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Abstract: This paper describes the development of a novel glucose biosensor through the layer-
by-layer technique (LbL). The self-assembled architectures were composed of a positive-charged
silsesquioxane polyelectrolyte, 3-n-propylpyridinium silsesquioxane chloride (SiPy*Cl™), nickel
(IT) tetrassulphophthalocyanine (NiTsPc), and a conductive surface of FTO (fluor tin oxide). The
construction of the biosensor was influenced by the isoelectric point (pI) of the glucose oxidase
enzyme (GOx), which allowed electrostatic interaction between the outer layer of the silsesquioxane
film and the enzyme. The architecture of modified electrode GOx/(SiPy*Cl~ /NiTsPc)5 5 /FTO was
confirmed by UV-Vis, FTIR, and chronoamperometry techniques using different immobilization
methods of GOx. Among the studied methods, a higher variation of current was observed for the
modified electrode formed by mixed LbL films of SiPy*Cl~ and NiTsPc and the enzyme immobilized
by drop coating. The stability and reproducibility of the biosensor were verified when the last layer
containing the enzyme was coated with 0.2% Nafion® polymer. Under these conditions, a linear
response for glucose was obtained in the concentration range of 0.2 to 1.6 mmol L~! (R? = 0.991) with
a limit of detection of 0.022 mmol L. The proposed biosensor was applied to quantify glucose in
two different samples of kombucha juices with accuracy, allowing the glucose content of the healthy
beverages to be estimated.

Keywords: LbL thin films; kombucha beverages; glucose biosensor

1. Introduction

Kombucha is a healthy beverage that is the result of tea fermentation by adding starter
cultures such as yeast and acetic acid bacteria. Sucrose is the most commonly added sugar
in kombucha tea production [1]. Depending on the temperature of fermentation, sucrose
content decreases, which is an expected result of the conversion of fructose and glucose
by yeast cells [2,3]. An indirect way to measure the yeast’s hydrolysis of sucrose into
glucose and fructose by Invertase is to control the content of glucose produced by bacteria,
and a simple device, such as an electrochemical biosensor, may present an alternative
to controlling quality in routine analysis. Applegate et al. developed an analysis of
kombucha using three different techniques for verifying the changes in sugar content
during fermentation of kombucha beverages. The authors demonstrated the accuracy
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of glucometers for quantifying glucose concentrations in kombucha samples [4]. This
directive offers the advantages of developing novel biosensors for glucose quantification in
fermented kombucha samples.

Amperometric glucose biosensors based on the immobilization of glucose oxidase on
the electrode surfaces have attracted considerable interest due to their advantages in terms
of simplicity, short response time, high sensitivity, and excellent selectivity [5,6]. Nanotech-
nology has relevance in biosensing since it can provide alternative ways to immobilize
biomolecules, whose activity must be preserved for long periods [7]. Immobilization of
enzymes on the transducer surface is an important and critical step in the design of biosen-
sors [8]. These biomolecules must maintain their structure and function when immobilized
to retain their biological activity, in addition to remaining tightly bound to the surface and
not being desorbed during the use of the biosensor [9]. In addition, the configuration of
the electrodes and materials is crucial for the immobilization of the bioreceptors on the
electrode surface [10].

A large number of methods have been proposed to immobilize enzymes on electrode
surfaces, concomitantly preserving enzymatic activity and designing efficient electron-
transfer pathways between the immobilized enzyme and electrode surface, preventing
unspecific side reactions [11-13]. Among them, the mostly commonly applied are self-
assembled monolayers [14], Langmuir-Blodgett films [15], sol-gel methods [16,17], and
LbL films [18-22].

