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Abstract: An efficient immobilization of Glucose oxidase (GOx) on an appropriate substrate is one
of the main challenges of developing fuel cells that allow energy to be obtained from renewable
substrates such as carbohydrates in physiological environments. The research importance of biofuel
cells relies on their experimental robustness and high compatibility with biological organisms such
as tissues or the bloodstream with the aim of obtaining electrical energy even from living systems. In
this work, we report the use of 5,10,15,20 tetrakis (1-methyl-4-pyridinium) porphyrin and glutathione
capped CdTe Quantum dots (GSH-CdTeQD) as a support matrix for the immobilization of GOx on
carbon surfaces. Fluorescent GSH-CdTeQD particles were synthesized and their characterization by
UV-Vis spectrophotometry showed a particle size between 5-7 nm, which was confirmed by DLS
and TEM measurements. Graphite and Toray paper electrodes were modified by a drop coating
of porphyrin, GSH-CdTeQD and GOx, and their electrochemical activity toward glucose oxidation
was evaluated by cyclic voltammetry, chronoamperometry and electrochemical impedance spec-
troscopy. Additionally, GOx modified electrode activity was explored by scanning electrochemical
microscopy, finding that near to 70% of the surface was covered with active enzyme. The modified
electrodes showed a glucose sensitivity of 0.58 & 0.01 pA/mM and an apparent Michaelis constant of
7.8 mM. The addition of BSA blocking protein maintained the current response of common interferent
molecules such as ascorbic acid (AA) with less than a 5% of interference percentage. Finally, the
complex electrodes were employed as anodes in a microfluidic biofuel cell (uBFC) in order to evaluate
the performance in energy production. The enzymatic anodes used in the uBFC allowed us to obtain
a current density of 7.53 mAcm 2 at the maximum power density of 2.30 mWem™2; an open circuit
potential of 0.57 V was observed in the biofuel cell. The results obtained suggest that the support
matrix porphyrin and GSH-CdTeQD is appropriate to immobilize GOx while preserving the enzyme’s
catalytic activity. The reported electrode arrangement is a viable option for bioenergy production
and/or glucose quantification.

Keywords: biofuel cells; glucose oxidase; quantum dots; microfluidic; enzymatic electrodes

1. Introduction

The development of biofuel cells (BFC) has become a wide field of study in the search
for alternative energies [1]. In particular, BFCs that use enzymes as anodic or cathodic redox
catalysts have gained a special interest due to their biocompatibility and possible operation
at physiological pH and temperature by employing renewable organic fuels [2—4]. For this
purpose, one of the enzymes commonly used is Glucose oxidase (GOx), which through
the flavin-adenine dinucleotide cofactor (FAD) allows the generation of two electrons
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for each oxidized glucose molecule, which could be employed in an external circuit as
electrical energy [5]. One of the main challenges in BFC development is the immobilization
method that allows an adequate anchoring of enzyme to the electrode surface. Some
immobilization techniques, such as those involving covalent bonds, can decrease enzyme
activity by interfering with the enzyme’s active site. Additionally, in other methods, large
amounts of enzyme are required for the attachment although only a small amount is
actually immobilized [6]. Among the currently used enzymatic immobilization methods,
adsorption based attachment presents important advantages, since it does not compromise
the three-dimensional structure of the protein complex [7-9] and decreases the possibility
of occlusion of the active site of the enzyme [10].

Among the most studied materials to improve GOx immobilization, nanoparticles
stand out due to their remarkable advantages, such as increased surface area, porous nature,
tunable morphology, and others, which makes them a very attractive option for enzyme
immobilization [11]. Previous works report the immobilization of GOx in materials such as
carbon nanotubes, which take advantage of their high conductivity and the interaction of
functional groups with amino acid residues for the enzyme-support interaction [12]. Fe; O3
nanoparticles, due to their magnetic characteristics and low toxicity, are considered a good
alternative for immobilization [13], and even some types of perovskites, that apparently
improve electron transfer between GOx and the electrode surface [14].

Within these nanoparticle options, the use of nanoparticles of Quantum dots has
been proposed as a viable alternative for anchoring GOx [15,16]. Within these types
of semiconductor nanocrystals are included the glutathione-coated cadmium tellurium
Quantum dots (GSH-CdTeQD), which stand out for their photoluminescence properties
and the homogeneity obtained when the QD surface is coated. This characteristic provides
the system with great stability and biocompatibility [17]. The complex GSH-CdTeQD has
been proposed as a support matrix for the immobilization of GOx due to its high surface
area, while the functional groups of the system allow for efficient enzyme adsorption and
provide an optimal microenvironment that preserves the enzyme’s catalytic activity [18].

