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Abstract
The present work proposes a new electrochemical sulfite biosensor based on babassu mesocarp nanoparticles (BMNPs)
immobilized on the surface of a pyrolytic graphite electrode (PGE). The synthesized nanoparticles had a size of 121.5 nm and
a zeta potential of − 28.1 mV and were used as a support for the immobilization of chitosan (CHIT) and polyphenol oxidase
(PPO) obtained from sweet potatoes (Ipomea batatas (L.)). The electrochemical activity of the PGE/BMNPs/CHIT/GA/PPO
biosensor was measured using cyclic voltammetry (CV) and square wave voltammetry (SWV), and the biosensor was shown to
have a sensitivity of 2.18 μA/μmol L−1, a detection limit of 0.151 μmol L−1, and quantitation limit of 0.452 μmol L−1 for sulfite.
The principle of analysis for the developed biosensor is based on the inhibitory effect of sulfite on the activity of the PPO enzyme.
This biosensor was successfully employed for the analysis of industrial juice, without the need to pre-treat the sample.
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Introduction

Food additives are natural or synthetic substances added to
foods to render themwith a particular technological or sensory
function, for example, to combat bacterial degradation, restore
color, or add flavor [1].

These can be primarily divided into 6 groups, namely pre-
servatives, nutritional additives, dyes, flavoring agents,

texturizing agents, and diversified agents. Preservatives can
be further subdivided into antimicrobials, antioxidants, and
anti-bleaching agents [2].

Sulfite or sulfite agents such as sulfur dioxide (SO2), sodium
sulfite (Na2SO3), potassium sulfite (K2SO3), sodium bisulfite
(NaHSO3), potassium bisulfite (KHSO3), sodium metabisulfite
(Na2S2O5), and potassiummetabisulfite (K2S2O5) can act as pre-
servatives [3, 4]. These additives are used to improve the food
aroma, lighten and stabilize food products, and prevent fermen-
tation, and as antimicrobial agents [5, 6]. They are widely used in
foods such as wines, processed juices, dried fruit, dehydrated
biscuits, and fish [7, 8].

Despite their effectiveness in food preservation, sulfites
reportedly cause numerous adverse reactions on human
health. Studies have shown that extensive ingestion of this
additive induces harmful effects on cells and tissues, causing
life-threatening asthma attacks and allergic reactions [9, 10].
Symptoms of dermatitis, hives, flushing, hypotension, abdom-
inal pain, and diarrhea have also been reported [11, 12].

Therefore, there is a need to monitor sulfite levels in proc-
essed foods and beverages, in order to maintain compliance
with the regulatory guidelines proposed by current legislation.
The Food and Drug Administration (FDA, USA) recom-
mends the use of warning labels on any food product
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containing more than 10 mg/kg sulfite, or a beverage contain-
ing more than 10 mg/L sulfite [13].

A number of techniques have been developed for the quan-
titative analysis of sulfite, such as titration [14], chromatogra-
phy [15], capillary electrophoresis [16, 17], flow injection
analysis [18, 19], and fluorescence spectroscopy [20, 21].
However, some of these techniques are time-consuming while
others require sample pretreatment or high cost.

Biosensors are believed to be a viable alternative for the
rapid detection and quantification of sulfites in food products,
since they are simple, low-cost devices with high sensitivity
and stability, and a short analysis time [22–24].

Enzymatic biosensors are constructed by immobilizing en-
zymes on the surface of the electrode and have aroused inter-
est due to their increased selectivity and stability [25, 26].

The enzyme particularly used in the construction of biosen-
sors is polyphenol oxidase (PPO), also known as tyrosinase or
catechol oxidase. This enzyme is a natural oxidoreductase,
with two copper atoms at its active center, catalyzing oxida-
tion reactions including the hydroxylation of monophenols to
o-diphenols and the subsequent oxidation of diphenols to o-
quinones in the presence of molecular oxygen [27–29].

Nanoparticles are other materials widely used in the con-
struction of biosensors. They have advantageous properties
such as high surface area and low diffusional limitation, which
provide an adequate environment for the immobilization of
the enzymes, while maintaining their bioactivity and facilitat-
ing the transfer of electrons between the redox center and the
electrode surface [30–32].

Polymeric nanoparticles used in the present work were de-
veloped using the natural polymer from babassu mesocarp
(BM) (Orbignya phalerata Mart). BM is the substance har-
vested from between the babassu coconut epicarp and endo-
carp [33]. It is a useful material with no toxicity and is widely
used as a binder. These characteristics allow it to be used for
different industrial and health applications [34, 35].

