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A B S T R A C T   

The present work describes the development of an electrochemical immunosensor for the direct determination of 
methylated DNA using dissolved oxygen as the redox probe. The oxygen-sensitive response is possible due to the 
presence of a redox conducting polymer based on the Bismarck Brown Y dye (poly(azo-BBY)). In addition to the 
azo-polymer, gold nanoparticles (AuNPs) were formed in the polymer film by encapsulation to increase the 
active surface area and enhance sensor performance. The platform was easily synthesized using a single-step 
electropolymerization technique in a solution containing the BBY monomer and HAuCl4 salt. The immuno-
sensor was developed by simply immobilizing the 5-methylcytosine antibody (Ab-5-mC) with high affinity to 5- 
mC on the surface of a device coated with azo-polymer-AuNPs dots. No secondary antibodies or enzymes were 
used in constructing this device. The immunosensor performance was evaluated by electrochemical impedance 
spectroscopy (EIS) in different concentrations of 5-methylcytosine (5-mC) in 0.10 mol L− 1 phosphate buffer 
solution (PBS) solution containing atmospheric oxygen. A calibration curve was obtained by varying the resis-
tance of the system as a function of the 5-mC concentration, revealing a limit of detection (LOD) in picograms per 
milliliter.   

1. Introduction 

Scientific studies determining biomarkers for specific diseases have 
profound implications for the advancement of health and clinical prac-
tice [1–3]. In this sense, electrochemical immunosensors have shown 
notable prominence due to the possibility of minimizing the cost of 
immunological analysis by reducing the time and number of steps 
involved [4,5]. Furthermore, electrochemical systems can be easily 
miniaturized and are widely targeted for use as transducers in point-of- 
care (PoC) devices [6,7]. Immunosensors based on electrochemical 
impedance spectroscopy (EIS) stand out as a transduction model, mainly 
due to the high sensitivity achieved by the technique, which can reach 
detection limits at the picomole scale [8–10]. Most of these works use 
ferrocene as a redox species in solution to increase the signal-to-noise 
(S/N) response to antigen–antibody interactions at the electrode sur-
face. However, the presence of excess redox probes can be accompanied 

by problems associated with false-positive sensor responses [11,12]. 
This study proposes an alternative methodology using dissolved oxygen, 
already naturally present in the reaction system, as a redox probe for the 
detection of 5-methylcytosine for the determination of global levels of 
methylated DNA. The immunosensor was developed by the direct 
response of the 5-methylcytosine antibody immobilized on the device 
surface, without the need for a secondary antibody or enzyme. To the 
best of our knowledge, this is the first work in the literature to propose 
this methodology. This approach is possible due to the selective and 
sensitive response to the dissolved oxygen reduction reaction of the 
redox conducting polymer Bismarck Brown Y [13–16]. Furthermore, 
gold nanoparticles (AuNPs) were generated in situ from the polymer 
which tended to increase the active surface area and improve the per-
formance of the nanocomposite in the dot structure [17]. 
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2. Materials and methods 

All measurements were performed using a three-electrode configu-
ration: a saturated calomel electrode (SCE) for the electro-
polymerization step and pseudo-Ag/AgCl for aqueous solution 
measurements as the reference electrode, platinum wire as the counter 
electrode and a fluorine-doped tin oxide (FTO) electrode coated with 
poly(azo-BBY)-AuNPs as the working electrode. The electrochemical 
measurements were performed with a PalmSens3 interfaced with 
PSTrace 5.8 software. All reagents used were of high purity ≥ 98% 
(Sigma Aldrich). 

The poly(azo-BBY)-AuNP nanomaterial on the FTO surface was 
prepared by a single-step technique [16] by potential cycling between 
− 0.30 and + 1.00 V (vs. SCE) for 20-cycle scans at a scan rate of 10 mV 
s− 1 in a deaerated solution containing 10 mmol L− 1 BBY monomer and 
1.00 mmol L− 1 HAuCl4 in 0.10 mol L− 1 HCl medium. Then, the films 
were rinsed with deionized water and stored in a plastic container at 
room temperature. The immunosensor preparation was carried out by 
covalent immobilization of 5-methylcytosine antibody (Ab-5-mC) using 
glutaraldehyde (Glu) on the azo-polymer-AuNPs dots. In summary, 
before immobilizing the antibody on the surface of the device coated 
with poly(azo-BBY)-AuNPs, the surface was rinsed with a 0.10 mol L− 1 