Some authors have described the existence of electrostatic affinity between GSH-
CdTeQD and cationic macrocycles such as 5,10,15,20-tetrakis (1-methyl-4-pyridinium)
porphyrin (TMPyP), schematically represented in Figure 1 [19,20]. It is presumed that
GSH-CdTeQD binds strongly to porphyrin forming a very stable TMPyP/GSH-CdTeQD
complex [21,22]. As a flat molecule [23], TMPyP has a high affinity for carbon structures and
supports [24,25], and when combined with GSH-CdTeQD, the resulting assembled material
could generate a multilayer array that could be used for the adsorption of biomolecules
such as GOx [26].

J

Figure 1. 3D structure of 5,10,15,20-tetrakis (1-methyl-4-pyridinium) porphyrin (TMPyP) that exem-
plifies the planarity of the molecule.

To obtain energy from the GOx enzymatic reaction, fuel cells (FC) can be used. Con-
ventional FCs consist of an anode and a cathode separated by a proton exchange membrane
(PEM) and these can be externally connected to take advantage of the electric energy gen-
erated from the internal electrode reactions [27]. However, this arrangement has certain
disadvantages; in general, PEM fuel cells are built with expensive materials which degrade
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easily, and additional problems can occur during the device’s assembly that limit the possi-
bility of miniaturization, increase the resistance of the ion exchange membrane and increase
the requirements of high precision manufacturing. An alternative to the PEM is the use of
microfluidic cells (LFC) [28-30] where both anode and cathode electrolytes move in parallel
with a laminar flux, and the interface generated between the fluids acts as an exchange
system, eliminating the need for a real membrane [31-33].

In this work, in order to improve the enzymatic catalysis of glucose for electrical energy
generation in a microfluidic bio-fuel cell, the development of a self-assembled system that
allows the immobilization of GOx with TMPyP/GSH-CdTeQD is reported. Figure 2
shows the proposed schematic assembly of the immobilization system: TMPyP/GSH-
CdTeQD/GOx.

GSH-CdTeQD => A
s s bvenitibrer, Arear, et dhoenk e, shoonvk st hoasek, dhoss

Figure 2. Scheme of TMPyP/GSH-CdTeQD/GOx system deposited on a carbon surface.

The obtained results indicate that the TMPyP/GSH-CdTeQD/GOx system not only
preserves the catalytic activity of the enzyme but allows it to obtain a power density up to
2mW cm~2 in a uFC arrangement; a comparable value with those obtained when other
immobilization approaches were used.

2. Results and Discussion
2.1. Pysicochemical Characterization of GSH-CdTeQD

The one-step synthesis method used to obtain the GHS-CdTeQD enable a growth
of the nanoparticles that is proportional to the reflux time [34]. With the aim to obtain
a highly oriented enzyme immobilization, and considering the dimensions of GOx (6.0,
5.2 and 7.7 nm3) [35], a size between 5 and 7 nm of QD is desired to either bind an
enzyme to each particle, or to generate holes between the particles with an appropriate
size and a high content of COO™ groups capable of electrostatically attracting the abundant
lysine (Lys) residues in certain regions of the GOx surface [36]. For this purpose, a 65 min
reflux time was chosen. At the end of the reaction, the synthesized GSH-CdTeQD was
observed under 360 nm UV light. As shown in the insert of Figure 3a, the sample emits
a high fluorescence, which indicates that the nanocrystals have a size less than 10 nm,
corresponding to the size range commonly observed in QDs [17]. According to Yu's
equation [37], which associates the absorbance with the particle size range, the wavelength
at 514 nm of the peak maximum in the GSH-CdTeQD spectrum would indicate a size of
approximately 7 nm. The gravimetrically estimated concentration of GSH-CdTeQD in the
suspension obtained from the one-step synthesis was 3.5 mg mL 1.

TEM images of a GSH-CdTeQD sample are shown in Figure 3b—d. It can be observed as
regular near spherical shapes that can be related to the QD particles. From micrography (c)
an average size between 5 and 6 nm of nanocrystals could be obtained, which is consistent
with the UV-Vis calculated size.
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Figure 3. (a) UV-Vis absorbance spectrum of the GSH-CdTeQD synthesized in this work. The insert
shows the sample fluorescence under UV light irradiation. (b—d) TEM analysis for a sample of
GSH-CdTeQD at different magnification. The particle size distribution histogram is shown in (e).

