1) [26];

d)	 CV: solution employed in Cyclic Voltammetry tests (and 
in Faradaic EIS), it was prepared by adding 5 mM of both

( ) ( )3 46 6
K Fe CN K Fe CN         in the electrolyte.

The pH and conductivity of these solutions were measured at 
25°C by using a digital pHmeter pHtek model Phs 3b and a con-
ductivity meter mCA 150 (MS TECNOPON). Open Circuit Potential 
(OCP) was monitored for 1 hour before each anodic polarization 
measurement. The polarization tests were carried out at a scanning 
rate of 1 mV.s-1 until the current density reached the value of 10-3 
A.cm-2 after the breakdown potential.

Chronoamperometry Test: Chronoamperometry was per-
formed to analyze the stability of the passive layer of the 304 SS in 
each solution. For this purpose, the constant potentials indicated in 
Table 1 were previously defined by the anodic polarization test (as 
the intermediary potential in the passive region) and applied to the 
working electrode during 16 h in the different media.

Table 1: Potentials applied to the 304 SS during 16h of Chrono-
amperometry in Tris, electrolyte, Hanks’ solution and CV.

Solution E (V) vs Ag/AgCl

Tris 0.40

Electrolyte 0.30

Hanks 0.36

CV 0.30

Optical Microscopy Characterization: Images of Optical Mi-
croscopy of the substrates were registered before and after the 
chronoamperometric tests in each medium in order to analyze the 
surface morphology and the corrosion effect of the solutions in the 
SS. Thereunto, an optical microscope Bel Photonics model MTM-
17T was used with a magnification of 100 times.

Preparation of the Biosensor and Analyte Recognition

The substrate was functionalized by its immersion in an aque-
ous solution of (3-aminopropyl)triethoxysilane 1% v/v, next in an 
aqueous solution of glutaraldehyde (1 %v/v) and, then, in a 10 
µg.mL-1 solution of antibodies raised in hyperimmunized horses 
against the venom of  Crotalus durissus terrificus snake (diluted in 
0.01 M Tris buffer, pH 7.4). Finally, the substrate was immersed in 
a Bovine Serum Albumin (BSA) solution at 1% w/v in Tris buffer to 
block nonspecific binding sites. All the functionalizing steps were 
carried out for 1h and after each of them, the device was washed 
with Tris buffer to remove the excess of reagents.

To evaluate the capability of the biosensor to recognize its ana-
lyte of interest, EIS was performed before and after the incubation 
of the devices in a 10 µg. mL-1 crotalic venom solution, which was 
prepared using Hanks’ solution in order to simulate the real condi-
tion of an envenomed patient. EIS was performed ranging the fre-
quency from 104 to 10-2 Hz at a 10mV amplitude potential after an 
OCP stabilization time of 1 h. The impedance data was fitted using 
the Zview software version 2.9b (Scribner and Associates) by sim-
ulating the results in comparison to an equivalent electrical circuit.

Capacitance Analysis of the SS

To assess the semiconducting properties of the SS in the various 
media under investigation, a Mott-Schottky test was performed in 
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a potential range from -0.2 to +1.1 V vs Ag/AgCl with a 66 mV step 
height at 1000 Hz according to the methodology described by other 
authors who studied the electrochemical properties of SSs [27-29]. 
By means of this technique, it was possible to estimate the concen-
tration of charge donors and acceptors in the SS.

Results and Discussion

Potentiodynamic Anodic Polarization Study

The pH and conductivity of the four media were measured and 
the results are shown in Table 2. All the solutions were neutral, and 
the conductivity values presented the more significant differences. 
Because of the ions concentration in each solution, the Tris buffer 
was the less conductive medium and the CV solution was the one 
with the higher conductivity. 

Table 2: Values of pH and conductivity for Tris, electrolyte, 
Hanks’ solution and CV solution.	