The present work was aimed at the construction of an elec-
trochemical biosensor for the indirect determination of sulfite
in industrial juices, using a pyrolytic graphite carbon electrode
modified with polymeric babassu mesocarp nanoparticles,
polyphenol oxidase enzyme, chitosan, and glutaraldehyde
for the construction of the active layer.

Materials and methods

Materials and reagents

The following reagents were used in this study:
dimethylsulfoxide (DMSO) (Sigma-Aldrich), polyvinylpyr-
rolidone (PVP) (Sigma-Aldrich), catechol (C6H6O2) (Sigma-
Aldrich), chitosan-GD = 85% (Sigma-Aldrich), glutaralde-
hyde (GA) (Vetec) 50% (v/v), sodium phosphate monobasic

(NaH2PO4) (Sigma-Aldrich), and sodium phosphate dibasic
(Na2H2PO4) (Sigma-Aldrich). All reagents were of analytical
standards and did not require prior purification. Ascorbic acid
(Dinamica, Brazil), potassium sorbate (Dinamica, Brazil), and
sucrose (Dinamica, Brazil) of analytical standards were used
for the interference studies.

The 0.5 g L−1 BM stock solution was prepared in DMSO,
while the stock solutions of catechol (0.05 mol L−1 and
0.001 mol L−1) and sulfite 0.1 mol L−1 were prepared fresh
in 0.1 mol L−1 phosphate buffer solution (pH 7.2), obtained
using NaH2PO4 and Na2H2PO4. The 0.1 mol L−1 (pH 7.2)
phosphate buffer was also used as a supporting electrolyte in
all electrochemical measurements with the biosensor.
Chitosan was prepared at 1.0 g L−1 in 1% (v/v) acetic acid
using ultrapure water. Glutaraldehyde solution (2.5% (v/v))
was prepared in 0.1 mol L−1 phosphate buffer (pH 7.2).

Babassu mesocarp coconut in naturawas acquired in powder
form from the Department of Agrarian Sciences of the Federal
University of Piauí (Brazil), followed by granulometry to screen
for grain size selection, which was determined to be approxi-
mately 0.074 mm. The sweet potatoes (Ipomoea batatas (L.)
(Lam.)) and the industrialized juice samples were purchased lo-
cally from the Teresina-Pi city.

Synthesis of BMNPs

BMNPs were prepared by the dialysis method in which the
polymer was dissolved in an organic solvent and added to a
dialysis membrane, where the formation of nanoparticles is
based on the gradual exchange of the organic solvent with
water [36]. BM was dissolved in DMSO to a final concentra-
tion of 0.50 g L−1. The solution was maintained under stirring
conditions of 500 rpm at a temperature of 50 °C for 1 h in an
ultrasonic bath for the total dilution of BM.

The BM solution prepared in DMSO was then placed on a
76-mm-thick dialysis membrane with a 12-kDa exclusion lim-
it, for dialysis in ultrapure water for 72 h. During this period,
the dialysis water was changed every 12 h. UV-Vis spectros-
copy was used to monitor the presence of DMSO during
dialysis.

Finally, the BMNP dispersion was filtered using a 0.45-μm
aperture filter to remove the precipitates, and the filtrate re-
served for further analysis. The pH of the BMNPs was deter-
mined to be 8.5, using a HI 2221 Hanna pH meter.

Dynamic light scattering and zeta potential

Dynamic light scattering (DLS) and zeta potential analyses
were performed using a Zetasizer Nano-ZS90-Malvern in or-
der to determine the mean size and charge of BMNPs. The
hydrodynamic diameter was measured by DLS using a 633-
nm laser with a fixed dispersion angle of 173°. DLS analysis
was performed in triplicate at a temperature of 25 °C.
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Scanning electron microscopy

The morphology of the BMNPs was recorded by a FEI Quanta
FEG 250 scanning electron microscope. To prepare the SEM
(scanning electron microscopy) sample, 50 μL of the MBNPs
suspension was deposited on a substrate coated with aluminum
foil, and the sample was then dried and coated with gold.