The literature suggests that a strong interaction is produced between the molecules
that generates the self-assembly of the TMPyP and GSH-CdTeQD in a layer-by-layer
system [26]. In order to confirm this interaction, TMPyP and GSH-CdTeQD were evaluated
by dispersive light scattering (DLS) and Zeta Potential () measurements. In accordance
with the DLS results summarized in Table 1, the GSH-CdTeQD mean particle size was
7 nm with some rare occurrences of particles with sizes near to 177 nm (data not shown).
The smaller size coincides with those obtained from the spectrophotometric analysis. On
the other hand, the presence of particles larger than 100 nm is not consistent with the
quantum dots’ characteristics (sizes smaller than 10 nm) and can be related to the formation
of aggregates between the QD, glutathione and porphyrine molecules [38]. It is interesting
to note the agreement between the spectrophotometric and DLS size measurements, while
on the other hand, the TEM images showed that the predominant size of the nanocrystals
was around 5 nm. According to Segets [38], this could be due to the coating of the QDs
showing an apparent particle size, which includes both the porphyrine and solvation
layers formed in the GSH-CdTeQD assembly, which without an appropriate correction
factor, can increase the detected size by up to 1.5 nm. However, the coincidence in the
size detected by both optical methods suggests a homogeneous particle size distribution
and an adequate coating of the CdTe crystals with GSH, which is essential to ensure
their biocompatibility [39]. Furthermore, the TMPyP in contact with the GSH-CdTeQD
suspension promotes the formation of bigger particles with a uniform size near to 328 nm,
this agglomeration behavior of a colloidal system has been previously reported for the
interaction of these different materials [40].
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Table 1. Values of Zeta Potential and hydrodynamical ratio obtained by DLS obtained for TMPyP
and GSH-CdTeQD separately and combined.

Sample Hydrodynamical Ratio/nm ¢mV
TMPyP - —43
GSH-CdTeQD 7 —29.3
TMPyP /GSH-CdTeQD 328 -33.9

In order to confirm the presence of GSH on the surface of the GSH-CdTeQD particle,
their ¢ values were evaluated [41,42]. For QDs coated with ligands such as GSH or MPA,
the functional groups present in their structure (generally carboxyl groups) confer to
the particles a negative charge that is associated with surface potentials from —12 to
—65 mV, unlike uncoated QDs, in which case the surface presents a positive charge and
values [43,44]. As shown in Table 1, the  for GSH-CdTeQD was —29.3 mV, confirming the
presence of GSH molecules attached to the surface of the particle. It has been proposed
that during the QD synthesis process, GSH acts as a reducer for metals such as tellurium or
selenium [45], and additionally, as a ligand for cadmium atoms through the -SH group, as
demonstrated by traditional and biomimetic methods [46,47].

Additionally, the TMPyP/GSH-CdTeQD deposit on the carbon electrodes was eval-
uated by Raman spectroscopy. A comparison of the spectra between the carbonaceous
support (Toray®, Fuel Cell Store, College Station, TX, USA) without modifications, and
the support after deposition of the TMPyP/GSH-CdTeQD system is shown in Figure 4. In
the Toray sample (Figure 4 red line), characteristic bands of carbonaceous pristine material
are appreciated. The band at 1580 cm ™!, known as the G band, corresponds to plane
vibrations of the C-C bonds. The observed bands at 1330 and 2660 cm ! are called band
D and 2D, respectively, and represent the out-of-plane vibrations of carbon atoms on the
surface [48,49]. On the other hand, the Raman spectrum obtained from the TMPyP/GSH-
CdTeQD modified electrode shows a radically different signal, which although it conserves
the G band with very few modifications, it additionally shows a notable decrease in the
D and 2D bands intensities (Figure 4 black line). Generally, this behavior suggests that
porphyrin is deposited in the plane of the carbon structure [50,51]. The characteristic signals
of TMPyP are also appreciated by the appearance of bands at 656, 807, 982 and 1261 cm ™!
corresponding to the amino group of pyridines in the tetrapyrrole ring. In addition to
that, the bands corresponding to the glutathione functional groups that cover the GSH-
CdTeQD are visible at shifts of 553, 1128, 1171 and 1339 cm ! [52,53]. In same situations,
the literature suggests that the functional groups of both the porphyrin and glutathione
molecules could “combine” their respective signals, causing the intensity increase of the
band at 1060 cm !, which is attributed to the -CN bond of both the tetrapyrrole ring and
the glutamate that is part of the glutathione structure [52].