Tris HCl Electrolyte Hanks’ Solution CV solution

pH 7.4 7.4 7.2 7.4

Conductivity 
(mS.cm-1) 0.9085 13.04 14.94 15.96

Figure 1 displays the polarization plots referring to the 304 
SS exposed to Tris, electrolyte, Hanks’ solution and CV solution 
at 25°C. The different shapes of the plots indicate that the 304 SS 
showed different corrosion mechanisms in the different media. In 
Tris and Hanks’ solution, the polarization current densities started 
from a relatively small value before the pitting development and, 
after increasing the potential at an almost constant current density 
value, a significant increasing of the current took place again due to 
the breakdown of the previously formed passive layer on the steel 
surface by the presence of aggressive ions from the bulk solution 
[30]. Despite cyclic potentiodynamic polarizations was not carried 
out in this study, it is possible to observe that in a density current 
of 10-3 A, the 304 SS presented a trend of positive hysteresis, indi-
cating the possibility of pitting repassivation in an eventual reverse 
scan potential.

Figure 1: Polarization plots of the 304 SS in Tris (A), 
electrolyte (B), Hanks’ solution (C) and CV solution (D).

In a neutral aerated medium, such as employed in this work, 
the cathodic reaction that occur in the SS is the oxygen reduction 
as follows [30]:

                            ( ) ( ) ( )2 2 .2 4 4I g aqH O O e OH− −+ + →

The correspondent anodic reaction in a SS is the dissolution of 
the iron, in which the liberated electrons are consumed in the cath-
ode according to the reaction:

                                          ( ) ( )
2

. 2s aqFe Fe e+ −→ +
               

Concerning the electrolyte, two passivation potentials (Epass) 
may be assumed: one at 0.25 V vs Ag/AgCl and other at 0.48 V vs 
Ag/AgCl. It indicates a possible presence of secondary passivation 
or pseudo passivation in which the first Epass value is lower than that 
one observed in Tris, while the second Epass value is similar to the 
one seen in Tris. During the second passivation stage, there was an 
instable region where the current did not assume a progressive in-
creasing, but it was affected probably by a sequence of formation 
and dissolution of the passive film. As expected, the electrolyte was 
more aggressive than the Tris because it contains KCl as support-
ing electrolyte (presenting higher conductivity), which solubilizes 
in the water forming Cl- ions, anions that are responsible for the 
pitting corrosion in SSs [31].

In CV solution, the steel did not present a well-defined Epass, al-
though a potential increasing occurred in density currents between 
10-5 and 10-4 A.cm-2, characteristic range of passivation in corrosion 
processes. Wolynec [32] suggests that in low current density val-
ues, around 10-6 A.cm-2 for instance, the material does not suffer 
corrosion because it is protected by the passive film. The combina-
tion of the higher corrosion potential (Ecorr = -0.099 ± 0.002 V vs Ag/
AgCl) and pitting potential (Epit = 0.500 ± 0.061 V vs Ag/AgCl) of the 
steel polarized in Tris indicates that this solution was the less ag-
gressive in comparison to the others. The CV solution was the most 
aggressive medium due to its higher concentration of ions (higher 
conductivity) that hinders the development of the passive film to 
protect the steel surface.

Chronoamperometric Behavior of the SS

Figure 2: Chronoamperometry plots of the 304 SS exposed 
to: (A) Tris, (B) electrolyte (C) Hanks’ solution and (D) CV 
solution.
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Regarding the biosensing applications, the chemical stability 
of a material is an important parameter to be taken in account be-
cause the occurrence of oxidative/reductive reactions at the sen-
sor’s surface can compromise characteristics such as its sensitivity 
and reproducibility. Accordingly, the chemical stability of a material 
is related to its lifetime and may limit its technological application. 
In order to evaluate the stability of the 304 SS in the different me-
dia, chronoamperometry was performed in Tris, electrolyte, Hanks’ 
solution and CV solution. The results are shown in Figure 2.