Fig. 1. Electrosynthesis and characterization of the nanocomposite. (a) Cyclic voltammogram for poly(azo-BBY)-AuNP electropolymerization on an FTO electrode. 
(b) and (d) SEM images (100.0 k × magnification) of the nanocomposite FTO/poly(azo-BBY)-AuNP film and FTO/AuNPs, respectively. (c) Histogram of the poly(azo- 
BBY)-AuNP nanoparticle size distribution. (e) EIS applying a DC potential of − 0.20 V (vs. SCE) for poly(azo-BBY) and poly(azo-BBY)-AuNPs in 0.05 mol L− 1 PBS 
solution in an O2 atm. (f) Bode diagram corresponding to the EIS measurements. (g) Electrochemical characterization of poly(azo-BBY) and poly(azo-BBY)-AuNPs in 
0.05 mol L− 1 PBS solution under O2 saturation using cyclic voltammetry at 25 mV s− 1. (h) Electrical circuit model for mathematical spectra adjustment. 
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PBS solution (pH 7.40). After washing with buffer, 20 μL of 5% (m/v) 
glutaraldehyde solution was dropped on the surface and left for 5 min. 
Excess glutaraldehyde on the device surface was removed by successive 
rinsing with buffer solution. Subsequently, 20.0 μL of 1.0 μg mL− 1 5- 
methylcytosine antibody (Ab-5-mC) solution was added and allowed 
to incubate at room temperature for 30 min. Again, the poly(azo-BBY)- 
AuNP/Ab-5-mC-coated device was gently washed with buffer. The 
glutaraldehyde active sites remaining on the polymer surface were 
deactivated by incubating with a 1% bovine serum albumin (BSA) so-
lution for 30 min. Finally, the immunosensor was washed and used for 
impedimetric measurements. When not in use, the immunosensor was 
stored in a refrigerator in a PBS solution at − 4 ◦C. The EIS measurements 
were performed by applying the incidence of a 10-mV sine wave with a 
frequency range of 50 kHz to 0.1 Hz with 10 step/dec. All spectra were 
recorded at 25 ◦C. The complex plane impedance spectra were analyzed 
using EIS Analyzer 1.0 software. To fit the complex plane impedance 
spectra using the software, the capacitive element was replaced by a 
constant phase element (CPE). This is a nonideal capacitor with CPE =
1/Q(jω)α, where α is an exponent with values between 0 and 1. The real 
(C′) and imaginary (C′′) capacitance values were obtained from C′(ω) =
Z′′/ωZ2 and C′′(ω) = Z′/ωZ2, where ω is the angular frequency [12]. The 
immunoassay was carried out by exposing the sensor to different con-
centrations of 5-methylatedcytosin (5-mC) in PBS solution for 40 min 
and performing EIS measurements. The Rredox values obtained by the 
equivalent circuit model were normalized as follows: 

Rrelative(%) =
Rredox − R0

R0
× 100 (1)  

where R0 is the resistance in the absence of 5-mC. 

3. Results 

3.1. In situ single-step encapsulation of gold nanoparticles by the redox 
polymer and its impedimetric response to dissolved oxygen 

The poly(azo-BBY)-AuNP nanocomposite film was synthesized by 
cyclic voltammetry, applying 20 potential cycles over an interval of 
− 0.30 to + 1.0 V (vs. SCE) at a scan rate of 10 mV s− 1 (Fig. 1a). Fig. 1a 
shows that during the cycle scans, the current assigned to the cation 
radical decreases (potential between 0.80 and 0.90 V) due to the 
coverage of the FTO surface by the nanocomposite. On the other hand, 
the current related to the redox polymer response progressively 
increased (0.0–0.50 V) [16,18]. The polymer dots obtained after the 
20th applied potential cycle were characterized by scanning electron 
microscopy (SEM) (Fig. 1b). The SEM image shows the formation of gold 
nanoparticles in the form of nanoclusters encapsulated by a thin layer of 
poly(azo-BBY) evenly distributed over the entire surface of the device. 
Furthermore, imaging showed that the nanostructures varied in 
dimension between 74 and 475 nm, with an average value of 249 nm 
(Fig. 1c). The same structures are not observed on the conductive sub-
strate when using a solution containing only tetrachloroauric(III) acid 
(Fig. 1d). In fact, the absence of stabilizer molecules (such as polymers) 
makes it infeasible to use nanoparticles due to their instability, as they 
do not present a regular and well-defined shape due to the dissolution 
and redeposition processes caused by cyclic voltammetry [17,19]. 