To estimate the approximate amount of GSH-CdTe anchored to the TMPyP modified
graphite surface, an indirect analysis was performed by depositing 3 uL of the stock sus-
pension on four electrodes; after solvent evaporation, the electrodes were washed with a
known volume of deionized water. These volumes were analyzed by spectrophotometry
at 360 nm, assuming that the unanchored GSH-CdTeQD would be detected in the super-
natant, allowing the quantity of nanocrystals adsorbed to the surface to be obtained by the
difference. By using a calibration curve obtained from samples with concentrations from
3.5 x 1073 t0 17.5 x 1073 mg mL ™!, it was determined that the amount of GSH-CdTeQD
deposited on the surface of the electrodes was 1.9 x 103 mg.
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Figure 4. Raman spectra of a single Toray electrode (red line) and a TMPyP/GSH-CdTeQD modified
electrode (black line). Bands D, G and 2D are labeled in their respective positions, as well as the Raman
displacement value for the main bands corresponding to the active groups of the deposited material.

2.2. Electrochemical Analysis of TMPyP, GSH-CdTeQD and TMPyP/GSH-CdTeQD

After confirming the presence and interaction of TMPyP and GSH-CdTeQD on the
carbonous surface, electrochemical measurements were performed to further characterize
the TMPyP/GSH-CdTe assemble. The cyclic voltammetry analysis of the TMPyP deposited
on the graphite showed a profile similar to those reported in the literature [54]. As shown in
Figure 5 (dotted line), this molecule exhibits a pair of electrochemical processes at potentials
of 25 and 255 mV in the anodic scan, and at —410 and —690 mV potentials in the cathodic
scan, which are associated with the formation of a dication-dianion structure in the central
nitrogen of the porphyrin macrocycle. It is also possible to distinguish a signal that appears
at 620 mV in the anodic scan, which could be attributed to the oxidation of two delocalized
7 electrons, responsible for the aromatic character of the porphyrin ring [54,55]. These
results suggest that TMPyP is effectively bounded to graphite. However, when depositing
GSH-CdTeQD on the adsorbed TMPyP, the anodic signal almost completely disappears
(Figure 5 red line), keeping only the 7t electrons-attributed peak, while in the cathodic
region, the reduction signals seem to overlap with other reduction processes. This change
could be due to the binding of the GSH-CdTeQD with the -NH groups present in the
center of the macrocycle, while the conservation of the signal at 620 mV could be related
to the electronic exchange occurring through the GSH-CdTeQD. It also seems that the
system improves the oxygen evolution reaction (OER), since in the anodic scan, the OER
onset potential begins at 450 mV; 200 mV less than those observed for graphite alone and
graphite/ TMPyP electrodes.

2.3. EIS for TMPyP and TMPyP/GSH-CdTeQD

In order to know the impedimetric properties of the self-assembled system, a GC elec-
trode was analyzed by EIS before and after its modification with TMPyP and TMPyP/GSH-
CdTeQD. A pair of K4Fe(CN)g/K3Fe(CN)g was used as a redox probe, applying a small AC
sine wave signal at its formal oxidation potential. In order to evaluate the charge transfer
resistance (Rct) of the redox pair reaction and other impedance parameters of deposited
materials, a GC electrode was used in the EIS experiments instead of graphite due to its higher
conductivity properties and lower porosity [56-58]. The spectra obtained were adjusted to a
modified Randles equivalent circuit, shown as an insert in Figure 6. Here, CPE1 is a constant
phase element used to simulate the dispersed capacitance of the double layer, and a paral-
lel circuit CPE2(Rp) is employed to simulate the anomalous Warburg diffusion impedance
observed in the multi-layered electrodes. The fitting of experimental impedance spectra to
the proposed equivalent circuit was obtained by using the complex nonlinear least square
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LEVM free immittance program by Dr. J. Ross Macdonald [59]. A fine adjustment between
the experimental EIS complex data (points) and fitting results (segmented curves) can be
appreciated in Figure 6, this means that the proposed equivalent circuit can appropriately
represent the complex layered electrode obtained. The complex impedance spectrum of the
GC surface showed a depressed semicircle associated with the dispersed behavior of the
electrode with an Rct value of 209 (), while in the GC surface modified with TMPyP, the Rt
value decreased to 115 (). The charge transfer resistance was again increased up to 360 () after
depositing the GSH-CdTeQD, as shown in Figure 6. The resistive behavior of these materials
has already been described in the literature and can be related to the changes in electrostatic
attraction to the anions of the redox probe when the electrode surface is modified. In this sense,
the increase in Rcr when immobilizing GSH-CdTeQD on a cationic porphyrin was reported
in 2014 as associated with the immobilization of multiple “bilayers” of both materials on ITO
electrodes [26]. On the other hand, the decrease in Rct when only TMPyP is deposited, can
be attributed to an increase in the positive charge of the multilayer electrode; this is consistent
with previous reports, which indicate that the immobilization of polypyrrole on graphite
surfaces enhances the attraction of negatively charged ferrocyanide ions to the electrode
surface, due to the positive charged amino groups contained in the pyrrole structure [60-62].
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Figure 5. CVs comparative between graphite (solid blue line), graphite modified with TMPyP (dashed
black line), and graphite modified with TMPyP/GSH-CdTeQD (solid red line). Insert shows the
theoretical arrangement of the TMPyP/GSH-CdTeQD.
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Figure 6. EIS Nyquist spectra of GC (blue), GC/TMPyP (red) and GC/TMPyP/GSH-CdTeQD (gray)
electrodes. The segmented line curves illustrate the LEVM fit to the equivalent circuit (insert) used to
evaluate the Rcr of the KyFe(CN)g /K3Fe(CN)g redox reaction in each electrode.
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2.4. Electrochemical Analysis of GOx Immobilization