Preparation of the crude enzymatic extract

The PPO enzyme was obtained from sweet potatoes (Ipomoea
batatas (L.) (Lam.)), using the crude extract as the enzymatic
source. The sweet potatoes were washed in running water,
peeled, and cut into small pieces to facilitate homogenization.
Subsequently, 25 g potatoes was crushed using a blender in

Fig. 1 Schematic illustration of the different steps for construction of a
sulfite biosensor. (1) CHIT binds to BMNPs through electrostatic
interactions; (2) amine-aldehyde bond between CHIT and GA; (3)

aldehyde-amine bond between GA and PPO enzyme; (4) the PGE/
BMNPs/CHIT/GA/PPO biosensor obtained

Fig. 2 (a) Size distribution and
(b) zeta potential of BMNPs
synthesized by dialysis
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100 mL of ice-cold phosphate buffer (at 0.1 mol L−1, pH 7.2)
and 2.5 g PVP for 2 min.

The mixture was then filtered and centrifuged using a
Sigma 2K15 bench centrifuge at 15,000 rpm for 30 min at
4 °C. The supernatant was then stored at 4 °C and used as
the enzymatic source of PPO for the determination of enzy-
matic activity and concentration of total soluble proteins.

Determination of PPO activity in the crude extract

The PPO activity in the crude enzymatic extract was determined
by mixing 0.2 mL of the enzymatic extract with 2.8 mL of
0.05mol L−1 catechol as substrate (prepared at 0.1mol L−1 phos-
phate buffer solution, pH 7.2 at 25 °C). The absorbance of o-
quinone (reaction product) was measured on a Cary 60 UV-
visible spectrophotometer (Agilent Technologies) using a quartz
cuvette with an optical path of 1.0 cm at a λ of 410 nm after
2 min of reaction. One activity unit (Eq. 1) is defined as the
amount of enzyme which increases 0.001 units of absorbance
per minute, under the conditions mentioned above [37, 38].

a ¼ ΔA� 60� 1000

Δt � d � Vol sampleð Þ ð1Þ

where a is the unit of PPO activity per mL; ΔA is the
change in absorbance; Δt is the reaction time variation
(min); d is the cuvette diameter; and Vol (sample) is the sam-
ple volume (mL).

Determination of total soluble proteins in the crude extract

The concentration of total proteins was determined in tripli-
cates using the methodology described by Bradford [39].
Bovine serum albumin was used as the standard.

Preparation of PGE/BMNPs/CHIT/GA/PPO biosensor

The pyrolytic graphite electrode (PGE) was used as the work-
ing electrode. In order to obtain a clean surface capable of

good adsorption of the materials, the PGE was first polished
before modification with a thicker metallographic abrasive
paper (sandpaper 200), and then with a finer metallographic
abrasive paper (sandpaper 1200). The electrode was then
washed with ultrapure water and sonicated for 5 min in iso-
propyl alcohol, followed by ultrapure water for the same time
interval. PGE was then dried at room temperature (24 °C) to
complete the cleaning process.

The cleaning efficiency was evaluated by cyclic voltammetry.
Clean PGE was introduced into the electrochemical cell and
successive scans were applied in the potential range of − 0.1 to
+ 1.5 V vs the saturated calomel electrode (SCE) in 1.0 mol L−1

H2SO4 at 100 mV s−1. The surface was considered clean when
the voltammogram did not show any electrochemical process.

PGE was modified after cleaning through the deposition of
multilayer casting films, beginning with the deposition of
50 μL BMNP dispersion on the clean electrode surface,
followed by drying at room temperature for 2 h.

Fig. 3 SEM images of BMNPs obtained at (a) × 100,000 and (b) × 200,000

Fig. 4 FTIR spectra obtained from biosensor layers: (a) BMNPs, (b)
CHIT, (c) BMNPs/CHIT, (d) BMNPs/CHIT/GA, (e) BMNPs/CHIT/
GA/PPO, (f) PPO
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Subsequently, 50 μL of 1.0 g L−1 CHIT solution was depos-
ited on the electrode, previously modified with BMNPs, and
dried at room temperature for 2 h. Then, 50 μL of 2.5% (v/v)
GA solution was added onto the surface of the electrode already
modified with BMNPs/CHIT and dried for 2 h at room temper-
ature. The electrode was carefully washed after drying with
0.1 mol L−1 phosphate buffer solution (pH 7.2) to remove excess
cross-linking agent.

Finally, 50 μL of PPO was immobilized as the last layer of
the electrode and dried under refrigeration (≅ 4 °C) for 6 h.
The PGE/BMNPs/CHIT/GA/PPO biosensor was stored in a
volumetric flask containing a 0.1 mol L−1 phosphate buffer
solution under refrigeration.

