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Abstract
The giant extracellular hemoglobin of the annelid Glossoscolex paulistus (HbGp; 3.6 MDa) is a valuable and underexplored 
supramolecular hemoprotein system for the biorecognition of reactive oxygen species. In this work, an efficient and simple 
electrochemical platform was designed for analyzing H2O2, using HbGp covalently immobilized on Nafion®-modified glassy 
carbon electrode, named as HbGp/Nafion/GCE. Voltammetric and spectroscopic studies revealed the importance of prior 
modification of the electrodic support with the conducting polymer to obtain satisfactory hemoglobin electroactivity, as 
well as a biocompatible microenvironment for its immobilization. In terms of biological activity, it was observed a greater 
reactivity of the biomolecule in acidic medium, enabling the detection of the analyte by a quasi-reversible mechanism, whose 
kinetics was limited by analyte diffusion. In the presence of H2O2, the native structure of hemoglobin (oxy-HbGp (Fe2+)) 
oxidizes to ferryl-HbGp (Fe4+) and this redox reaction can be monitored on HbGp/Nafion/GCE with a detection limit of 
8.5 × 10‒7  mol L-1. In addition to high sensitivity, the electrochemical biosensor also provided reproducible, consistent, and 
accurate measurements. The electroanalytical method showed an appropriate performance to quantify different levels of 
H2O2 in milk samples, proving the potential of HbGp/Nafion/GCE for this purpose.
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Introduction

Giant extracellular hemoglobins are proteins involved 
in the respiratory system of annelids and molluscs [1, 2], 
being characterized by cooperativity and affinity to bind 
oxygen comparable to mammalian hemoglobins. Other 
peculiar oligomeric characteristics, such as those found for 

Glossoscolex paulistus hemoglobin (HbGp), have attracted 
the attention of many researchers in relation to its biotechno-
logical potential. HbGp has a highly organized native struc-
ture, containing 144 polypeptide chains with heme groups 
(porphyrin sites coordinated to iron atoms) called a, b, c, 
and d, besides 36 polypeptide chains without heme groups, 
called chains linker L1, L2, and L3  [3–6]. The role of these 
subunits is probably related to the maintenance of the oli-
gomeric structure [6, 7], whose molecular mass is 3.6 MDa 
[8]. Figure 1 illustrates the three-dimensional structure of 
HbGp along with its constituent subunits. The presence of 
the heme group also makes this macromolecule electroactive 
[9, 10], as well as vertebrate hemoglobins [11]. Further-
more, this macromolecule has high oligomeric stability and 
resistance to auto-oxidation under stress conditions caused 
by changes in pH, temperature, concentration of salts, and 
denaturing agents [3, 12–17], enabling its application as a 
robust biorecognition element and/or carrier of reactive oxy-
gen species.

Despite the great technological potential of HbGp, most 
research is focused on understanding its properties and 
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mechanisms of action, while its possible applications remain 
virtually unexplored [18–23]. Carvalho et al. [14], for exam-
ple, observed by analytical ultracentrifugation and dynamic 
light scattering data that the oligomeric structure of HbGp 
remains especially intact at pH 7.0, reaching a hydrodynamic 
diameter around 28 nm. Caruso et al. [24] reported that it has 
significant peroxidase activity in the presence of guaiacol 
and catalyzes the reduction of hydrogen peroxide (H2O2). 
Libardi et al. [25] complemented this research, showing 
through spectroscopic data that high concentrations of H2O2 
turn meta-HbGp (Fe3+) into ferryl-HbGp (Fe4+) species, and 
changes in the oxidation state of iron have important impli-
cations for protein activity. These studies also suggest that 
HbGp, as well as other globins [26–31], combines interest-
ing properties to be adapted in electrochemical biosensors 
engineered for hydrogen peroxide.