In order to make a comparison, GOx was deposited on a bare graphite surface and on
a TMPyP/GSH-CdTeQD modified electrode, and the adsorption of the enzyme on both
electrodes was evaluated by CV. The voltammograms obtained are presented in Figure 7a,
where the difference in current response between the electrodes can be noted. A closer
view of the voltammograms peaks near to —450 mV after the base lines were subtracted are
shown in the insert. A notable increase in the oxidation current related to the FAD/FADH,
redox pair is observed in the electrodes modified with TMPyP/GSH-CdTeQD, compared
with those in which only GOx was deposited. The higher measured current suggests that
the TMPyP/GSH-CdTeQD system allows it to immobilize a larger amount of enzyme than
pure graphite does.
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Figure 7. (a) Voltammograms of graphite electrodes modified with GOx (black dashed line) and with
TMPyP /GSH-CdTeQD/GOx (red line). Peaks obtained after subtracting the baseline are shown in
the insert. (b) CVs of TMPyP/GSH-CdTeQD/GOx modified electrodes at different scanning rates.
(c) Linear correlation between the current increases and the scan rate.

According to several authors [63-67], the peak oxidation current of the FAD could be
related with the amount of immobilized enzyme according to the Brown Anson Equation
(Equation (1)), where iP is the peak oxidation current of FAD*?, A is the geometric area of
the electrode, v is the scan rate, I is the concentration of GOx adsorbed on the electrode, F
is the Faraday constant, T is the system temperature, and R is the universal gas constant.
This equation indicates that the higher the oxidation current, the greater the amount of
immobilized GOx. Hence, 1 x 10719 mol cm~2 of adsorbed GOx could be evaluated in
simple graphite, while in the surface modified with TMPyP/GSH-CdTeQD, the calculated
adsorption was 2.3 x 1071% mol cm~2. This means that the adsorption of GOx is improved
in the TMPyP/GSH-CdTeQD modified electrode. The founded adsorbed concentration
value is within the common range of the GOx amount immobilized onto other modified
surfaces [68-70].

P 22 AT* 1
T TRt @

With the purpose of confirming the enzyme adsorption on the self-assembled system, a

TMPyP/GSH-CdTeQD/GOx modified electrode, was analyzed by CV at different potential
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scanning rates and the increase in the current of the redox pair was registered, Figure 7b.
Linear correlation graphs between the peak oxidation and reduction currents versus thee
scan rate are presented in Figure 7c. According to the literature, this linear behavior
indicates that the voltammetry response of the modified electrode corresponds to a surface-
controlled process, which mean that the enzyme is strongly adsorbed on the electrode.
Employing the Laviron equation (Equation (2)), it was possible to calculate the constant
of the electron transfer rate (Ks), which is a measurement of the capacity of a system to
facilitate or improve the electronic transfer during an electrochemical reaction.

nFAEp
2.3RT

logKs = alog(1 —a) + (1 — a)loga — log% —a(l—a) (2)

In this equation, « is the charge transfer coefficient, obtained from the angular coeffi-
cient of the line that is formed by graphing Ep vs. the logarithm of the scan rate, v is the
scan rate and AEp is the separation of the redox peaks of the FAD/FADH, pair. An « value
of 0.43, and a Ks value of 4.91s~! were obtained, which, when compared with previous
reports, indicates good electronic transfer capacity [71-73].