As far as biosensing is concerned, the advantages of the LbL technique lie in the
easy control of thickness and possible tuning of molecular architectures to yield tailored
sensing units [23]. There are specific methods to immobilize enzymes on the electrode
surface combined with the LbL technique. 3-n-propylpyridinium silsesquioxane chloride
(SiPy*Cl7) and its analogues are hybrid organic-inorganic materials that possess highly
advantageous properties in biosensing such as biocompatibility and high chemical sta-
bility [24,25]. Nickel(Il) phthalocyanine—tetrasulfonic acid tetrasodium salt (Nitsch) is an
inorganic complex that possesses valuable characteristics in electrochemical sensors [26,27],
such as a good thin film former, a conjugated 7 system that can add electronic properties to
the system, and the anionic nature of the complex that makes it accessible for adsorption in
cationic materials.

One of the strategies to improve the performance and lifetime of the biosensor is the
application of Nafion®. This polymer has been extensively used in the construction of
biosensors since it presents a series of advantages, such as high chemical stability and
biocompatibility [28,29].

In this paper, the glucose oxidase enzyme (GOx) was immobilized on the nanoarchi-
tecture (SiPy*Cl~ /NiTsPc)5 5 /FTO by different methods: adsorption and cross-linking, both
using the coating surface by dropping the GOx on its surface or dipping the modified elec-
trode in a solution of GOx. The biosensor based on the adsorption of GOx onto the modified
electrode that showed a major current response was used to quantify glucose in kombucha’s
beverage samples. The quantification of glucose content in kombucha’s beverages is an
alternative to measuring the hydrolysis of sucrose from the fermented beverage.

2. Materials and Methods
2.1. Enzyme and Chemicals

All reagents were of analytical-grade purity. Glucose oxidase (EC 1.1.3.4 type VII, from
Aspergillus niger, having 100-250 units g ! of activity, isoelectric point at pH 4.2), nickel(II)
phthalocyanine-tetrasulfonic acid tetrasodium salt (NiTsPc), Nafion®, D(+)—glucose, and
glutaraldehyde (GA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The
polyelectrolyte 3-n-propylpyridinium chloride silsesquioxane (SiPy*Cl~) was synthesized
as described in the literature using pyridine as a ligand [30]. The fluorine-tin oxide, one-side
coated on a glass substrate (FTO), was purchased from Flexitec with Rs = 10-20 Qm. The
dimensions of the FTO substrate were length: 1.1 cm, width: 0.7 cm, and thickness: 0.1 cm.
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2.2. Film Assembly

The LbL films were assembled onto FTO-coated glass (fluorine-tin oxide, one-side
coated on glass). Before modification, the FTO substrate was cleaned by immersion in
a mixture of HyO:Hy,O,:NH4OH (10:1:1) and heating. After that, it was cleaned with
CHCI; followed by isopropyl alcohol below the boiling point. The (SiPy*Cl™ /NiTsPc)y
LbL film, where n = number of bilayers, was carried out as follows: FTO electrodes
were treated with an aqueous solution of 2.0 mg mL~! SiPy*Cl~ (pH 5.2) for 5 min to
form a positively charged surface, then the electrode was dipped in a negatively charged
2.0 mg mL~! NiTsPc solution (pH 5.2) for 5 min. After deposition of each layer, the
film was washed with distilled water and air-dried. This procedure was repeated until
five bilayers were formed. In order to form a positive layer to immobilize the GOx, a
new layer of SiPy*Cl™ was deposited on the surface [29]. After five bilayers formed,
(SiPy*Cl~ /NiTsPc)5 /FTO, the electrode was immersed for another 5 min in the SiPy*Cl~
solution, forming (SiPy*Cl~ /NiTsPc)s5/FTO LbL film.

2.3. Enzyme Immobilization on (SiPy*Cl~ /NiT5sPc)s5 5/FTO Modified Electrode

Different immobilization methods of the GOx enzyme on the electrode surface were stud-
ied: adsorption and cross-linking, both using the coating surface (SiPy*Cl~ /NiTsPc)5 5 /FTO
by dropping the GOx on its surface or dipping the modified electrode in a solution of GOx.
In addition to this, alternative methods using glutaraldehyde as a cross-linking agent were
also used. For a better understanding, these methods were named cross-linking-dip coating
and cross linking-drop coating.