The redox reaction between HbGp and H2O2 can be stud-
ied, for example, for peroxide biosensing in complex sam-
ples. This is important because H2O2 is widely used as a 
preservative in the food industry, especially in dairy products 
[32, 33], stimulating the endogenous lactoperoxidase anti-
bacterial system [34, 35]. However, this practice can trigger 
severe side effects, such as gastritis and intestinal inflam-
mation [36], leading to its ban in many countries. Monitor-
ing this oxidizing agent is important, but also challenging 
because H2O2 is extremely reactive and has a short half-life, 
requiring devices that provide fast, reproducible, specific, 
and accurate analyses. Alternative enzymatic and non-enzy-
matic biosensors have been proposed, but depending on the 
sample handling conditions in terms of pH, temperature, 

supporting electrolyte, and electroactive interferences, their 
application may be unfeasible, demanding more robust and 
versatile devices.

In order to meet these requirements and contribute to 
new alternatives for monitoring this analyte, a novel elec-
trochemical biosensor for H2O2 is proposed here, using 
HbGp as a biorecognition element. The working device was 
developed with a glassy carbon electrode modified with 
Nafion®, which was used as a biocompatible support for 
the direct immobilization of giant extracellular hemoglobin 
(HbGp/Nafion/GCE). Typical electroanalytical parameters 
related to the interaction of the analyte with the biosensor 
were analyzed and critically discussed to assess the perfor-
mance of the proposed method. Comments on changes in 
physicochemical parameters associated with the integrity 
and activity of the bioelement were also included. HbGp/
Nafion/GCE electrochemical biosensor was also tested to 
monitor low levels of H2O2 in bovine milk samples, and the 
main protocols and results will be highlighted below.

Material and methods

Chemicals

All reagents used were of analytical purity and pur-
chased from Sigma-Aldrich. The H2O2 stock solution 
(1.0 × 10–3 mol L–1) was produced from the dilution of its 
analytical standard. For biosensor development, Nafion® 
D-520 with (5% w/w dispersion) was used on GCE to 

Fig. 1   Crystallographic struc-
ture of the giant hemoglobin 
from Glossoscolex paulistus, 
its subunits, and heme group 
representation.  Adapted from 
Protein Data Bank (PDB: 
4U8U)
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anchor HbGp (20 mg mL‒1). 0.1 mol L‒1. Phosphate buffer 
electrolytic solution (5.0 ≤ pH ≤ 9.0) was prepared by mix-
ing suitable amounts of Na2HPO4 and NaH2PO4. The pH 
adjustments were made with NaOH and HCl solutions, both 
at 0.1 mol L–1. All aqueous solutions were prepared with 
ultrapure water (ρ = 18 MΩ cm‒1) from a Millipore Milli-Q 
system—Brazil.

Protein extraction and purification

Glossoscolex paulistus annelid is prevalent in sites near 
Piracicaba and Rio Claro cities in the state of São Paulo, 
Brazil. G. paulistus hemoglobin (HbGp), in the oxy-form, 
was prepared as described in [14, 37]. The final protein 
concentration in our stock solution was in 20 mg mL‒1, in 
Tris–HCl 100 mmol L‒1 buffer, pH 7.0. The excess of oxi-
dant was removed by dialysis against the same buffer for 
3 h. The concentration was determined spectrophotometri-
cally using the extinction coefficient for oxy-HbGp, ε415 
nm = 5.5 ± 0.8 (mg/mL)−1 cm−1.

Instrumentation

The electrochemical experiments were performed in a con-
ventional three-electrode cell configured with HbGp/Nafion/
GCE biosensor, platinum counter-electrode, and Ag/AgCl 
(KCl 3.0 mol L–1) reference electrode. The measurements 
were performed with an Autolab PGSTAT 128 N/FRA32M 
computer-controlled potentiostat/galvanostat (Metrohm-
Autolab; The Netherlands), handled by NOVA 2.0 software. 
Additional information on hemoglobin stability was studied 
by UV–visible spectroscopy, using a Cary 50 conc (Varian; 
Australia) spectrophotometer, either alone or in the pres-
ence of Nafion or H2O2, ranging the wavelength from 700 to 
300 nm. Whenever necessary, pH adjustments were checked 
by direct potentiometry, using an Orion 5Star multiparam-
eter (Thermo Electron Corporation—USA) equipped with 
a (H+)-ion-selective electrode.