2.5. Physicochemical Analysis of Anchored GOx

GOx deposited over the TMPyP /GSH-CdTeQD system was also characterized by FTIR.
The spectrum obtained for TMPyP only deposited on the carbonaceous surface (Figure §,
black line) exhibits bands at 542 cm ™! corresponding to the out-of-plane (OOP) vibrations
of the tetrapyrrole ring; it also appears as a broad band at 660 cm !, which could belong to
deformations in the plane of TMPyP. Characteristic bands attributed to the amino groups
present in the structure of the macrocycle and the pyridinium substituents can be observed
at 830, 1060, 1402 and 1647 cm ™! [50,74]. On the other hand, the red line in Figure 8 shows a
quite different FTIR spectrum of TMPyP/GSH-CdTeQD. Although in the TMPyP spectrum
the curve around 3270 cm ! is wider, and slightly less intense, when GSH-CdTeQD has
been aggregated, this signal becomes more pronounced and defined. This band is related
to the presence of carbonyl groups of GSH covering the GSH-CdTeQD system. In addition,
new signals are observed at 933 and 1123 cm ™!, which have been reported as characteristics
of interactions between the CdS and pyridyl group of TMPyP [75]. Assuming the formation
of CdS on the surface of the GSH-CdTeQD, these bands allow us to corroborate the union
between TMPyP and GSH-CdTeQD, not only through the amino groups of the tetrapyrrole
ring, but also through the pyridinium groups that are part of its structure.

C=C N-H
1547 1402

In-plane N-H
1060

OOPN-H

1123 933
(R

CdS-N*

Amide IC=0 1647

% Transmittance {A.U}

— TMPyP Amide I N-H 1543

—— TMPyP/GSH-CdTeQD

——TMPyP/GSH-CdTeQD/GOx

3900 3400 2900 2400 1900 1400 900 400

Wave number (cm™1)

Figure 8. FTIR spectra obtained from the analysis of a modified electrode with TMPyP (black line),
TMPyP/GSH-CdTeQD (red line) and TMPyP/GSH-CdTeQD/GOx (blue line).
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Finally, the spectrum obtained for the TMPyP/GSH-CdTeQD/GOx system, shown
in Figure 8 (blue), showed a set of bands corresponding to a mixture of signals of the
two spectra previously described; besides which, there was the presence of characteristic
signals for Gox at 1647 and 1543 cm !, corresponding to I and II amides, respectively, thus
corroborating the presence of the enzyme over the self-assembled system [76,77].

The analysis by EDS coupled to SEM allowed us to confirm the atomic composition of
the materials present in the TMPyP/GSH-CdTeQD/GOx system, as shown in Table 2. It
can be observed that the presence of cadmium and tellurium correspond to the composition
of the Quantum dots, with an approximate ratio for the Cd:Te of 3:1; literature reports
similar ratios when GSH-CdTeQD has been evaluated by EDS [78]. Additionally, EDS
indicates the presence of a sulfur characteristic of the GSH used as a ligand, and probably
of amino acids such as cysteine and methionine present in the GOx protein structure [79].
Chlorine and sodium atoms were detected and could correspond to PBS residues used
as the solvent for GOx; while the carbon and oxygen detected can be associated with the
organic compounds of the enzyme, TMPyP and GSH.

Table 2. EDS elemental composition of the TMPyP/GSH-CdTeQD/GOx system deposited on carbon.

Element Weight % Atomic %
C 31+3 43+ 4
(@) 36+ 4 37+4
Na 24+2 17 £1
S 2401 1+£0.1
Cl 4+02 2+01
Cd 3+£03 0.4 £0.04
Te 1+04 0.1 +0.05

2.6. Evaluation of TMPyP/GSH-CATQD/GOx Electrodes by Scanning Electrochemical Microscopy

A useful test to evaluate the presence and activity of GOx anchored to a surface is
Scanning Electrochemical Microscopy (SECM) [80-82]. A TMPyP/GSH-CdTeQD/GOx
modified graphite electrode was evaluated by SECM in the absence and presence of 5 mM
glucose to verify its enzymatic oxidation onto the electrode’s surface. It was observed that
when GOx is not anchored to the electrode, even in the presence of glucose, the oxidation
does not take place as can be proved by the near to zero current measured in scanning. A
similar behavior is obtained for the scanning of an electrode with immobilized GOx but
with the absence of glucose in the cell, as shown in Figure 9a,b. In this case, the enzyme
cannot perform any catalytic reaction, and the measured currents are again negligible. In
contrast, after the addition of glucose 5 mM, an increase in the surface scanning current of
the electrode could be observed, Figure 9¢,d, due to H,O, produced by enzymatic glucose
oxidation according to the mechanism represented by reactions (3) and (4). The resultant
scanning current was measured by applying a 0.7 V potential at the tip scanning electrode,
corresponding to the oxidation potential of HyO, on a platinum surface [83]. The catalytic
current was observed in different surface regions with a pattern that suggests that GOx, in
addition to being present and active on the electrode, is homogeneously distributed by the
whole scanned area.