In the drop-coating method, 40 uL of 2 mg mL~! enzyme (25 U) was dropped on the
(SiPy*Cl~ /NiTsPc)s5 5/FTO and stored at 4 °C. In the dip-coating method, the modified
electrode was submerged in a GOx solution at the same concentration as in the previous
method for 24 h at 4 °C. The GOx solution was prepared in PBS buffer at pH 5.5.

In the cross-linking method by drop-coating (cross-linking-drop coating), 10 uL of a
GOx solution was dropped on the (SiPy*Cl~ /NiTsPc)5 5/FTO and dried at room tempera-
ture (23 °C). Then, 10 pL of glutaraldehyde (GA) (1:1 v/v) were dropped on the GOx layer
and dried at 4 °C. The electrode obtained by the cross-linking dip-coating method was
made by the immersion of (SiPy*Cl™ /NiTsPc)55/FTO in a mixed solution of GA and GOx
for 24 h. All the modified electrodes, denoted as GOx/(SiPy*Cl~ /NiTsPc)s5 5/FTO, were
stored in a PBS buffer of 0.1 mol L1, pH?7.0,at4°C.

The Nafion/GOx/(SiPy*Cl~ /NiTsPc)s5 5/FTO electrode was performed by dropping
10 uL of 0.1, 0.2, or 0.3% (v/v) of 5% Nafion® solution in ethanol on the outer layer coated
with GOx, drying at room temperature, and storing at 4 °C. Scheme 1 shows the preparation
of self-assembly LbL films and the biosensor construction.

First Step: Layer-by-Layer self-assembly films of silsesquioxane and nickel(II) phthalocyanine tetrasulphonic
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Scheme 1. Steps of glucose biosensor preparation.
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2.4. Characterization of the Biosensors Obtained by Different Techniques

The UV-Vis spectra of (SiPy*"Cl~ /NiTsPc)s 5/FTO, GOx/(SiPy*Cl™ /NiTsPc)s 5 /FTO and
GOx/FTO films were measured with a MultiSpec-1501 spectrophotometer (Shimadzu, Japan).
Infrared spectra of these films were collected as the average of 128 scans, with a resolution
of 2 cm !, in the range from 4000 to 400 cm ™! in the transmission mode, using a FTIR-8400
spectrophotometer (Shimadzu, Kyoto, Japan). All measurements of FTIR were performed
on a Si substrate.

The electrochemical experiments were carried out with a PGSTAT 30 potentiostat
(Metrohm Autolab, Utrecht, The Netherlands), controlled by a personal computer using GPES
version 4.9 software using a conventional three-electrode cell. Chronoamperometric measure-
ments were performed with Ag/AgCl (KCI 3.0 mol L~!) and platinum wire as reference and
auxiliary electrodes, respectively. FTO modified with Nafion/GOx/(SiPy*Cl~ /NiTsPc)s 5
films were used as working electrodes in an electrochemical cell with PBS buffer 0.1 mol L1
pH 7.0 as a supporting electrolyte.

2.5. Determination of Glucose in Kombucha Beverages Samples

The standard addition method was used to evaluate the glucose concentrations in
the samples. The proposed electrode was applied to the determination of glucose in two
beverage samples of kombucha acquired in a local market in Floriandpolis, Brazil. For
the determination of glucose in beverages, 9.50 mL of supporting electrolyte and 500 pL
of the sample were used in an electrochemical cell. The chronoamperometric analysis
was performed with different volume additions of a 0.1 mol L~! glucose solution into an
electrochemical cell using the Nafion/GOx/(SiPy*Cl~ /NiTsPc)5 5 /FTO biosensor.