In the film deposition process to construct the PGE/BMNPs/
CHIT/GA/PPO biosensor (Fig. 1), the anionic BMNPs bind to
the cationic CHIT through electrostatic interactions between op-
posite charges. The amino groups onCHITaswell as those in the
PPO enzyme bind to terminal aldehyde groups of the GA cross-
linking agent, through covalent bonds. These cross-linking

covalent bonds between the amine groups confer stability during
variations in pH and ionic strength of the solution [40].

Biosensor layers Fourier transform infrared
spectroscopy

In order to identify the interactions between the biosensor
layers, Fourier transform infrared spectroscopy (FTIR) analy-
ses were performed on KBr pellets. The spectra were obtained
in Paragon 1000 equipment, Perkin-Elmer, USA, in the wave-
length range between 4000 and 400 cm−1 during 64 scans,
with a resolution of 2 cm−1.

Electrochemical measurements

The electrochemical measurements were performed using cy-
clic voltammetry (VC) and square wave voltammetry (VOQ)
with a METROHM’s Dropsens μStat 400 bipotentiostat/
galvanostat which was used an electrochemical cell with three
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electrodes, the saturated calomel electrode (SCE) as the refer-
ence electrode, a platinum auxiliary electrode (A = 2.0 cm2),
and a PGE as the working electrode.

Interfering test

The study of potential interferents was performed by square
wave voltammetry using ascorbic acid, potassium sorbate,
and sucrose, in 1.0 mmol L−1 catechol solubilized in
0.1 mol L−1 phosphate buffer (pH 7.2). Initially,
60 μmol L−1 of sulfite was added to the electrochemical cell.
The impact of the increase in concentration of each possible
interferent on the analytical response obtained for the sulfite
was then measured.

Indirect determination of sulfite in industrialized
juice samples

Industrial juice samples were used without pretreatment, and
4.0 mL of each sample was added directly to the electrochem-
ical cell containing 16.0mL of 1.0 mmol L−1 catechol solution
in 0.1 mol L−1 phosphate buffer (pH 7.2). The square wave
voltammograms were obtained in triplicate by the standard
addition method.

Results and discussion

Characterization of BMNPs

The size distribution and zeta potential of BMNPs obtained by
dialysis are shown in Fig. 2. Figure 2a shows that the average
particle size was found to be 121.5 nm. This result corroborates
with that of Quintanar-Guerrero et al. [41], who found that poly-
mer nanoparticles often had a size between 100 and 500 nm.

The polydispersity index (PDI) provides information about
the degree of sample homogeneity. PDI is indirectly propor-
tional to the homogeneity of the particle diameter present in
sample [42]. The PDI obtained for BMNPs was 0.254, which
indicates that the system has low polydispersity, i.e., it has
good particle size distribution.

Zeta potential analysis of BMNPs showed a value of −
28.1 mV (Fig. 2b). According to Patel and Agrawal [43],
samples with zeta potential values between ± 20 mV and ±
30 mVare moderately stable, showing little tendency towards
flocculation. The negative zeta potential of BMNPs is due to
the anionic characteristics of the babassu mesocarp [33].

The colloidal stability of BMNPswasmonitored for 6months
and it was observed that the colloidal dispersion remained stable
without significant changes in particle size, which may be asso-
ciated with the zeta potential observed for this sample.

The morphology of BMNPs was evaluated by scanning
electron microscopy (SEM) (Fig. 3 a and b). SEM images
for the BMNPs show irregular-shaped particles with an aver-
age size of 89.3 nm.

The mean diameter values of BMNPs as observed in SEM
were lower than those observed in DLS. This was expected
since the samples are solvated for DLS analysis while they are
dried in ultra-high vacuum (UHV) for SEM samples analysis
[44]. DLS measures the hydrodynamic radius of the dispersed
particles while SEM provides the projected surface area based
on the amount of incident electrons transmitted through the
sample [45].

Enzymatic activity and total protein concentration

Specific activity and total protein concentration were evaluat-
ed using the crude extract obtained from sweet potatoes
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Fig. 8 Schematic representation of the inhibition of oxidation of catechol to o-quinone in the presence of sulfite
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(Ipomoea batatas (L.) (Lam.)). The PPO activity and total
protein concentration were estimated to be 2300 U mL−1

and 0.46 mg mL−1, respectively.
Sartori et al. [46] found enzymatic activity and total protein

concentration to be 1305 U mL−1 and 0.44 mg mL−1 respec-
tively, from the same amount of sweet potato plant tissue and
PVP protective agent.