Some current fluctuations occurred in function of the time due 
to the exposition of the steel to the electrolyte, the Hanks’ solution 
and the CV solution. González and Saidman [33] affirmed that this 
kind of behavior is characteristic of localized (pitting) corrosion. 
In Hanks’ solution, it is possible to observe that the steel did not 
achieve the stationary condition under the influence of the fixed 0.3 
V potential since there was a continuous current increasing along 
the time. Alentejano and Aoki [34] observed the same chrono-
amperometric behavior of the 304 SS in a medium rich in chloride 

ions, attributing the instability to the formation of stable pits after 
the rupture of the passive film.

In consonance to the results discussed in the previous sections, 
the chronoamperometry results demonstrated that the Hanks’ and 
CV solutions were the most aggressive media to the SS due to the 
high current values achieved during the test (around 10-3 A). The 
images of Optical Microscopy in Figure 3, in which it is possible to 
note the more significant presence of corrosion products in the SS 
when it was exposed to Hanks’ and CV solutions, corroborate the 
higher aggressiveness of these media. However, the SS presented 
good stability in Tris along the whole experiment and in electrolyte 
in the first five hours. Considering that the chronoamperometry 
was performed under the influence of a critical potential in each 
solution, one can infer about the stability of the SS in applications 
in which it is required the application of potential to the sensor (in 
amperometric transduction for example). In this sense, techniques 
performed at the equilibrium (i.g. non-faradaic EIS) are more ap-
propriated to fit the SS application.

Figure 3: Images of Optical Microscopy of the 304 SS before (A) and after chronoamperometry tests in Tris (B), electrolyte (C), 
Hanks’ solution (D) and CV solution (E) (magnification of 100x).

Analysis of the Semiconducting Properties of the SS

Since the Mott-Schottky relation is a function of the applied po-
tential (E), it was possible to inspect the semiconducting features of 
the SS in the various media. In Eq.1 and Eq. 2, “C” refers to the space 
charge layer capacitance, “e” is the charge of the electron (equal to 
1.6 x 10-19C), “ε” is the dielectric constant of the SS (ε = 12), “ε0” is 
the vaccum permittivity (8.854 x 10-12 F.m-1), “A” is the surface area 
of the SS electrode, “Efb” is the flat band potential, “k” is the Boltz-
mann constant (1.38 x 10-23 J.K-1), “T” is the temperature in Kelvin 
and “ND” and “NA” are, respectively, the donors and acceptors con-
centrations of the material under investigation [35,36].

                      2
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C e N e
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 (Eq.6)

In case of negative slope, it is assumed that the material is a 
p-type semiconductor, and in case of positive slope, the material is 
an n-type semiconductor. Linear relations were found between the 
C-2 and the applied potential in Figure 4a, which indicates that the 
SS possess semiconducting properties in the studied media [37]. 
The SSs assumed both behaviors. In potentials up to + 0.3 V vs Ag/
AgCl, the negative slope of the C-2 vs E curve associated to the p-type 
semiconductor arises from the inner oxides film formed on the SS 
surface, which are rich in chromium. On the other hand, the n-type 
behavior (positive slope from +0.3 to +1.1 V vs Ag/AgCl) is related 
to the more external layer containing iron oxides and hydroxides 
[38].
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In SSs, the semiconducting behavior arises from the formation 
of the passive layer. Oxide films formed during the passivation con-
sist of organized crystallographic structure that presents an insu-
lating character due to its stoichiometry. However, the presence of 
localized defects in the film, such as the cationic vacancies ( )'MV χ  , 
oxygen vacancies (nÖ) and interstitial vacancies can lead the ma-
terial to behave as an extrinsic semiconductor in aqueous medium. 
The Kroger-Vink notations (•• and 'χ ) correspond to, respectively, 
the negative/positive charges and the cationic vacancies [39-41]. 
The cationic vacancies are electron acceptors and lead to a p-type 
doping, while the oxygen vacancies and interstitial cations are elec-
tron donors, which are responsible for the n-type doping [42].

