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We report an electrochemical glucose biosensor made with layer-by-layer (LbL) films of functionalized reduced
graphene oxide (rGO) and glucose oxidase (GOx). The LbL assembly using positively and negatively charged rGO
multilayers represents a simple approach to develop enzymatic biosensors. The electron transport properties of
graphene were combined with the specificity provided by the enzyme. rGO was obtained and functionalized
using chemical methods, being positively charged with poly(diallyldimethylammonium chloride) to form
GPDDA, and negatively charged with poly(styrene sulfonate) to form GPSS. Stable aqueous dispersions of
GPDDA and GPSS are easily obtained, enabling the growth of LbL films on various solid supports. The use of
graphene in the immobilization of GOx promoted Direct Electron Transfer, which was evaluated by Cyclic Volt-
ammetry. Amperometric measurements indicated a detection limit of 13.4 umol-L! and sensitivity of
2.47 pA-cm—2-mmol~!-L for glucose with the (GPDDA/GPSS);/(GPDDA/GOx), architecture, whose thickness
was 19.80 + 0.28 nm, as determined by Surface Plasmon Resonance (SPR). The sensor may be useful for clinical
analysis since glucose could be detected even in the presence of typical interfering agents and in real samples of a
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lactose-free milk and an electrolyte solution to prevent dehydration.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The incidence of diabetes will double by 2030, according to the
World Health Organization [1], thus requiring massive investment in
prevention research, including development of sensitive devices capa-
ble of detecting glucose from several intake sources such as food and
medicines. Efforts have been made in this direction, with enzymes
being used to provide high specificity to sensors [2]. Since the first en-
zyme biosensor for detecting glucose by Clark [3], considerable ad-
vances have been achieved in methodologies for immobilizing
biomolecules. The key to successful enzyme immobilization is the pres-
ervation of its biocatalytic activity in the recognition of a specific ele-
ment, which is provided by electron transfer reactions from the redox
process involving the analyte. Therefore, the structure of the biomole-
cule should be preserved after the immobilization process.

* Corresponding author at: Rod. Jodo Leme dos Santos, km 110 - CEP, 18052-780
Sorocaba, SP, Brazil.
E-mail address: marystela@ufscar.br (M. Ferreira).
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The layer-by-layer (LbL) technique is a relatively simple, versatile,
robust and low-cost method for fabricating ultrathin films [4], which
can be used to functionalize surfaces for several applications, including
sensing and biosensing. It has been shown to be effective with several
types of materials such as enzymes [5], dendrimers [6], polypeptides
[7], nucleic acids and DNA [8], proteins [9], virus [10], conducting poly-
mers [11], inorganic materials [12], nanoparticles [13], nanotubes [14]
and nanowires and nanosheets [15]. It is widely used for immobilizing
biomolecules [16-18] as the electrochemical activity is preserved due
to water entrapment in the LbL film structure [19], minimizing protein
denaturation for long time periods [20].

While devising a biosensor made with LbL films, one has to consider
not only the choice of a matrix material capable of preserving the activ-
ity of biomolecules but also the need to have efficient charge transport.
In this context, graphene is unique in that a single sheet free of defects
exhibits high electrical conductivity [21], with electrons moving at near-
ly the speed of light (~10° m/s) [22]. With such properties, graphene
has been used in electrochemical sensors, for detecting reduction of bro-
mate [23], single nucleotide polymorphisms of DNA [24], leukemia [25,
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Fig. 1. XRD patterns of graphite, GO, GPDDA and GPSS powder, including the crystalline
orientation of the XRD peaks.

26] and dopamine [15]. However, graphene is highly hydrophobic and
forms clusters when dispersed in water [27]. To increase applicability
in LbL assemblies, graphene nanosheets are normally functionalized
with stabilizers for aqueous dispersions. LbL films fabricated with func-
tionalized rGO, for instance, feature tunable film thickness [28], with
electrons from protein active sites permeating the protective shell for
the LbL film, thereby improving the analytical performance of a biosen-
sor [29]. The use of graphene in the immobilization of glucose oxidase
(GOx) has promoted Direct Electron Transfer (DET) [30-34], which is
advantageous for sensing for several reasons, including reagent-less de-
tection, low operation potential and high selectivity [29].