Biosensor layers Fourier transform infrared
spectroscopy

The characteristic bands of the groups presenting the biosen-
sor construction steps are represented in Fig. 4.

The band observed at 3425 cm −1 in BMNPs (a),
CHIT (b), and PPO (f) is related to the stretch (OH)
present in alcohols [47]. This band appears overlapping
the stretch band (–NH2) in CHIT (b) and PPO (f) [48].
It is noticed that when BMNPs are immobilized on the
surface of CHIT (c), there is an increase in the intensity
of this band, suggesting the interaction between the
groups (OH) of the BMNPs with the groups (–NH2)
of the CHIT.

The band at 1729 cm −1 in steps (d) and (e) is relat-
ed to GA free aldehyde (–COH) groups [49, 50]. It is
noticed that when the PFO enzyme is added to the
BMNPs/CHIT/GA system, there is a considerable de-
crease of this band, suggesting that there was a cross-

linking process, where GA (–COH) groups bind to the
groups (–NH2) of CHIT and PPO.

The band observed at 1100 cm −1 in steps (b) to (f) corre-
sponds to aliphatic amines [51]. It is noticed that in the GA
cross-linked samples, (d) and (e), the intensity of this band is
decreased, indicating that these groups were linked to the GA
groups, forming an imine bond (N=C).

Electrochemical behavior of catechol in the presence
of the PGE/BMNPs/CHIT/GA/PPO biosensor

Figure 5a shows the cyclic voltammograms obtained for PGE,
PGE/BMNPs, PGE/BMNPs/CHIT, and PGE/BMNPs/CHIT/
GA/PPO in the presence of catechol. Figure 5b shows the
electrolytic pH effect on the anodic peak current of the PGE/
BMNPs/CHIT/GA/PPO biosensor.

Unmodified ECP in the presence of the catechol exhibits an
oxidation process of 0.13 V vs SCE, and the oxidation prod-
uct, o-quinone, the reduction process in 0.05 V vs SCE (black
curve) [46].

When BMNPs were immobilized on PGE (Fig. 5a, green
curve), an enhancement in the catechol peak oxidation process
was observed, as well as an increase in the current values.
These changes in the catechol electrochemical behavior on
the PGE/BMNP surface confirmed the immobilization of the
BMNPs.

The immobilization of the CHIT layer forming the
PGE/BMNPs/CHIT system (blue curve) restored the
peak shape of the catechol redox processes, further in-
creasing its current values from 104 to 127 μA (Fig.
5a). This behavior probably occurs due to the positive
charges of the chitosan, which facilitate the reaction
with the catechol on the electrode surface.

Finally, immobilization of PPO forming PGE/BMNPs/CHIT/
GA/PPO biosensor increased the current in the catechol redox
processes (red curve) by 181.91% compared with that with only

-0.4 -0.2 0.0 0.2
-10

-9

-8

-7

-6

-5

-4

-3

-2

0 10 20 30 40 50 60 70 80
-9.2

-9.0

-8.8

-8.6

-8.4

-8.2

-8.0

-7.8
 0
 10
 20
 30
 40
 50
 60
 70
 80i/

A
E/V vs SCE

mol L-1

i

SO3
2-

R = 0.999

i/
A

Concentration ( mol L-1)

R = 0.999

a

b

Fig. 9 (a) Square wave
voltammograms (SWV) (amp.
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Table 1 Characteristics of the calibration curve for sulfite using PGE/
BMNPs/CHIT/GA/PPO biosensor

LOD (μM) LOQ (μM) Slope Analytical sensitivity (μA/μM)

I1 0.151 0.452 0.218 2.18

I2 0.112 1.12
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PGE (black curve). This current increase after PPO im-
mobilization indicated catalytic effect of the enzyme
during the redox reactions of the catechol on the surface
of this biosensor.

pH effect

pH is an important parameter in the determination of
enzymatic activity, directly influencing the analytical re-
sponse of the biosensor. Using a new PGE/BMNPs/
CHIT/GA/PPO biosensor, the influence of electrolytic
pH in the range of pH 5.0 to 9.0 in 1.0 mmol L−1

catechol in phosphate buffer 0.1 mol L−1 was investi-
gated solubilized (Fig. 5b).