3. Results and Discussion
3.1. Characterization of GOx/(SiPy*CIl~ /NiTsPc)s 5 Films

The nanoarchitectured film (SiPy*Cl~ /NiTsPc)55 presents itself as biocompatible
for immobilization of the GOx enzyme, as described in similar thin films [29]. Since
enzyme activity is dependent on the ionization state of the amino acids in the active
site, pH values play an important role in maintaining the proper conformation of an
enzyme. The pH value optimum of GOx varies from 5.0 to 7.0 [31], at which the enzyme
presents major activity for glucose. However, enzymatic biosensors that present only
biomolecules immobilized by physical adsorption can lose activity over time because
desorption may occur. The surface layer contains SiPy*Cl~ with a positive charge at
pH 5.2 [32], and the GOx enzyme has an isoelectric point of 4.2 [33,34]. Consequently, the
GOx at pH 5.5 is negatively charged. Therefore, the immobilization will occur through
electrostatic interactions while maintaining GOx the native conformation. The formation
of the electrode with the architecture GOx/(SiPy*Cl~ /NiTsPc)s5 5/FTO was monitored by
UV-Vis spectroscopy, as shown in Figure 1A B.

As observed in Figure 1A, the polyelectrolyte SiPy*Cl™ does not display any absorp-
tion bands in the range of 300 to 800 nm, whereas the aqueous solution of NiTsPc shows its
characteristic absorption bands. The band with major energy at 335 nm (B band or Soret)
is related to the 77-7r* transition of the macrocycle ring of the phthalocyanine structure
associated with the transition ay, — eg orbitals [35]. At 620 and 675 nm, it is assigned to
its dimeric and monomeric species, respectively, due to its transitions between HOMO
and LUMO orbitals attributed to the interactions between Ni and axial ligands of the
phthalocyanine structures, represented by the transition of a;, — eg orbitals [36]. For
(SiPy*Cl™ /NiTsPc)s55/FTO LbL film, a slight shift of Q bands at 614 and 664 nm indicates
the incorporation of NiTsPc on LbL film.

The UV-Vis spectrum of GOx solution exhibited two characteristic bands at 375 and
465 nm attributed to 7r-7t* transitions along the three cycles of the isoalloxazine ring of FAD,
characteristic of the oxidized form of flavin7 groups [37]. Since the enzyme was dropped
onto the (SiPy*Cl~ /NiTsPc)s5 5/FTO, a weak band at 459 nm was observed, which can be
assigned to the characteristic band of the oxidized form of the flavin7 group in protein



Chemosensors 2023, 11, 346

50f13

structure [38], indicating that the GOx was immobilized onto the LbL film. The band in
the region of 375 nm related to the neat GOx (Figure 1A) was supposed to be overlapped
by the Soret band of NiTsPc in GOx/(SiPy*Cl~ /NiTsPc)5 5/FTO, as seen in Figure 1B. The
position of the Gox band is in good agreement with the work by Zhou et al., in which GOx
was co-immobilized with Au and graphene to further modify a GCE [37]. The shifting of
the bands to lower wavelengths observed in LbL film in relation to the precursor solutions
is attributed to a very strong interaction when SiPy*Cl~, NiTsPc, and GOx are sandwiched
in the platform [39].

0.28 0.8

0.6+,

Absorbance
Absorbance

T T T T 0.0 T T T T
300 400 500 600 700 800 300 400 500 600 700 800

A/nm A/ nm

Figure 1. UV-Vis spectra of the (A) aqueous solutions of (—) SiPy*Cl~—, (- '~ ) GOx and (----)
NiTsPc; (B) (—) (SiPy*Cl™ /NiTsPc)s5 5/FTO and (----) GOx/(SiPy*Cl~ /NiTsPc)5 5 /FTO LbL films.
Experimental conditions: [SiPy*Cl™] = 2.0 mg mL~L; [NiTsPc] = 2.0 mg mL~1; [GOx] 2.0 mg mL~1;
pH = 5.5. For the aqueous solutions, a cell with an optical path of 1.0 cm was used.