Figure 4: Mott-Schottky plots of the 304 SS exposed to Tris, 
electrolyte, Hanks’ and CV solutions from -0.2 to +1.1 V vs 
Ag/AgCl at 1000 Hz.

Performance of the SS-Based Biosensor towards a Target 
Analyte

Aiming to study the recognition capability of the SS-based bio-
sensor, EIS data was modelled to a suitable electrical equivalent cir-
cuit. A Randles model consisting of an Electrolyte Resistance (Re), 
a Constant Phase Element (CPE), which is used instead of a pure 
capacitor due to the irregularities of the substrate’s surface, such 
as its heterogeneity and roughness [43], and leakage resistance 
(Rleak) was used to simulate the impedance data. The fitting qual-
ity was ensured by the low values of the statistic parameter chi-
squared ( )2χ   for all the EIS measurements, presenting an average 
value of 3.15 x 10-3 ± 4.53 x 10-4.

Figure 5 shows the Nyquist Diagram for the biosensor contain-
ing the SS as a substrate before and after the exposure to the analyte. 
The results revealed an increasing of the capacitive arc diameter 
after the incubation in the analyte solution, which is related to the 
difficult of charge transferring on the interface electrode-electro-
lyte due to the presence of pair antigen-antibody, forming a more 
insulating layer. Elshafey et al. [44] confirmed that the formation 
of the immune complex antigen-antibody hinders the capability of 
ions from electrolyte to penetrate its interface with the electrode, 

enhancing the charge transfer Resistance (Rct) in case of a faradaic 
sensors. In case of non-Faradaic sensors, in which there is no re-
dox species in the electrolyte, when the antibodies present on the 
SS surface binds the target antigen (crotalic venom in this work), 
this captured analyte acts diminishing the conductivity of the trans-
ducer substrate [24]. In this sense, an expected increasing of Rleak 
(95.00 ± 8.71%) was observed from the biosensor before and after 
its incubation in the analyte solution, confirming that the SS is an 
adequate electrochemical transducer to be used in biosensors. In 
our previous publication [45], we have exploited further character-
istics (limit of detection, sensitivity and selectivity) of a sensor de-
veloped by means of a SS (Crofer 22 APU) towards the detection of 
venom from Bothrops snakes, corroborating the usability of these 
material for biosensing applications.

Figure 5: Nyquist Diagram of the SS-based biosensor 
before and after exposure to a target analyte (crotalic 
venom at 10 µg. mL-1 diluted in Hanks’ solution).

Conclusion
The electrochemical characteristics of a 304 SS were investi-

gated in order to evaluate it as an electrochemical matrix for bio-
sensing applications. Tris buffer, electrolyte, Hanks’ solution and CV 
solution simulated the conditions in which electrochemical biosen-
sors are commonly employed in the literature. The corrosion tests 
indicated that the Hanks’ and CV solutions represented the most ag-
gressive media to the SS electrode. The presence of corrosion prod-
ucts on the surface of the electrode especially after polarization in 
these both solutions could limit the application of SSs in biosensors 
whose transducer mechanism depends on the application of crit-
ical potentials. Mott-Schottky analysis demonstrated that the cor-
rosion products on the surface of the SS presents semiconducting 
features due to the presence of donors and acceptors carriers that 
provide both n- and p-type behaviors. Finally, after functionalizing 
the SS to recognize the presence of a target analyte in Hanks’ solu-
tion, the developed sensor suffered an increase of 95.00 ± 8.71% in 
the leakage resistance due to the formation of an insulating layer 
consisting of the immune complex crotalic venom/ anticrotalic an-
tibodies. Thus, the chemical stability of the SS in all the solutions at 
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the electrochemical equilibrium and under the application of criti-
cal potentials mainly in Tris and electrolyte as well as its capability 
to recognize a biomolecule of interest after functionalization allow 
to affirm that the SS is a promising transducer substrate for appli-
cation in electrochemical biosensors.
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