Figure 5b shows the effect of pH on the anodic peak
current. The PPO activity is seen to be effectively
inhibited in acidic medium [52], where at pH 5.0 the
biosensor had a current of 26.81 μA. When pH was in-
creased to 6.0, an increase in the electrode surface reac-
tivity was observed, with an increment in current to
86.25 μA, which occurs due to the decrease in the con-
centration of H+ ions [53]. The optimum pH for this bio-
sensor was 7.2, with a current of 96.37 μA. Therefore,
this pH was selected for subsequent studies. At alkaline
pH (pH 8 and 9), there was a decrease in biosensor activ-
ity, with a decrease in current to 67.34 μA and 56.16 μA,
respectively. This result may be related to the possible
inactivation of the enzyme at higher pH values [54].

Table 2 Comparison of the
analytical parameters obtained
using different biosensors for
sulfite determination

Electrochemical
technique used

Electrode** Linear
range (μM)

LOD
μM

Reference

CV EAu/PPY/PBNPs/SOxI 0.5–1000 0.1 [60]

DPV GCE/AuNPs-MWCNTs-PAH/PPOII 0.5–22 0.4 [46]

CV EPt/PPY/SOxII 0.9–400 0.9 [61]

CV EAu/CytC/SDHIV 0.5–5.5 0.000044 [62]

CV EIT/CytC/SOxV 40–5900 40.0 [63]

SWV GPE/IL/BFVI 0.05–250 0.02 [64]

CV EAu/GNPs@Fe3O4/SOx
VII 0.50–1000 0.15 [23]

CV EAu/PANI/cMWCNT/CHIT/AuNPs/SOxVIII 0.75–400 0.5 [65]

SWV PGE/BMNPs/CHIT/GA/PPOIX 5–80 0.15 This
work

CV, cyclic voltammetry; SWV, square wave voltammetry; DPV, differential pulse voltammetry
I EAu/PPY/PBNPs/SOx: polypyrrole-modified gold electrode, Prussian blue nanoparticles, and sulfite oxidase
enzyme; II GCE/AuNPs-MWCNTs-PAH/PPO: glass carbon electrode modified with gold nanoparticles, carbon
nanotubes, hydrochloride polyallylamine, and the enzyme polyphenol oxidase; III EPt/PPY/SOx: platinum elec-
trode modified with polypyrrole and the enzyme sulfite oxidase; IV EAu/CytC/SDH: gold electrodemodified with
cytochrome C and the enzyme sulfite dehydrogenase; V SPE/CytC/SOx: screen-printed electrode modified with
cytochrome C and the enzyme sulfite oxidase; VIGPE/IL/BF: graphene nanosheet paste electrode modified with
ionic liquid and benzoyl ferrocene; VII EAu/GNPs@Fe3O4/SOx: modified gold electrode with carboxylated
sheets, magnetic nanoparticles, and the enzyme sulfite oxidase; VIII EAu/PANI/cMWCNT/CHIT/AuNPs/SOx:
polyaniline-modified gold electrode, multilayer revised carbon nanotube, chitosan, gold nanoparticle, and the
sulfite oxidase enzyme; IX PGE/MBNPs/CHIT/GA/PPO: pyrolytic graphite electrode modified with babassu
mesocarp nanoparticles, chitosan, glutaraldehyde, and the polyphenol oxidase enzyme (produced in this work)
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Scan rate and electrochemical mechanism

The effect of scanning speed on the electrochemical response
of the PGE/BMNPs/CHIT/GA/PPO biosensor was evaluated
by varying the scanning rates during catechol oxidation.
Cyclic voltammograms were obtained at scanning rates rang-
ing from 10 to 250 mV s−1 (Fig. 6a).

It is observed in Fig. 6a that there was a shift in the
potential of the oxidation and reduction for all redox pro-
cesses with the increase in scan rate. The redox pair I/I′ is
related to oxidation of catechol to o-quinone and its re-
duction to catechol, both characteristic of the system. In
scan rates above 25 mV s−1, a new redox pair II/II′ was
observed (Fig. 6b), which may be related to the onset of
catechol degradation. Based on voltammograms shown in
Fig. 6a, one can construct the graph shown in Fig. 6c,
where a linear dependence is observed for the current
values recorded for both redox pairs, obtaining the linear
correlation (R) indices of R = 0.998 for I, R = 0.996 for I′,
R = 0.992 for II, and R = 0.999 for II′. The R values con-
firm that the electrochemical mechanism governing the
PGE/BMNPs/CHIT/GA/PPO biosensor response is not
limited by diffusion [55] and further indicate that this
biosensor strongly adheres to the PGE surface [56].