FTIR spectra of the Nafion®/GOx/ (SiPy*Cl™ /NiTsPc)355/5i, native GOx/Si, and
Nafion®/Si films are shown in Figure 2. The absorption band for native GOx (Figure 2a)
at 3284 cm ! is assigned to the N-H stretching, and the bands at 1654 and 1537 cm ™! are
attributed to amide I (the C=0 stretching vibrations of the peptide bond groups) and amide
II (the N-H in-plane bending and C-N stretching modes of the polypeptide chains) bands
[40-42]. The spectrum of Nafion® membrane (Figure 2c) showed bands at 1205 (C-F asym-
metric stretching), 1147 (C-F asymmetric stretching), 1056 (S=O symmetric stretching), and
981 cm™! (symmetric stretching C-O-C) [43]. The Nafion®/GOx/ (SiPy*Cl~ /NiTsPc)s 5
spectrum (Figure 2b) also shows two characteristic adsorption bands at 1647 and 1524 cm !,
suggesting that GOx has been successfully immobilized on the LbL film. The presence
of these two bands is indicative that the bioactivity and secondary structure of the GOx
enzyme are maintained after its immobilization on the LbL film. Moreover, two bands at
1226 and 1153 cm ™! related to Nafion® membrane were also observed.

L

4000 3500 3000 15'00] 1000
wavenumber / cm

Figure 2. FTIR spectra for (a) cast glucose oxidase film, (b) Nafion/GOx/(SiPy*Cl~ /NiTsPc)s 5 film,
and (c) cast Nafion® membrane.
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3.2. Studies of Different Methods of GOx Immobilization on LbL Modified Electrodes

Enzyme immobilization on the electrode surface is one of the most important fac-
tors to be considered in the construction of amperometric biosensors [44—47]. Different
immobilization methods of the GOx enzyme on the electrode surface were studied: the
conventional dip and drop-coating methods and using glutaraldehyde as a cross-linking
agent, which are based on electrostatic interaction and covalent bonding, respectively.
These methods were performed using the coating surface ((SiPy*Cl~ /NiTsPc)s 5/FTO) by
dropping the GOx on its surface or dipping the modified electrode in a solution containing
the GOx in the absence or presence of glutaraldehyde. The aim of this study is to evaluate
the immobilization procedure of the GOx enzyme on the (SiPy*Cl~ /NiTsPc)s 5 LbL film
using the chronoamperometric technique. The current as a function of different glucose
concentrations was monitored to compare each immobilization technique (Figure 3). It
was verified that the drop-coating method (Figure 3—curve a) shows a higher variation
of current and a chronoamperometric profile (results not shown) compared to the other
three methods. It can be inferred that the last layer of polycation (SiPy*Cl™) on the film
architecture provides a strong interaction with GOx since it is negatively charged at pH 5.2
(above the isoelectric point of GOx at pH 4.2) [29]. The reason why inner layers should
not contain GOx is that in this case the enzyme is tightly packed in the layers, thus ham-
pering catalytic activity by blocking glucose diffusion and electron transfer during the
redox process [48,49]. Therefore, when GOx was deposited electrostatically by the dip
coating method on the LbL film, it did not show any significant current response. This
may be attributed to the low amount of enzyme immobilized, so the few active centers
present are saturated with low quantities of glucose, resulting in a significant decrease in
the current signal. For the methods of dip and drop coating, when used in combination
with glutaraldehyde, a considerable decrease in the electrode response is observed. This
behavior is related to the fact that GA promotes cross-linking reactions that may lead to
deep structural changes of the protein and block its active center, causing a decrease in
activity [50].