Fig. 1(e) and (f) show typical electrochemical impedance data for 
poly(azo-BBY)-AuNP and poly(azo-BBY) films. The spectra obtained 
were analyzed using an equivalent circuit model (Fig. 1h) for the 
mathematical determination of the impedimetric parameters. The 
equivalent circuit proposed for the present device represents two 
interfacial resistance phenomena related to charge transfer at the poly 
(azo-BBY)–AuNP (Rct1) interface and the reduction reaction of dissolved 
O2 by the azo group in the polymer layer (Rredox) that covers the gold 
nanoparticles (Eq. (2)). The Rct values are accompanied in parallel by 
the polymer film (CPEfilm) and double layer (CPEdl) capacitances. EIS 

measurements performed in PBS solution with saturated dissolved ox-
ygen (40 mg mL− 1 O2) show that an increase in the electrochemical 
active surface area for the polymer-AuNP-coated device can be 
observed. This typical behavior is examined by the decrease in the 
impedimetric response slope in the range of low to medium frequencies 
in the Bode spectrum (Fig. 1f). The electrochemically active surface 
areas of the devices were calculated from the redox capacitance values 
[20,21]. The electroactive area of the poly(azo-BBY)-AuNP nano-
composite-coated device was 62% higher than that of the device coated 
with only the polymer. This significant increase results in an increase in 
active nitrogen group sites from the molecular structure of the poly(azo- 
BBY) (highlighted in red in Fig. 2c) for antibody immobilization in 
immunosensor construction. In addition, the redox (azo moieties) sites 
of the polymer are more available for reaction with dissolved oxygen 
(Eq. (2)), resulting in increased sensitivity of the device. By analyzing 
the voltammetric response (see Fig. 1g), it is possible to observe a 
decrease in the electroreduction overpotential of the oxygen, followed 
by a significant increase in the cathodic current of the system. 

(2) 

Aanalysis of the element impedimetric parameters (Table S1) 
revealed that the presence of dissolved oxygen decreased the Rredox 
value, as observed in previous studies. This wide sensitivity of the poly 
(azo-BBY)-AuNP-coated device to the variation of oxygen in solution 
will be used as a redox probe to accompany the analysis of methylated 
DNA. 

3.2. Construction of the immunosensor and its impedimetric behavior 

Fig. 2(a-b) illustrates the EIS data for each step of device modifica-
tion in immunosensor composition. Glutaraldehyde was used as a linker 
to covalently bind the antibody to the sensor surface [12,22]. In turn, 
BSA was applied after immunosensor construction to block the free 
glutaraldehyde on the polymer and prevent direct access of the analyte 
to the redox site, preventing false-positive results in the analytical signal 
[23,24]. Table 1 presents the impedimetric parameters obtained for 
each type of prepared device. Evidence of the modifications applied to 
the surface of the nanocomposite is observed by an increase in the 
capacitive arc (see Fig. 2a), indicating a decrease in molecular oxygen 
access to the polymer redox site. Looking at the Rredox parameter in 
Table 1, there is an increase in charge transfer resistance from 22.4 to 
112 kΩ cm2, corresponding to the device covered with nanocomposite 
(Fig. 2c1) and the device after all the modification steps (Fig. 2c4). 
Despite the significant increase in the Rredox value, impedimetric mea-
surements (Fig. S1) with the complete device in solutions containing 0.0 
and 99.1% dissolved O2 showed that the sensor retained direct sensi-
tivity to dissolved oxygen. 

A good method of studying possible biomolecular surface alterations 
is through complex capacitance analysis of impedance data [11]. The 
surface modifications also resulted in the alteration of the redox 
capacitance (Credox), as illustrated in Fig. 2B. This 68% decrease in redox 
capacitance represents a high degree of surface modification when 
anchoring the Ab-5-mC antibody. 