Analytical performance
of the PGE/BMNPs/CHIT/GA/PPO biosensor
in the presence of sulfite

To understand the effect of sulfite in the electroanalytical en-
vironment, the response of PGE/BMNPs/CHIT/GA/PPO bio-
sensor was evaluated in the absence and presence of sulfite.
The cyclic voltammograms presented in Fig. 7 show that ad-
dition of 800 μmol L−1 of SO3

2− reduces the current values by
70.7% for both anodic and cathodic processes. As catechol is
the substrate for the PPO enzyme, the reduction peak was
selected for a more detailed analytical investigation (Fig. 9).
The electrochemical reaction mechanism between the biosen-
sor and SO3

2− is proposed in Fig. 8.
Sodium sulfite, as well as other sulfur compounds, has a

high affinity for copper atoms in the PPO active site, leading
to strong enzymatic inhibition [46]. Sulfite may inhibit PPO-
driven reduction of o-quinone to catechol and/or may react
with the catechol to form a catechol sulfite compound (Fig.
8) [57, 58].

The analytical performance of the biosensor was also eval-
uated by varying the sulfite concentration in the supporting
electrolyte. These studies were carried out using a more sen-
sitive voltammetric technique, square wave voltammetry. In
Fig. 9a, it was observed that addition of sulfite to the electro-
analytical medium (1.0 mmol L−1 catechol solution in
0.1 mol L−1 phosphate buffer) decreased the anodic peak cur-
rent proportionately to the sulfite concentration, demonstrat-
ing that sulfite has an inhibitory effect on this reaction (Fig. 8).

Figure 9b shows the analytical curve obtained for the con-
centration range between 0 and 80 μM sulfite, in which both
the intervals I1 and I2 presented with an R = 0.999. It is ob-
served that the slope obtained for the interval I1 was higher
than that of I2, thus showing a higher sensitivity and analytical

Table 3 Sulfite recovery in previously enriched commercial juice
samples

Added (μM) Recovery (μM) Recovery (%)

5.0 5.47 ± 0.02 109.40

10.0 10.12 ± 0.01 101.20

20.0 19.22 ± 0.03 96.10

40.0 37.88 ± 0.02 94.70
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Fig. 11 Sulfite determination in
industrialized juice by the
standard addition method.
Voltammograms obtained using
PGE/MBNPs/CHIT/GA/PPO
biosensor in 1.0 mM catechol
solubilized in 0.1 M phosphate
buffer, pH 7.2 (parameters: amp.
10 mV, freq. 20 Hz, and eq time
10 s)
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performance of the PGE/BMNPs/CHIT/GA/PPO biosensor
for detection of sulfite at concentrations below 30 μM.
Further details on the analytical characteristics of the sensor
are shown in Table 1. The limit of detection (LOD) and the
limit of quantification (LOQ) were obtained from Eqs. 2 and
3, respectively [59].

LD ¼ 3:3� SD=S ð2Þ
LQ ¼ 10� SD=S ð3Þ
where:

SD standard deviation of the blank response;
S slope or angular coefficient of the analytical curve.

In order to show the efficiency of the sulfite biosensor
developed in this work, Table 2 presents a comparative study
with analytical parameters from other sulfite sensors found in
literature.

Table 2 shows that the LOD for sulfite detection of PGE/
MBNPs/CHIT/GA/PPO biosensor is superior only to EAu/
Cyt C/SDH and GPE/IL/BF biosensors, which employ gold
and graphene, among other materials of high cost. The bio-
sensor PGE/MBNPs/CHIT/GA/PPO proposed in this work is
composed of natural and low-cost polymers and is easy to
prepare, thus providing an environmentally and economically
viable alternative for sulfite analysis in industrial samples.

Selectivity, sensor validation, stability,
and reproducibility

Among the interferences that can be found during industrial-
ized juice analysis, potassium sorbate, sucrose, and ascorbic
acid are the most prominent. The biosensor response of PGE/
MBNPs/CHIT/GA/PPOwas investigated against the presence
of these interferents, as shown in Fig. 10.

Potassium sorbate (Fig. 10a) and sucrose (Fig. 10b)
showed no interference during the electrochemical analysis
of sulfite in samples of industrialized juices, because the cur-
rent remained constant even after successive additions (with
increasing concentration) of these interferents.