In this work, graphene nanosheets were chemically synthesized
from graphite and stabilized in positively charged PDDA and negatively
charged PSS, thus producing, respectively, rGO stabilized in PDDA
(GPDDA) and rGO stabilized in PSS (GPSS). Aqueous stable dispersions
of the functionalized rGO nanoplatelets were used for producing LbL
films alternated with GOx. We have chosen the LbL technique owing
to its suitability to immobilize enzymes with their structure and biocat-
alytic activity preserved. The architecture (GPDDA/GPSS),/(GPDDA/
GOx), was self-assembled onto an ITO substrate and successfully tested
for the electrochemical determination of glucose. Amperometry was
used for glucose detection and different interferents were tested.

2. Materials and methods
2.1. Materials

Graphite powder with 98% purity, 95% H,SO4, Na,HPO4, 99%
KMnOy, 99% K,S,05, P,0s, 30% H,0,, hydrazine sulfate (HgN204S)
and NaH,PO4 were purchased from Synth. Glucose Oxidase (GOx)
from Aspergillus niger (138,800 units-g~'), 99.5% p-(+)-glucose,
poly(styrene sulfonic acid) sodium salt (PSS; Mw = 70,000) and
poly(diallyldimethylammonium chloride) (PDDA; 20 wt.% in H,0)
were purchased from Sigma Aldrich. All reagents were obtained as
analytical grade and used without further purification.

2.1.1. Instruments

X-ray diffraction (XRD) studies were performed with a XPERT-PRO
MPD (PANalytical) diffractometer using Cu Ko radiation (N =
1.544 A). UV-Vis spectroscopy was carried out using Genesys 6 UV-vis-
ible spectrophotometer (Thermo Fischer). To analyze the LbL film
growth, the SPR Navi 200 Surface Plasmon Resonance (SPR) analyzer
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Fig. 2. SPR angular spectra for gold sensor during deposition of (a) (GPDDA/GPSS);/
(GPDDA/GOx), film excited by N = 670 nm laser and (b) N = 785 nm laser.

(BioNavis, Finland) was used, with a p-polarized laser light beam at
two wavelengths, viz.\ = 670 nm and N\ = 785 nm. Previously cleaned
gold covered glass slides (BioNavis, Finland) were used as substrates for
the SPR experiments. Fourier Transform Infrared (FTIR) spectroscopy
was carried out using a Nexus 470 (Thermo Nicolet). The films were as-
sembled onto silicon substrates and the pure components were com-
pressed in KBr pellets. Circular dichroism (CD) spectroscopy was
carried out on a J-815 spectrometer (Jascolnc) with a bandwidth of
1 nm, a response time of 0.5 s and a scanning rate of 100 nm.min~".
The GOx solution was analyzed using a quartz cell of 1 mm optical
path and the films were analyzed on quartz substrates, with the optical
path given by the film thickness. Chronoamperometry was performed
on a potentiostat/galvanostat (Autolab PGSTAT 30 — Echochemie). A
conventional three-electrode system was used with a working elec-
trode of (PDDA/GPSS)/(GPDDA/GOX), film onto ITO, a platinum plate
as counter electrode, and a saturated calomel electrode (SCE) as the ref-
erence electrode. All electrochemical measurements were acquired in
10 mmol-L~! and phosphate buffer pH 6.3.

2.1.2. Synthesis of GPSS and GPDDA

Graphite was pre-oxidized as reported by Kovtyukhova [35]. 15 mL
of H,SO4 were mixed with 5 g of K,S,05 and 5 g P,0s5 kept at 80 °C,
then 10 g of graphite powder were added to the mixture, which was
cooled to room temperature, carefully diluted and filtered. Graphite
oxide was prepared from graphite powder using a modified Hummers
method [36]. Briefly, 10 g of pre-oxidized graphite were mixed in
230 mL concentrated H,SO4 kept in an ice bath at 0 °C and 30 g of
KMnO,4 were added gradually to the mixture. This mixture was stirred
for 2 h at 35 °C and diluted gradually with 460 mL of ultrapure water.
After 15 min, the mixture was diluted with 1.4 L of ultrapure water
and treated with 30 mL 30% H,0, (the color of the mixture turned to
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Fig. 3. (a) FTIR spectra of the (GPDDA/GOX)1o, (GPDDA/GPSS)s/(GPDDA/GOx)s and
(GPDDA/GPSS), film on silicon substrate. (b) CD spectra of free GOX in solution (black
curve) and (GPDDA/GPSS)/(GPDDA/GOX )10 film (red curve). Inset: the amplified CD
spectrum of (GPDDA/GPSS);/(GPDDA/GOX)1, film.

bright yellow). Finally, the mixture was filtered and washed with HCI
solution (1:1) and dried at 90 °C in vacuum.