Electrochemical procedures

Initially, the performance of HbGp/Nafion/GCE biosensor 
was evaluated by cyclic voltammetry (CV), ranging the elec-
trochemical potential from − 0.5 V to 1.4 V (vs Ag/AgCl/
Cl‒sat), using different scan rates (100–150 mV s‒1) and 
pHs (5.0–9.0). The obtained data were carefully studied to 
understand the electroactivity, mass- and charge-transport 
phenomena, mechanism, and kinetics of the H2O2 redox 
reaction at the biosensor/solution interface. Charge-transfer 
resistance data were obtained by electrochemical imped-
ance spectroscopy (EIS) at open circuit potential, using a 
frequency range from 10 kHz to 100 MHz with 10 mV of 
amplitude. Square-wave voltammetry (SWV) was used to 

quantify H2O2 in commercial milk samples, after optimizing 
the critical parameters that control the electrochemical sig-
nal in this technique, i.e., frequency (f; 25–250 Hz), ampli-
tude (a; 5–60 mV), and potential increment (ΔEs; 1–6 mV). 
Optimization was based on the maximum peak current value 
(Ip), displacement of peak potential (Ep), and changes of 
half-peak width (ΔEp/2). All experiments were carried out 
at room temperature (25 °C), using 0.1 mol L‒1 phosphate 
buffer as an electrolyte.

Spectroscopic procedures

UV–visible spectroscopy assays were carried out in order 
to assess the biocompatibility of Nafion® for the immobi-
lization of hemoglobin. Initially, 100 µL of the conductive 
polymer was placed in the cuvette and left to rest at room 
temperature until all solvent had evaporated. After drying, 
1.5 mL of 0.2 mg mL‒1 HbGp solution was added to the 
cuvette, and spectra were collected after 5 min of hemo-
globin-polymer interaction. Subsequently, the amount of free 
HbGp and its majority form (meta-HbGp or ferryl-HbGp) 
were estimated by redox titration, using H2O2 (1.99 × 10‒6 
to 9.08 × 10‒5 mol L‒1) as titrant.

Biosensor production

For biosensor development, GCE was used as support. Its 
surface was manually cleaned with a polishing cloth (LAM 
PLAN S.A., France) containing Al2O3 suspension (particle 
size 0.05 μm), followed by an ultrasonic bath for 5 min, and 
rinsing with distilled water. After this process, the active 
surface (1.5 mm2) of the electrode support was covered 
with 10 μL of Nafion® by drop-coating and kept at room 
temperature until solvent evaporation. The same process 
was employed for the direct immobilization of 10 μL of 
25 mg mL‒1 HbGp, producing HbGp/Nafion/GCE work-
ing biosensor. Scheme 1 provides a general representation 
of biosensor development and H2O2 detection mechanism.

Evaluation and application of the procedure

Analytical curves were obtained by SWV from peak 
currents recorded at different concentrations of H2O2 
(1.99 × 10‒6 to 1.57 × 10‒5 mol L‒1). The coefficients of 
the resulting linear regression equation were used to calcu-
late the limits of detection (LOD) of the method, according 
to studies reported in the literature [21]. The precision of 
the proposed electroanalytical procedure was evaluated 
by relative standard deviations (RSD%) from consecutive 
measurements of H2O2 (1.18 × 10‒5 mol L‒1) performed 
intraday (n = 8) and interday (n = 4). Reproducibility tests 
were performed comparing the responses obtained with 
five different biosensors, which were developed and used 
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under the same optimized conditions. Thinking about 
using the procedure to quantify peroxide in bovine milk 
samples, assays in the presence of lactose, vitamin C, 
calcium, and magnesium were carried out to evaluate the 
influence of these substances/ions on the electroanalyti-
cal signal. HbGp/Nafion/GCE biosensor was employed to 

quantify H2O2 (3.98 × 10‒6 to 1.57 × 10‒5 mol L‒1) in com-
mercial milk samples, containing a total fat content (11%) 
and conserved at pH ≈ 6.6 at 5 °C, so that no pre-treatment 
or sample cleaning steps were required. All measurements 
were performed in triplicate.