14
=
12_ .
n
10+ =
‘T‘E ]
08— [ ]
]
S .
~— u d
~ 44 s >
| [ ] .to‘c
2 L4 $ ' v .
0 T T

00 02 04 06 08 10 12 14 1.6
o
[glucose] / mmol L

Figure 3. Calibration plot for modified electrodes prepared by different methods of GOx immobiliza-
tion. (a) drop-coating; (b) dip-coating; (c) drop-coating cross-linking with GA; and (d) dip-coating
cross-linking with GA. Experimental conditions: Electrolyte PBS pH 7.0, working potential of —0.1 V
with successive additions of 0.01 mol L~! glucose.

One of the problems associated with electrochemical biosensors is the leaching of
the enzyme from the substrate during the electrochemical measurements [51]. Therefore,
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the repeatability of the electrode obtained by the drop-coating method was evaluated. It
was verified that after the first chronoamperometric measurement with the same electrode,
the current response decreased significantly and the enzyme had been leached from the
electrode to the solution (results not shown). In order to prevent this and to evaluate
the repeatability of the biosensor, Nafion® polymer was used to recover the GOx layer
and protect the enzyme on the electrode surface to improve its stability, even though this
strategy affects the sensitivity of the electrode with the incorporation of this polymer. In
the literature, it has been reported that Nafion® polymer is used as a membrane to recover
electrodes. In addition, it works as an anti-interference barrier on the enzymatic elec-
trodes [52,53]. Miao et al. reported a glucose biosensor based on gold nanoparticles hosted
on nanocomposites of polyvinylpyrrolidone and polyaniline on GCE. The immobilization
of GOx on the topmost electrode was filled with Nafion® dropped on the whole surface,
which improved the operational and storage stability of the biosensor [54].

In order to avoid the loss of activity of the enzyme, the ideal concentration of Nafion® to
recover the GOx on the last layer of the electrode was optimized. The concentrations of 0.1, 0.2,
and 0.3% (v/v) of Nafion® were investigated. Figure 4 shows the calibration plot of different
concentrations of Nafion® used on the GOx/ (SiPy*Cl™ /NiTsPc)5 5 /FTO modified electrode.

14
B 0.1% Nafion (R =0.997) [ ]
121 ® 0.2%Nafion (R=0.993) -
| A 0.3% Nafion (R=0.983)
| |
. 104 - Py
‘ 1 [ J
[
5 8 . .
<ﬂ ®
. 6 u Y
~—
= e x . A A
| - . " A A
2 1 x A A
0 T

000 02 04 06 08 10 17 (4 16
-1
[glucose] / mmol L

Figure 4. Calibration plot of different concentrations of Nafion® on the outer layer of the
GOx/(SiPy*Cl~ /NiTsPc)s5 5 /FTO. Electrolyte PBS 0.1 mol L', pH 7.0, at an applied potential of
—0.1 V with successive additions of 0.01 mol L~! glucose.

Although the chronoamperometric of the electrode with 0.1% Nafion® on the outer
layer shows the major variation of the current, GOx still leaches from the film after three
successive measurements, as indicated by no amperometric response. The response of
0.3% shows lower current variation, demonstrating the blocking of the analyte by the
biomembrane. The choice of 0.2% Nafion® concentration is attributed to a good chronoam-
perometric profile with good signal compared to two others studied. Furthermore, the
stability of this electrode is enhanced compared with the first one (as can be seen in the
last section). Therefore, for the next studies, the Nafion® concentration was kept at 0.2%.
A very thin film of Nafion® is satisfactory to offer minimal obstruction to the diffusion of
the analyte to the electrode surface while at the same time preventing the desorption of
biomolecules from the electrode surface [55,56].