GOxox + Glucose— > GOx,q + Gluconolactone 3)

GOXred + Oy — > GOxox + HyOy (4)
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Figure 9. The 3D images (left) and respective plane RGB images (right) of SECM current obtained
for a TMPyP/GSH-CdTeQD/GOx modified graphite electrode. (a,b) without glucose, (c,d) in the
presence of glucose 5 mM at 0.7 V vs. SCE for HyO, determination and (e,f) at 0.25 V vs. SCE for the
FcMeOH reaction.

Taking as a reference the color scale shown in the right bars of Figure 9, in the images
obtained for the electrodes in the absence of glucose, Figure 9a,b, the purple-blue region
was designated as the “zone without enzymatic activity”. In correspondence, the term
“enzymatically active zone” can be assigned to the regions with a color between green and
red [72]. Using Image] software, the percentages of possible coating of the surface with
electrochemically active enzyme were estimated by means of an RGB analysis of the image,
obtaining 71% of colors between green and red, and 29% of colors in the blue range, which
suggests that at least 70% of the surface oxidizes glucose or is functionalized with GOx.

The same GOx-modified surface was scanned in the presence of the mediator FcMeOH
and 5 mM glucose, by applying a potential of 0.25 V to the tip vs. SCE, which correspond to
the FcMeOH redox potential. It can be observed that a similar behavior to those obtained
in the HyO, production reaction occurred, as shown in Figure 9e f. In this case, despite the
fact that the current peaks apparently are more pronounced, the current values measured
remain in the same range as those obtained in the peroxide detection, which makes it
possible to corroborate the activity of the immobilized enzyme both by the production of
H,0, and by the mediator method [80,84].

Raith reported a similar method based on Red-Green (RG) analysis to demonstrate
the immobilization of glucose oxidase on a gold surface, in order to study the enzymatic
activity by SECM employing the “substrate generation-tip collection method” [85]. By
delineating the specific zone of enzyme immobilization with the use of tapes containing
holes of different diameters, he demonstrated the ability of SECM to detect zones with
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higher, lower or null enzyme activity. In this report, the difference between zones with and
without GOx is clearly observed through the reddish colors resulting from the increase
in current, attributed to the catalytic activity of the enzyme, which contrast with the dark
green of the zones lacking enzyme. Although the reported current values are not fully
comparable with those obtained here, mainly due to the distance between the probe and
the surface, the experimental design offers an interesting alternative for the analysis of
localized catalytic activity on a surface [86].

2.7. Amperometric Response of TMPyP/GSH-CdTeQD/GOx Electrodes to Glucose

Enzymatic electrodes were evaluated in the presence of FcMeOH as an electro carrier
mediator between the deep active center of GOx and the surface of carbon electrode. The
ferrocene-methanol molecule has a characteristic redox pair whose current increases as a
function of glucose concentration oxidized by GOx. The modified TMPyP/GSH-CdTe/GOx
graphite electrode produced a monotonic increase in current of around 1.2 pA when glucose
concentration reaches a value of 2 mM. A saturation point is obtained for a 16 mM glucose
concentration corresponding to a current near to 16.2 pA (10.3 pA more than a current of
5.9 yA corresponding to 0 mM), which suggests that enzyme adsorbed onto an electrode,
conserves its catalytic activity. Furthermore, the signal measured at this electrode was
stable, and the current increased linearly as a function of glucose additions, Figure 10a.
The response of the enzymatic arrangement was reproducible on seven different graphite
electrodes, with a sensitivity of 0.58 & 0.01 pA/mM, in the linear range from 2 to 16 mM,
Figure 10b. The apparent Michaelis constant for the enzymatic reaction obtained from 7,;x
vs. glucose concentration data (GraphPad Prism®) was 7.8 mM, indicating a good affinity
of the enzyme for the substrate. Due to reproducibility, stability, linear range and ease
of deposit, these results indicate that the TMPyP/GSH-CdTeQD/GOx arrangement is an
appropriate option for GOx immobilization in biosensor design [5,70].