Scheme 1   General representa-
tion of HbGp-based biosensor 
development and H2O2 detec-
tion mechanism (PDB: 4U8U)

3732 Nascimento E. D. et al.



1 3

Results and discussions

Electrochemical behavior of HbGp

The electrochemical behavior of HbGp immobilized on 
GCE and Nafion/GCE was studied by CV at 50 mV s‒1, 
using phosphate buffer (pH = 7.0) as an electrolyte. 
According to data in Fig. 2A, it can be seen that no redox 
process is verified when the protein is directly immobi-
lized on bare GCE. This result was associated with a weak 
interaction between biomolecule and electrode surface, 
leading to protein dissolution in the presence of the elec-
trolyte. In fact, the low adhesion and detachment of HbGp 
from the GCE surface were critical and visually notice-
able. In addition, some studies proved that iron atoms 
coordinated to heme groups of globins are not electro-
active when directly immobilized on the most common 
types of surfaces, including carbon ones [38, 39]. The 
chemical inertness of iron in this case is attributed to the 
location of the heme groups in the macromolecule, which 
are immersed inside the oligomeric structure (hydrophobic 
pocket) and away from the charge-transfer layer [38, 40, 
41]. On the other hand, when HbGp was immobilized on 
Nafion/GCE, well-defined oxidation and reduction pro-
cesses were observed at 0.91 and 0.20 V (vs Ag/AgCl/
Cl‒sat), respectively, which have been associated with 
changes in the oxidation state of the iron contained in the 
porphyrin centers. It is evident that this result was favored 
by Nafion, since its conductive nature reduces the energy 
gap that delimits the transfer of electrons at the electrode/

solution interface [35, 36]. EIS data also showed that 
the conductive polymer improved charge-transfer resist-
ance, promoting a decrease in the semicircle in Nyquist 
diagrams (Fig. 2B). A contrary effect was observed after 
protein immobilization, suggesting good adherence of the 
biomolecule to the device surface [42].

Following the diagnostic criteria of cyclic voltammetry, 
the studied redox process is classified as quasi-reversible, 
corroborating previous studies performed with other hemo-
globins [27, 37, 38]. The large peak-to-peak difference 
between anodic and cathodic waveforms is attributed to the 
greater stability of oxy-HbGp (reduced form) when com-
pared to meta-HbGp (oxidized form). The oxidation process 
is more difficult to occur because the heme group involved 
is located in a predominantly hydrophobic region, limiting 
molecular solvation [9]. Furthermore, Fig. 2A also shows 
another low-intensity oxidation process at 0.45 V that pre-
cedes the main anodic peak and is probably associated with 
the oxidation of iron present in subunits less stable under 
stress, such as the trimeric subunit abc. We found that this 
process becomes more evident under denaturation condi-
tions, such as in alkaline medium or in high concentrations 
of hydrogen peroxide. More details about this effect will be 
presented in the next sections.

The redox process of HbGp on Nafion/GCE changes 
slowly over consecutive potential scans. After fifty cycles, 
the anodic and cathodic peak currents decreased by 13.4% 
and 5.6%, respectively. The anodic peak potential also dis-
placed 60 mV from the initial value, while the cathodic 
peak potential was almost constant. Even so, the general 
voltammetric profile of hemoglobin was kept, indicating that 

Fig. 2   A Cyclic voltammogram recorded with HbGp/Nafion/GCE in 
phosphate buffer (pH = 7.0), using 50  mV  s‒1. The results obtained 
with GCE, HbGp/GCE, and Nafion/GCE are in the figure insert. B 

Nyquist plot recorded at the oxidation peak potential of [Fe(CN)6]3− 
(5.0  mmol L−1) in 0.1  mmol L−1 H2SO4, using a frequency range 
from 10 kHz to 100 MHz and 10 mV of amplitude
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it retains its activity and remains adhered onto the modi-
fied electrode (Fig. S1). This behavior is important for the 
development of electrochemical biosensors, as the stability 
of the biorecognition element implies reproducibility of the 
device under study [43]. In other words, any external fac-
tor that abruptly disturbs the stability of a biomolecule will 
promote its denaturation, compromising its functions and 
possible applications [44].