3.3. Electrochemical Performance of the Glucose Biosensor Nafion/GOx/(SiPy*Cl~ /NiTsPc)5 5/FTO

Figure 5 shows the typical chronoamperometric response curves of Nafion/GOx/
(SiPy*Cl~ /NiTsPc)s 5/ FTO on successive additions of glucose to the PBS at 0.1 mol L~! at
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—0.1 V. The response increased linearly with the increase in glucose concentration, ranging
from 0.2 to 1.6 mmol L~ (R? = 0.993). The limits of detection and quantification (LOD and
LOQ) were calculated according to LOD =3 x Sb/B and LOQ =10 x Sb/B, where Sb is
the standard deviation of the intercept and B is the slope of the calibration plot [57]. The
LOD and LOQ values obtained were 0.022 mmol L~! and 0.074 mmol L1, respectively.

f"-—' 12|

'g
9
R
=
3

0.0 02 04 06 08 1.0 1.2 14 16
[glucose] / mmol L

-10 1

J/ uA cm”

-12 4

-14

07 EGoE 500 3000 4000 %00 &0o
time / s

Figure 5. Chronoamperometric profile of Nafion/GOx/(SiPy*Cl~ /NiTsPc)s 5/FTO. Electrolyte PBS,
0.1mol L1, pH 7.0, applied potential of —0.1 V with successive additions of 0.01 mol L1 glucose.
The inset is the corresponding calibration curve (1 = 3).

The analytical methods reported for the quantification of glucose in kombucha samples
are mostly chromatographic or spectrophotometric. In that regard, the LOD obtained with
the Nafion/GOx/(SiPy*Cl~ /NiTsPc)s55/FTO is between the values obtained by other
studies using LbL electrode systems, as can be seen in Table 1.

Table 1. Comparison between different glucose oxidase LbL-modified electrodes.

LbL Modified Electrode Ele;::;;l;;r;;cal Applied Potential Ll::::::;lR f?lge mlflool?_ﬁl Ref.
Nafion/GOx/(SiPy*Cl~ /CuTsPc), 5/FTO AMP —0.1Vvs. Ag/AgCl 1.0-10.0 0.16 [29]
GOx/Nafion/(LbL)35/ABS/GCE cv - 0.1-8.0 0.05 [58]
GOx/(CNT/CS/GNp)s/GCE AMP +0.6 V vs. SCE 0.006-5.0 0.003 [59]
(GOx/AMWNTs),/CA/Au AMP —0.3 vs. SCE 0.1-7.0 0.008 [60]
(GPDDA- AMP —0.3 vs. SCE 0.14-0.95 0.134 [61]
GOx),/(GPDDA /GPSS); / /ITO R ) ’ ‘
(CS/GLM)7/GCE (@)% - 0.01-10.0 0.00132 [21]
CS*(NG+GOx) /PSS~ /CS*(NG+GOx)/AuQC AMP —0.2vs. Ag/AgCl 0.2-1.8 0.064 [62]
Nafion/GOx/(SiPy*Cl~ /NiTsPc)s5 5 /FTO AMP —0.1vs. Ag/AgCl 0.2-1.6 0.022 This work

AMP—amperometry; CV—cyclic voltammetry; GCE—glassy carbon electrode; ABS—sulfanilic acid; ITO—indium
tin oxide; CNT—carbon nanotube; GNp—gold nanoparticles; CA—cystamine dihydrochloride; AMWNTs—
amino-terminated multiwalled carbon nanotubes; GPDDA—poly(diallyldimethylammonium chloride); GPSS—
poly (styrene sulfonated); CS—chitosan; GLM—glucose oxidase liposome microreactor; AuQC—gold quartz
crystal; NG—nitrogen-doped graphene; PSS—polystyrenesulfonate.

The reaction of glucose with the catalytic site of the GOx enzyme generates H,O, that
is electrochemically reduced to —0.1 V, as can be seen in Scheme 2.
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Scheme 2. Indirect electrochemical detection of glucose using Nafion/GOx/(SiPy*Cl~ /NiTsPc)s 5 /FTO
by reduction of HyO, generated in the enzymatic reaction.

Table 1 lists some modified LbL glucose biosensors with some analytical parameters
for glucose determination reported in the literature.