On the other hand, after a successive addition of ascorbic
acid (Fig. 10c), a slight decay in current, which was propor-
tional to the concentration of ascorbic acid added. Therefore,
this was a potential interferer in the analysis of industrialized

juices rich in vitamin C. This occurs because ascorbic acid is
also a reducing agent and competes with sulfite in the enzy-
matic reaction between the enzyme and catechol [66].

However, it is important to note that the analytical standard
addition method suppresses the effects of the analysis matrix
as well as the presence of ascorbic acid in this medium, thus
making this method unfeasible. Using this method, it was
possible to determine the sulfite concentration in 3 samples
of industrialized juices, Table 4.

The recovery of different sulfite concentrations after the
enrichment of commercial juice samples was also tested
(Table 3). Good recovery was obtained for most cases, and
in those where the recovery percentage was above 100%, it
was probably due to previously sulfite presence in the
samples.

The recovery of sulfite in the juice samples demonstrates
that there was no significant interference of the sample matrix
in the sulfite determination by the proposed analytical proce-
dure, demonstrating that the biosensor PGE/MBNPs/CHIT/
GA/PPO is suitable for sulfite determination in samples of
industrialized juices.

Additionally, the biosensor had a good stability (Fig. S1,
supplementary material), which after evaluation for 30 days
showed that the current levels remain constant, with only a
small loss of about 7.5% in the current levels. It is important to
note that the biosensor, when not in use, must remain in a
refrigerator (4 °C) and immersed in 0.1 M phosphate buffer,
pH 7.2.

About reproducibility and reuse, it is important to empha-
size that the biosensor PGE/MBNPs/CHIT/GA/PPO, after
sulfite contact, washed and stored in ideal conditions, has its
current levels restored to the initial response (when there is no
sulfite), as shown in Figure S2. In this way, the electrode can
be reused for several consecutive sulfite analyses.

Indirect determination of sulfite in samples
of industrialized juices

Sulfite determination was performed on three commercial
juice samples (in triplicate) using the method of addition of
the analytical standard, as shown in Fig. 11. The voltammo-
grams obtained for samples B and C are shown in the supple-
mental material (Fig. S3 and S4). Table 3 shows the sulfite
values expressed in micromolar and milligrams per liter ob-
tained for 3 commercial juice samples.

Table 4 Concentration of sulfite
in 3 samples of industrialized
juice obtained using the PGE/
MBNPs/CHIT/GA/PPO
biosensor

Industrial juice sample Sulfite concentration (μM) Sulfite concentration (mg/L)

A 8.031 ± 0.02 0.643 ± 0.02

B 9.102 ± 0.01 0.729 ± 0.01

C 3.391 ± 0.01 0.271 ± 0.01
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All juice samples evaluated (Table 4) had a sulfite concen-
tration below 10.0 μM, within the limit established by
Brazilian and international legislation.

Brazil, as well as other countries, follows the recommen-
dations of the Joint Expert Committee on Food Additives
(JECFA) on the safe use of food and beverage additives,
which establishes a maximum limit of 0.02 g/100 mL sulfite
in fruit juices [11, 67, 68].

The acceptable daily intake (ADI) for the use of sul-
fating agents in food is 0.7 mg/kg body weight/day,
expressed as SO2 [69]. Similar to the FDA, the
European Union has also established regulations on the
acceptable limits of sulfite in food. According to the
Regulation EC No. 1169/2011 (European Commission,
2011), the sulfur dioxide and sulfites in foods and bev-
erages should not exceed 10 mg kg−1 (or 10 mg L−1)
and are subject to mandatory labeling [70].

Conclusions

Babaçu mesocarp manoparticles (MBNPs), synthesized
by the dialysis method, presented an irregular shape,
average size around 121.5 nm, PDI 0.244, and zeta
potential − 28.1 mV. MBNPs were used to construct
the PGE/BMNPs/CHIT/GA/PPO biosensor from the
multilayer film adsorption onto the pyrolytic graphite
carbon electrode. The electrochemical characterization
of the biosensor leads us to consider it efficient for
sulfite detection in industrialized juices, obtaining a de-
tection limit of 0.151 μmol L−1 and a quantitation limit
of 0.452 μmol L−1. Subsequently, tests on samples of
commercial juices presented sulfite concentration below
10.0 μM, being within what is recommended by the
international legislation on the guidance of the Joint
Expert Commitee on Food Additives which sets the
maximum limit of 0.002 g/100 mL.
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