Typical cyclic voltammograms registered with HbGp/
Nafion/GCE in phosphate buffer (pH = 7.0), using different 
scan rates (v; 10‒150 mV s‒1), indicated diffusion-limited 
electrode kinetics. Figure S2A shows that increasing v raises 
the values of Ip, Ep, and Ep/2 in a non-linear way, as is usually 
observed in quasi-reversible processes [45]. Plotting Ipc vs. 
v1/2 (Fig. S2B), a relatively linear relationship (R2 = 0.9881) 
was observed, whose slope reveals an electrodic area of 
3.712 ± 0.289 mm2 [46]. From log Ipc vs. log v (R2 = 0.9885; 
Fig. S3), new evidence of diffusion-controlled mass trans-
port was found [47]; slope = 0.651 ± 0.050. The loss of 
linearity in this last relationship may be related to charge-
transfer phenomena confined in the chemical structure of 
the biomolecule itself and/or between the different constitu-
ent layers of the electrochemical biosensor [48]. As men-
tioned earlier, high values of v make the voltammetric peaks 
broader and compromise the method selectivity when the 
analysis is performed in the presence of interfering agents. 
The sensitivity of the procedure becomes more expressive at 
v ≤ 100 mV s‒1, especially when evaluated from the cathodic 
process; higher Ip values. Hence, this peak was chosen as the 
electroanalytical signal for the detection of H2O2 in further 
experiments, using v = 100 mV s‒1.

pH effect

Changes in pH can be critical for the structural conformation 
of hemoglobins and, consequently, for their biological activ-
ity [49–51]. In the case of HbGp, such changes have a drastic 
effect on the organization of polypeptide chains and primary 
coordination spheres around the iron centers [52]. Voltam-
metric data recorded at different pHs (5‒9) also proved 
that the electroactivity of this macromolecule is affected, 
as shown in Fig. 3. Anodic and cathodic peaks are observed 
throughout the range studied, but Ip values progressively 
decrease as the medium becomes alkaline. At the same 
time, Ep values displaced towards more negative values. 
At pH > 8, no signal was observed due to dissociation and 
subsequent denaturation of hemoglobin, making all heme 
groups more accessible to the solvent. This loss of stability 
and electroactivity corroborates detailed studies with HbGp 
conducted by Moreira et al. [53] and Carvalho et al. [14], 
giving greater credibility to the results obtained. Increased 
pH leads to loss of oxy-HbGp stability, evidenced by the 
oxidation of heme iron and its dissociation into smaller 

subunits, such as dodecamer (abcd)3  and tetramer abcd [14]. 
Although the results indicate greater HbGp reactivity under 
more acidic conditions, adjustment requires attention as it 
also denatures at pH < 5.

Interaction with H2O2

The reaction between H2O2 and HbGp is really critical, being 
able to inhibit the working electrochemical biosensor signal 
as the concentration of the oxidizing agent increases, as indi-
cated in Fig. 4. This trend continues until 1.57 × 10‒5 mol 

Fig. 3   Cyclic voltammograms recorded with HbGp/Nafion/GCE at 
50 mV s‒1, using phosphate buffer adjusted to different pHs (5.0–8.0) 
as electrolyte. Figure inset shows the effect of pH on anodic and 
cathodic peak potentials

Fig. 4   Cyclic voltammograms recorded with HbGp/Nafion/GCE at 
50 mV  s‒1, using phosphate buffer (pH = 5.0) and different concen-
trations of H2O2 (a = 1.99; b = 3.98; c = 5.96; d = 7.94; e = 11.86; 
f = 15.75; g = 19.61; h = 25.34; and i = 31.01 µmol L‒1)
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L‒1 H2O2, remaining practically constant thereafter. This is 
because the redox reaction with the most exposed iron sites 
reaches equilibrium, and the reaction kinetics is limited by 
the diffusion of the analyte towards the more protected sites 
[54]. Since the resistivity of the system continually changes, 
the potential values also keep changing, but the currents 
reach a plateau. The addition of H2O2 further reduces peak-
to-peak values and increases the reversibility of the redox 
reaction, which was expected because the dissociation of the 
oligomeric structure makes the heme groups more accessible 
to the solvent and susceptible to electrochemical processes.