The GPSS synthesis was performed using graphite oxide (1 g-L™!)
dispersed in ultrapure water for exfoliation by sonication for 30 min
to form graphene oxide (GO). The yellow-brown dispersion was
mixed with PSS (10 mg PSS: 1 mL of GO dispersion) and treated with
hydrazine under vigorous stirring. The mixture was kept at 90 °C for
12 h under reflux, filtrated and dried at 90 °C in vacuum [27]. For the
GPDDA synthesis, graphite oxide (0.1 g-L™!) was dispersed in ultrapure
water for exfoliation by sonication for 2 h to form GO, heated at 40 °C
and dripped in PDDA solution (30 g-L™!) at 40 °C under vigorous stir-
ring. Then, hydrazine was added to the mixture (0.05 g-L™!) and kept
at 90 °C for 12 h under reflux, filtrated and dried at room temperature
in vacuum [37].
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Fig. 4. Voltammograms of ITO/(GPDDA/GPSS)/(GPDDA/GOX), film (blue curve), ITO/
(GPDDA/GPSS)1/GPDDA film and ITO/(GPDDA/GPSS),/(GPDDA/GOX)1o. Inset: the
amplified voltammogram of ITO/(GPDDA/GPSS);/(GPDDA/GOX),. All measurements in
10 mmol-L~", pH 6.3 and N,-saturated phosphate buffer.

2.1.3. LbL Assembly of (GPDDA/GPSS)/(GPDDA/GOx),,

The gold covered glass slide was treated in a mixture of NH40H,
H,0, and H,0, (1:1:5) for 10 min at 80 °C, washed and dried. GPDDA
and GPSS suspensions were prepared in pH 6.3 phosphate buffer (PB).
For the LbL film to grow on the substrate (gold covered glass slide for
SPR analysis and ITO for electrochemical analysis), the latter was im-
mersed in 0.1 mg-mL~! GPDDA dispersion for 15 min, after which it
was washed with the buffer to remove weakly adsorbed material.
Then it was immersed in 0.1 mg-mL~! GPSS dispersion for 15 min,
followed by the same washing procedure. The film was gently dried
with compressed air in each deposition step. With these procedures,
the first GPDDA/GPSS bilayer was assembled. To obtain multilayers,
the coated substrate was repeatedly immersed in 0.1 mg-mL™'
GPDDA dispersion (15 min) alternated with dipping in 1 mg-mL™!
GOx solution (10 min), with the washing and drying procedure being
repeated in each deposition step. The final film architecture is sub-
strate/(GPDDA/GPSS);/(GPDDA/GOX)5.

3. Results and discussion
3.1. Characterization of GPSS and GPDDA

The XRD patterns of graphite, GO, GPDDA and GPSS powder are
shown in Fig. 1. For GO, a peak at 260 = 9.6° is assigned to its (002)
plane, thus indicating a high oxidation degree and an interlayer space
(obtained by Bragg's Law equation: n\ = 2d-sinf) of 0.922 nm. This
value is considerably larger than the 0.335 nm for graphite, which is at-
tributed to the generation of oxygenated functional groups such as
epoxy and hydroxyl groups. The GPDDA powder exhibited a broad
peak at 260 = 23.7° (d = 0.376 nm), while a broad peak at 26 = 24.5°
(d = 0.363 nm) was observed for GPSS powder. The effective reduction
of GO is denoted by the decrease in the interplanar distance in GPDDA
and GPSS. The peak for GPDDA and GPSS is broad because it corresponds
to a mixture of graphene sheets with different number of layers, which
are produced as a result of different stages of functionalization of
GPDDA or GPSS [38,39].

The UV-VIS spectra of GO, GPDDA and GPSS aqueous dispersions are
presented in Fig. S1 (see Supplementary data). For GPDDA and GPSS, in
particular, a band at 270 nm appears due to the partial restoration of m-
conjugation [38], characteristic of GO reduction. This reduction to form
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Fig. 5. Idealized scheme of an ITO electrode modified by the (GPDDA/GPSS);/(GPDDA/GOX)- film used to detect glucose.

the intended GPDDA and GPSS was confirmed with the transmittance
FTIR spectra in Fig. S2 (see Supplementary data). A clear decrease in
the 1739 cm ™! band from oxide groups occurred for both GPDDA and
GPSS. The functionalization of reduced GO with PDDA was confirmed
by the bands in the GPDDA spectrum at 2900 cm ™! and 1476 cm ™!
assigned to C-H and N-C stretching vibrations, respectively [38]. The
characteristic bands for GPSS appear at 2900 cm ™!, 1175 cm™! and
1040 cm ™! assigned to C-H, S-0 and S-pheny! stretching vibrations, re-
spectively, owing to sulfonic groups. The bands at 1007 cm™! and
830 cm™ ! are assigned to in-plane C-H bending and out of plane C-H
wagging, characteristic of p-disubstituted phenyl group in the effective
functionalization with PSS in the nanosheets [39].