3.3. Immunosensor evaluation from methylated cytosine 

There are several common ways of determining whether a gene 
contains methylated DNA [25–28]. The most commonly used protocol is 
the treatment of DNA with bisulfite and the quantification of the 
methylation status using methylated cytosine standards. The impedance 
response of the poly(azo-BBY)-rGO film to different concentrations of 
methylated cytosine was carried out in a PBS (pH 7.4) solution 
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containing dissolved O2 saturated in atmospheric equilibrium. As shown 
in Fig. 3(a), there is an increase in the system impedance with the in-
crease in concentration of 5-mC in solution as a function of the increase 
in surface blockage after binding between 5-mC and Ab-5-mC takes 
place. Therefore, a calibration curve was constructed (Fig. 3b and c) and 
shows a linear relationship between the relative Rredox and the logarithm 
of the 5-mC concentration (Eq. (3)). The proposed immunosensor 
reached a limit of detection (LOD) of 0.64 pg mL− 1 and could be used for 
methylated DNA determination in unknown samples. 

Rrelative(%) = 23.4+ 10.0log
[
5 − mC

(
ng mL− 1) ] (

n = 5; r2 = 0.9960
)

(3)  

4. Discussion 

The remarkable structure of the poly(azo-BBY) film allows effective 

anchorage of biomolecules via free amine groups without affecting the 
structure of the azo group, which is responsible for the redox behavior of 
the polymer and the reduction reaction of dissolved oxygen molecules 
[15,16]. The presence of nanoparticles electrochemically synthesized in 
a single step in the same place made it possible to increase the sensitivity 
of the polymer toward dissolved oxygen molecules due to a significant 
increase in the active area surface [17,29]. This high sensitivity allowed 
monitoring of each step of immunosensor modification. It is clear that at 
each modification step, there was an increase in the number of species 
occupying and blocking the electrode surface, resulting in an increase in 
Rredox as a function of the “gate effect” generated for dissolved oxygen 
molecules to access the redox sites of the polymer [30,31]. Finally, the 
immunosensor was calibrated against different concentrations of 5- 
methylcytosine to explore the dissolved O2 detection strategy. The 
promising response of the immuno-poly(azo-BBY)-AuNP-5mC immu-
nosensor was compared with similar studies for the determination of 

(4)

(3)
(2)

(1)

5.40 F cm-2

Fig. 2. Impedimetric characterization of the 5-mC immunosensor. (a) Nyquist spectra for each modification step with an applied potential of − 0.40 V (vs. pseudo- 
Ag/AgCl) in a 0.10 mol L− 1 PBS solution containing saturated dissolved O2. (b) Capacitance complex spectra for poly(azo-BBY)-AuNPs before and after modification 
with immunosensor components. (c) Schematic representation of each step of immunosensor fabrication: (1) poly(azo-BBY)-AuNP; (2) poly(azo-BBY)-AuNP-Glu; (3) 
poly(azo-BBY)-AuNP-Glu-Ab; and (4) poly(azo-BBY)-AuNP-Glu-Ab-BSA. 

Table 1 
Impedimetric parameters determined by fitting the electrochemical impedance spectra of the immunosensor construction steps to the equivalent circuit shown in 
Fig. 1h. The errors presented for the fit were below 2%.  

Modification step (Fig. 2c) RΩ. Rct Rredox CPEdl αdl CPEfilm αfilm Credox 

(kΩ cm2) (μF cm− 2 sα-1)  (μF cm− 2 sα-1)  (μF cm− 2) 

(1)  0.10  0.483  22.4  4.10  0.96  26.2  0.60  5.40 
(2)  0.10  0.565  55.8  6.93  0.95  18.4  0.65  6.12 
(3)  0.10  0.211  36.1  9.06  0.96  11.2  0.61  7.79 
(4)  0.10  0.276  112.0  2.90  0.80  7.39  0.82  3.68  
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methylated DNA, proving equivalent/superior to recent studies when 
comparing detection limits and quantification. 

5. Conclusions 

The new approach for building immunosensors based on the use of 
dissolved oxygen as a redox probe presented in this work is promising. 
Using the electropolymerization technique, the nanocomposite material 
was synthesized in a single step, saving time and reagents. Compared to 
conventional immunoassays based on electrochemical methods, a sig-
nificant simplification of the sensory interface was achieved, which does 
not require an external redox probe, such as ferrocyanide, nor was it 
necessary to use markers or secondary antibodies for the analysis, 
simplifying the interface and decreasing the costs associated with the 
test. 

CRediT authorship contribution statement 
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