The bioactivity of HbGp in the presence of Nafion and 
H2O2 in solution was also investigated by UV–visible spec-
troscopy. Figure 5 shows spectra of the main results obtained 
under the indicated conditions. In its native state, hemo-
globin contains Fe2+ ions preserved in its porphyrin domains 
[24]. It presents an intense Soret band at 414 nm and Q 
bands (alpha and beta) at 539 nm and 574 nm. The spectrum 
recorded in the presence of Nafion is practically the same, 
with only a decrease in the absorbance of the aforemen-
tioned bands due to sample dilution, and the appearance of 
another low-intensity band at 630 nm (insert in Fig. 5). This 
last sign is characteristic of high-spin species, indicating that 
small fractions of hemoglobin were partially oxidized in the 
regions of interaction with the conducting polymer. How-
ever, the spectral similarity indicates that HbGp remained 
mostly in its native form, therefore Nafion offers a biocom-
patible microenvironment to immobilize this biomolecule. 
In contrast, H2O2 had a much more drastic effect, promoting 
an expressive reduction of the Soret and Q bands, in addition 
to their displacement towards the red region of the visible 
spectrum. The result obtained is strong evidence of the for-
mation of ferryl-HbGp as an oxidation product [25].

Electroanalytical parameters

The ability of HbGp/Nafion/GCE to detect H2O2 was 
explored by SWV, after optimization of critical parameters 
for signal sensitivity (25–250 Hz frequency, 5–60 mV ampli-
tude, and 1–6 mV potential increment), in order to develop 
an alternative electroanalytical method for the analyte under 
study. To obtain greater detection capacity and selectivity, 
based on the values of Ip, Ep, and ΔEp/2, the best voltammet-
ric parameters were f = 150 Hz, a = 30 mV, and ΔEs = 2 mV 
(Fig. S4; Supplementary Material).

Figure 6 shows the analytical curve used for the deter-
mination of H2O2 (1.99 × 10‒6‒1.57 × 10‒5 mol L‒1) with 
HbGp/Nafion/GCE, using phosphate buffer (pH = 5.0) as 
electrolyte. The high correlation found for the linear adjust-
ment of the data (R2 = 0.9949) proves that the resulting 
regression equation Ip (µA) = 94.109–3.548 [H2O2] (µmol 
L–1) is representative to describe the data variance. LOD 
value was 8.5 × 10‒7 mol L‒1 suggesting that the electro-
chemical biosensor is adequate to quantify the analyte even 
at low concentrations. As can be seen in Table 1, the sensi-
tivity obtained was equivalent or higher than the other elec-
trochemical methods reported in recent years, compared 
with enzymatic or non-enzymatic methods. Measurement 
precision was maintained even when assessed by intraday 
(RSD = 3.4%; n = 8) and interday tests (RSD = 4.7%; n = 4). 
Comparing the response obtained with different devices 
(RSD = 5.4%; n = 3), it was found that the accuracy was 
not compromised either. Additionally, the signal decay 
caused by H2O2 (1.0 × 10‒5 mol L‒1) was not significantly 
influenced when the tests were performed with equimolar 

Fig. 5   UV–visible absorption spectrum for (a) pure HbGp and in the 
presence of (b) Nafion and (c) H2O2. The insert highlights the Q-band 
spectral region in amplified format

Fig. 6   Square-wave voltammograms obtained for H2O2 (a = 1.99; 
b = 3.98; c = 7.94; d = 11.86; and e = 15.75  µmol L‒1) on HbGp/
Nafion/GCE in phosphate buffer (pH = 5.0), using 150 Hz frequency, 
30  mV amplitude, and 2  mV potential increment. The insert corre-
sponding analytical curve
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amounts of lactose, vitamin C, Ca+2, and Mg+2, which are 
substances/ions commonly found in bovine milk samples. 
The analytical performance achieved suggests that HbGp/
Nafion/GCE can be quite efficient to quantify H2O2 in the 
above-mentioned matrix.

Application

The efficiency of HbGp/Nafion/GCE to quantify H2O2 resi-
dues in real milk samples was evaluated. Despite several 
reports proving the adulteration of commercial samples with 
different concentrations of the analyte, we did not identify 
the presence of H2O2 in the samples studied. For this reason, 
the samples were spiked (3.98‒15.48 µmol L‒1) to assess 
the applicability of the method. The data in Table 2 show 
that the recovery values were expressive, ranging from 91.93 
to 107.84%. The performance was practically the same, 
regardless of using raw, centrifuged, or diluted samples. 
These results attest to the feasibility of HbGp/Nafion/GCE 
for the quality control of commercial milk samples possibly 
contaminated with H2O2.