3.2. Characterization of immobilized GOx in (GPDDA/GPSS);/(GPDDA/
GOx)n films

The growth of (GPDDA/GPSS),/(GPDDA/GOX), film was monitored
by SPR, whose data are shown in Fig. 2. A shift in the minimum of
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Fig. 6. Amperometric response of ITO/(GPDDA/GPSS),/(GPDDA/GOx), electrode at
—0.3 V vs SCE upon successive addition of 100 pL of glucose in 10 mmol-L~'phosphate
buffer (pH 6.3). Inset: Analytical curve with linear range from 0.14 to 0.95 mmol-L~".

reflection toward larger angles is due to the sequential deposition of
layers. The minimum reflection angle 6 was 43.029° (A = 670 nm)
and 42.645° (A = 785 nm) for the bare substrate (no film adsorbed).
The film thickness for the (GPDDA/GPSS);/(GPDDA/GOx), architecture
was 19.80 4 0.28 nm, estimated using Winspall 3.02 software based
on Fresnel equations and applying the approach with two different
wavelengths [40,41]. The simulation parameters and curve for the first
GPDDA layer are presented in Fig. S3 (see Supplementary data). The
thickness of the first and third GPDDA layer was 1 nm, while the second
GPDDA was approximately 2.2 nm thick. The thickness of each GOx
layer was approximately 5 nm, consistent with the dimensions of the
native enzyme (60 x 52 x 77 A) [42].

The structuring of the LbL films was analyzed with FTIR spectrosco-
py, and the spectra for the distinct types of film are shown in Fig. 3a. The
(GPDDA/GOx)10 and (GPDDA/GPSS)s/(GPDDA/GOx)s films feature the
N-H stretching vibration band at 3287 cm~' (amide A) typical of GOx.
The main evidence of GOx immobilization in the (GPDDA/GOX)1o and
(GPDDA/GPSS)s/(GPDDA/GOX)s films appears at 1660 cm ™', assigned
to C=0 stretching vibrations of peptide linkages in the protein back-
bone in amide I, and at 1522 cm™! arising from the combination of in-
plane N-H bending and C-N stretching of peptide groups. Therefore,
the secondary structure of GOx was well preserved in the LbL films con-
taining graphene nanosheets [43].
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Fig. 7. Amperometric responses of ITO/(GPDDA/GPSS);/(GPDDA/GOX), electrode at — 0.3V
vs SCE upon additions of 100 pL of 20 mmol-L~"of glucose (G), buffer (B), uric acid (UA),
ascorbic acid (AA), lactose (L) sucrose (S) and fructose (F) in 10 mmol-L~'phosphate
buffer (pH 6.3).
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Fig. 8. Amperometric response of ITO/(GPDDA/GPSS);/(GPDDA/GOx), electrode at
—0.3 V vs SCE upon successive addition of 100 pL of (a) commercial electrolyte solution
(diluting factor of 10) and (b) lactose-free milk (diluting factor of 10), both in
phosphate buffer (pH 6.3).

The preserved structure of GOx in the LbL films was corroborated by
a comparison of CD spectra, using free GOX in solution as a reference.
The spectrum of free GOx in buffer solution in Fig. 3b features two min-
ima at 218 and 208 nm and a maximum at 193 nm. This spectrum is
close to that of native GOx, which adopts predominantly an o-helical
structure that leads to two negative bands at 222 and 208 nm and a pos-
itive band at 193 nm [44]. For immobilized GOx in the rGO-containing
LbL film the CD spectrum displays two negative bands at 220 and
210 nm and a positive band at 193 nm. Therefore, GOx can be assumed
to adopt predominantly an a-helical structure, which was preserved
upon deposition in the LbL film. It is worth noting that in a previous
study GOx had to be encapsulated into liposomes to have its structure
preserved in LbL films of polyethyleneimine (PEI) [5]. Here, rGO proved
to be excellent material for GOx immobilization, with no need of

Table 2
Glucose content of commercial products.