The proposed biosensor shows good performance compared to other electrode architec-
tures, as summarized in Table 1. As one can see, the estimated LOD value is quite promising,
showing that the proposed method based on Nafion/GOx/ (SiPy*Cl~ /NiTsPc)s 5/FTO is
suitable for real-sample routine analysis protocols.

3.4. Reproducibility and Storage Stability of Nafion/GOx/(SiPy*CI~ /NiT5Pc)s5 5/FTO

The reproducibility of the biosensor was estimated from the responses of 0.38 and
0.64 mmol L~ glucose (PBS, pH 7.0) using three different electrodes prepared by the drop-
coating method. The results revealed that the biosensor has satisfactory reproducibility
(RSD = 0.38 and 1.26%, respectively). The stability of the Nafion/GOx/(SiPy*Cl~ /NiTsPc)s 5/
FTO biosensor has been monitored by the amperometric response for 0.38 and 0.64 mmol
L~! glucose for a period of 23 days, maintaining the biosensor in a PBS solution for
storage. The biosensor retained between 92 and 95% of its original response when stored in
refrigerated conditions (4 °C). These results indicated that the biosensor exhibits higher
storage stability.

3.5. Determination of Glucose Content in Kombucha Beverages

The proposed biosensor was applied to the determination of glucose in two different
commercial kombucha juices (Figure 6). The glucose determination was performed with
the standard addition method. In sample 1 (kombucha with strawberry and hibiscus,
Figure 6A), the estimated concentration was 22.8 mmol L~! (4.11 g L~!) and in sample
2 (kombucha pineapple with mint, Figure 6B), the concentration was 12.62 mmol L~!
(2.27 g L71). It was verified that the fabrication days of sample 1 differed by four days
from sample 2, considering the same manufacturer. It can be inferred that the hydrolysis
of sucrose keeps occurring throughout the day. Similar results were observed in Neffe-
Skocinska et al.’s studies of kombucha’s fermentation on different days (from zero to ten
days of fermentation—1.4-37.7 ¢ L~ 4 0.15) [2]. In addition, we have tested the proposed
sensor (SiPy*"Cl~ /NiTsPc)s 5 /FTO for the same applications. As can be seen in Figure 6A,B,
there is no response for glucose additions, letting us know that GOx is primordial for
glucose sensing in the electrochemical platform (SiPy*Cl~ /NiTsPc)55/FTO.

These results agree with other published studies using other analytical techniques for
the determination of sucrose fermentation in kombucha samples. Kallel et al. verified the
biochemistry of kombucha samples using high performance anion exchange chromatog-
raphy with pulsed amperometric detection (HPAEC-PAD) and observed the appearance
of glucose and fructose with increasing fermentation time. After that, the authors verified
that the glucose disappearance was more important than that of fructose [63].
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Figure 6. Chronoamperometric response of kombucha beverages and standard addition of
glucose from (A) kombucha juice—sample 1 and (B) kombucha juice—sample 2. Exper-
imental conditions: Applied potential: —0.1 V vs. Ag/AgCl; PBS 0.1 mol L1 using
Nafion/GOx/(SiPy*Cl~ /NiTsPc)s 5/FTO and (SiPy*Cl~ /NiTsPc)s 5 /FTO.

4. Conclusions

We have shown that a simple self-assembly of positively charged silsesquioxane inor-
ganic polymers and anionic nickel(Il) tetrasulphophtalocyanine complex formation films
can effectively act as a support for GOx under accessible conditions. Since the immobiliza-
tion of the enzyme is a crucial step in order to obtain a stable device, these conditions were
evaluated. It was observed that the simple drop-coating method without any cross-linking
agent presented higher current values and that Nafion® in low concentrations improved
the biosensor’s stability and sensitivity. Therefore, a novel sensory platform for glucose
determination was successfully constructed, and the results had appreciable sensitivity,
stability, and detection limits applicable to fermented kombucha samples. These findings
will help determine glucose in other relevant food matrices and samples.
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