Conclusions

Giant extracellular hemoglobin from Glossoscolex pau-
listus, here defined as HbGp, undergoes an oxidation 
process in the presence of H2O2, forming ferryl-HbGp. 
The same reaction can be studied on the surface of an 
electrochemical biosensor, as in the case of HbGp/Nafion/

GCE proposed in this work, making it possible to detect 
and quantify low levels of the mentioned oxidizing agent. 
When building the device, the previous modification of 
the electrodic support with Nafion was necessary to make 
the hemoglobin electroactive and offer a biocompatible 
microenvironment for its immobilization. The oligomeric 
stability of the macromolecule in the presence of this con-
ducting polymer was confirmed by both voltammetric and 
spectroscopic tests. The electrochemical reaction between 
H2O2 and HbGp was favored in an acidic medium, becom-
ing faster and limited by diffusion. Operating the biosensor 
under optimized conditions, it was possible to quantify 
low levels of H2O2 in milk samples with high precision 
and accuracy. Therefore, HbGp/Nafion/GCE represents a 

Table 1   Comparison of the 
analytical performance of the 
HbGp/Nafion/GCE biosensor 
with enzymatic and non-
enzymatic sensors reported 
in the literature for the 
determination of H2O2

Legends: Hb hemoglobin; GCE glassy carbon electrode; NIBA-IL naphthylimidazolium butyric acid ionic 
liquid; MWCNT multiwalled carbon nanotube; HRP horseradish peroxidase; Au-TiO2NSs- rGO Au nano-
particles and TiO2 nanosheets co-modified reduced graphene oxide nanocomposite; PAMAM polyami-
doamine; AuNPs gold nanoparticles; Cyt c cytochrome c; GO graphene oxide 3; Dy2O3 dysprosium oxide; 
AuNCs Au nanoclusters; SGO sulfonated graphene oxide; Mb myoglobin; MoS2 molybdenum disulfide; 
rGO reduced graphene oxide; PANI polyaniline; Fe2P/NP C Fe2P modified N, P co-doped carbon

Configuration of electrochemical methods Linear range (µmol 
L‒1)

LOD (µmol L‒1) Reference

Hb/NIBA-IL/MWCNT/GCE 10–6300 3.2 [27]
Cyt c/TPP-HA[TFSI]/MWCNT/GCE 20–892 6.2 [29]
Nafion/Hb/Au-TiO2NSs-rGO/GCE 7.5–250 3.0 [55]
HRP/Ti3C2/Nafion/GCE 5.0‒8000 1.0 [56]
Hb/PAMAM-AuNPs/GCE 20–950.22 6.1 [57]
Hb/GO/Dy2O3/GCE 5–300 2.0 [58]
Nafion/HRP-AuNCs/GCE 10–3270 0.99 [59]
Mb–SGO–Nafion/GCE 10–100 1.5 [60]
Hb-AuNPs@MoS2/GCE 10–300 4.0 [61]
Fe3O4@PANI/rGO/GCE 100‒1500 4.45 [62]
Ag-Au/rGO/TiO2/GCE 10‒30,000 3.0 [63]
Fe2P/NP C/GCE 100‒1000 60 [64]
HbGp/Nafion/GCE 1.99–15.74 0.85 In this study

Table 2   Analytical recoveries of H2O2 added in milk samples, meas-
ured by the HbGp/Nafion/GCE biosensor

Sample H2O2 added 
(µM)

H2O2 found 
(µM)

Recovery (%)

Pure milk 5.96 5.71 95.83
11.851 12.79 107.84
25.34 23.30 91.93

Centrifuged milk 7.94 7.71 97.21
15.75 16.15 102.56
25.34 25.16 99.29

Diluted milk 
(10‒3)

7.94 7.63 96.10
15.75 16.31 103.56
25.34 25.09 99.00

3736 Nascimento E. D. et al.



1 3

potential alternative for quality control testing of samples 
supposedly contaminated by this additive.
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