Specified by the Found with biosensor
manufacturer (g-L~1) (g-L7 1)
Commercial oral 25 2524038
electrolyte solution
Lactose-free milk 25 222434

encapsulation into liposomes, which can also be extended to other
biomolecules.

The optimized potential for the amperometric detection experi-
ments was determined from a systematic study. Indeed, optimized am-
perometric responses for the ITO/(GPDDA/GPSS);/(GPDDA/GOX),
sensor were observed at — 0.3 V with successive addition of 100 pL of
10 mmol-L™! glucose in a electrochemical cell with 7.0 mL of phosphate
buffer pH 6.3. Fig. 6 shows that the anodic current increased fast upon
addition of each glucose aliquots, owing to oxidation processes and di-
rect conversion of FADH, to FAD. As shown in the inset, the increase
in current is linear with glucose concentration between 0.14 and
0.95 mmol-L~! (R? = 0.999). The detection limit and sensitivity were
13.4 umol-L™! (S/N = 3) and 2.47 pA-cm~2-mmol ' -L, respectively.
In subsidiary experiments we observed that the biosensing perfor-
mance was inferior for the film architectures (GPDDA/GPSS),/
(GPDDA/GOx); and (GPDDA/GPSS),/(GPDDA/GOx)s, which indicates
there is an ideal number of layers.

Table 1 shows the analytical performance for the biosensor devel-
oped here and of similar ones from the literature. One should note
that a straightforward comparison is not possible because the electrodes
used to fabricate the biosensors are different. We used modified ITO
electrodes, while modified glassy carbon electrodes (GCE) and gold
electrodes were used in the papers mentioned in the Table. For example,
the lowest detection limit [51] was obtained with a modified electrode
(glassy carbon electrode, GCE), which had higher porosity and hence
larger surface area for material adsorption. Nevertheless, the results
given in Table 1 demonstrate that the biosensor fabricated with the
LbL technique is competitive with others reported recently.

In subsidiary experiments we verified the stability of the ITO/
(GPDDA/GPSS)1/(GPDDA/GOx),. When stored at 4 °C, this biosensor
could provide amperometric detection of glucose during 12 days. After
this period, there was a decay in the anode current, which could either
be caused by loss of GOx conformation or interaction between GOx and
graphene (e.g., with the residual oxygen of rGO sheets, [53,54]).

3.3. Direct electrochemistry of GOx at ITO/(GPDDA/GPSS); / (GPDDA/GOX),,
film

GOx is a homodimer flavoprotein obtained mainly from Aspergillus
niger culture, with molecular mass between 130 and 175 kDa, isoelectric
point at pH 4.2 and optimum activity in the pH range between 3.5 and
6.5. It is responsible for catalyzing the oxidation reaction of 3-p-glucose

Table 1

Analytical performance of ITO/(GPDDA/GPSS),/(GPDDA/GOx), biosensor and similar ones from the literature.
Modified electrodes Potential Detection limit (umol-L™1) Sensitivity (uA.cm~2.mmol ~'.L) Ref
AuQC/chit + (NG + GOx)/PSS —/chit + (NG + GOx) —0.2 Vvs Ag/AgCl 64 10.5 [52]
GCE-ATP-GNs-AuNPs-GOx - 9.3 and 4.1 47.6 [53]
GCE/(PEI/PAA-graphene)3(PEI/GOx)5(PEI/GA)4 +0.9 VAg/AgCl 168 0.261 [28]
GCE/(ILRGO/S-RGO)5/GOx/Nafion —0.2 Vvs Ag/AgCl 33 0.00718 [51]
ITO/(GPDDA/GPSS),/(GPDDA-GOX), —0.3 VvsSCE 134 2.47 This work
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into p-glucono-é-lactone and H,0,, using molecular oxygen as an elec-
tron acceptor. In this case, the cofactor flavin adenine dinucleotide
(FAD) is reduced to FADH,, according to the reactions:

GOx(FAD) + B-D-glucose—GOx(FADH,) + D-glucono-6-lactone (1)
GOx(FADH;)+0,—GOx(FAD)+H,0, (2)
FAD + 2H" +2 e~ < FADH, (3)

The mechanism suggested in Eqs. (1) and (2) for glucose detection
was investigated with cyclic voltammetry, with the results being given
in Fig. S4 (see Supplementary data). Fig. 4 shows redox peaks associated
with the DET reaction of FAD suggested in Eq. (3). The DET characteristic
well-defined peaks of the GPDDA/GPSS/(GPDDA/GOx), (19.80 thick by
SPR) film were not clearly visible (curve inset Fig. 4). Thus, in order to
visualize the characteristic DET peaks, a thicker film had to be used,
with the architecture (GPDDA/GPSS),/(GPDDA/GOX)1q. The cathodic
peak at —0.45 V is assigned to the conversion of FAD to FADH,, while
the anodic peak at —0.38 V is ascribed to the conversion of FADH, to
FAD [45,46]. The well-defined redox peaks at these potentials are char-
acteristic of DET, and the sensor can be classified as being of third gen-
eration [29]. The kind of interaction between graphene and surfactant
used to functionalize rGO is important for DET, since these interactions
should not generate defects in graphene sheets [47]. The
functionalization in GPDDA occurs by m-m interaction between
graphene and PDDA [48], though electrostatic interactions with residual
-COO™ in graphene sheets are also possible [49]. In GPSS,
functionalization occurs by m-m interaction between graphene and
PSS [50].

3.3.1. Amperometric detection of glucose with ITO/(GPDDA/GPSS)/
(GPDDA/GOx ), film

Fig. 5 illustrates an idealized scheme for an ITO electrode modified
by the (GPDDA/GPSS) / (GPDDA/GOX), film in detecting glucose. The
charges in the nanosheets arise from the polyelectrolyte used in the
functionalization of rGO.

3.3.2. Study of interferents and stability

Typical interfering elements in glucose detection such as uric acid
(UA), ascorbic acid (AA), lactose (L), sucrose (S) and fructose (F) were
tested in the amperometric experiments. Fig. 7 shows the response for
the ITO / (GPDDA/GPSS), / (GPDDA/GOX), sensor with interferents
added to the phosphate buffer pH = 6.3. Initially, 100 pL glucose at
20 mmol-L~! were added to generate an oxidation current. When
phosphate buffer (B), UA, AA, L, S and F (100 uL and at 20 mmol-L™1)
were added, there was a small decrease in current, in contrast to the in-
creased oxidation current for glucose. Therefore, glucose can be detect-
ed even if these typical interferents are present (no significant effect
from them).

3.3.3. Analysis of real samples

Two types of real samples were evaluated with regard to their glu-
cose content using the ITO / (GPDDA/GPSS), / (GPDDA/GOX), film in
amperometry experiments, namely a lactose-free milk and an electro-
lyte solution employed against dehydration (Pedyalite®). We highlight
that the measurements were carried out without any prior treatment of
the samples, unlike those commonly required in other glucose quantifi-
cation methods [54]. The amperometric responses for the ITO /
(GPDDA/GPSS); / (GPDDA/GOx), sensor at — 0.3 V with successive ad-
dition of 100 pL of real samples (diluting factor of 10) in an electrochem-
ical cell with 7.0 mL of phosphate buffer pH 6.3 are shown in Fig. 8.
Quantification of glucose in the real sample was calculated by the anodic
current value of the average of the first five additions. With the com-
mercial electrolyte solution, there is a rapid increase of anodic current
due to the fast oxidation processes of glucose in the sample. The

response for the lactose-free milk was slower, probably because of the
difficulty in quickly diluting the colloidal milk, but it was nevertheless
possible to determine the glucose content. Table 2 shows the biosensor
performance, with the glucose concentration corresponding to the
values specified by the manufacturers.

4. Conclusions

We have produced a novel bionanocomposite LbL film consisting of
(GPDDA/GPSS)/(GPDDA/GOx ),, which was effective in sensing glucose.
The film possesses several desirable characteristics, such as preservation
of the biocatalytic activity of GOx, good stability and reproducibility. The
detection limit and the sensitivity for the ITO/(GPDDA/GPSS),/(GPDDA/
GOx), glucose biosensor were 13.4 umol-L™! (S/N = 3) and
2.47 pA-cm—2-mmol~!-L, respectively, with a linear range between
1.4 and 9.5 mmol-L™". Additionally, the biosensor can be employed in
selective determination of glucose in the presence of interferents such
as UA, AA, L, S and F being therefore promising for application in medi-
cine and clinical analysis. Real samples of commercial oral electrolyte so-
lution and lactose-free milk were successfully analyzed. The successful
use of graphene nanosheets in the biosensor demonstrates that the
polyelectrolytes used to functionalize graphene based on -1 interac-
tions did not affect their conductivity to any extent that would hamper
application in biosensors. Therefore, LbL films with these functionalized
graphene layers can now be used in other types of biosensors and
bioelectrochemical devices.
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