20
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2
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Figure 10. Increase in the oxidation current of Ferrocene-methanol, as a function of the glucose added
to cell (a). Calibration curve obtained from glucose determination on three electrodes modified with
TMPyP/GSH-CdTeQD/GOx (b).

2.8. Interferents Assay

In addition to analytical sensitivity, one of the most important characteristics in the
development of enzymatic electrodes with potential use in biosensors, is its selectivity to
the analyte (glucose for the GOx-modified electrodes). The TMPyP/GSH-CdTeQD/GOx
electrodes were evaluated by chronoamperometry under stirring, adding glucose and
the interferents: ascorbic acid (AA), citric acid (AC), dopamine (DA), acetaminophen
(ACTEN), lactose (LAC), L-Cysteine (Cys), and acetyl salicylic acid (SALY), all of them at
concentrations higher to those found in a physiological environment.

As can be seen from Figure 11a, AA, DA and Cys induced a large current increase,
causing 148, 64 and 311% of interference, respectively, taking as a reference the current
attributed to glucose; so it can be argued that these compounds could be considered as
strong interferents for the TMPyP/GSH-CdTeQD/GOx system. This result indicates that
this electrode arrangement is not suitable for use in a glucose biosensor. It is already known
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that AA interacts with the QDs of CdS [87]; this way, the high sensitivity of the modified
electrodes to interferents could be explained by assuming that gaps exist in the surface of
the electrode that have not been coated by GOx, leaving sites where interferents such as
AA could interact with the exposed GSH-CdTeQD complex of the electrode causing an
increase in current.
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Figure 11. Sensibility of enzymatic electrodes to interferents. The interference percentage of the
current obtained for the TMPyP/GSH-CdTeQD/GOx electrodes without (a) and with BSA incubation
for 30 (b) and 90 (c) minutes. Inserts show the corresponding chronoamperograms.

In order to reduce the contribution of such interferents, electrodes modified with
TMPyP/GSH-CdTeQD/GOx were incubated with bovine serum albumin (BSA) for 30 and
90 min; as this protein is smaller than Gox, it could penetrate easily toward the sites not
covered by the enzyme [88]. As shown in Figure 11b, when the BSA is used as a blocking
agent, although it remains a small signal due to the interferents, their current contribution
is drastically reduced. The best result is observed in Figure 11c corresponding to 90 min
of BSA incubation, where it can be seen that the contribution of interferents is negligible,
and the only increase in current is that corresponding to the glucose addition. Moreover,
in Figure 11b, it can be observed that there is less noise current response despite a high
stirring speed being used. It can be concluded that the performance of the TMPyP/GSH-
CdTeQD/GOx immobilization system improves in selectivity when BSA is added on the
surface with a 90 min incubation period. Izadyar et al. found a similar behavior and ob-
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served that the incorporation of BSA into electrodes modified with GOx and a recombinant
Mn peroxidase, significantly improved the electrochemical detection of glucose. This effect
is mainly attributed to the strong intermolecular interaction that exists between BSA and
the enzymes, as well as the great stability of this blocking protein, which would improve the
microenvironment on the electrode surface, providing support and extending the lifetime
of the immobilized enzymes [88].

2.9. Performance of Glucose Microfluidic Fuel Cell

Finally, in order to complement the glucose oxidation activity study, the performance of
the TMPyP/GSH-CdTeQD/GOx bioelectrode was tested in a uBFC for energy generation.

In this case, glucose concentrations of 10, 20 and 50 mM were used as combustible
materials in the anolyte. The microfluidic fuel cell results obtained are shown in Figure 12a.
Without glucose, the system reached a power value of 0.95 mW cm 2 with an open circuit
potential (OCP) of 357 mV, and a maximum current density (Imax) of 7.8 mA cm 2 (gray
curve), which is explained by the presence of FcMeOH in the solution, this molecule is
highly electroactive, capable of reaching a potential and generating a current [89]. The
presence of glucose in the solution caused changes in the shape and amplitude of the
polarization curves, showing a favorable dependence when the glucose concentration was
between 10 and 20 mM; at this last concentration, a maximum power of 2.3 mW cm—2 was
reached. However, as shown in the Figure 12a red curve, with the addition of high glucose
concentrations (50 mM), the power does not increase further and even the maximum
discharge current decreased. In this way, the results indicate that an optimal concentration
of glucose is around 20 mM.

1/pAcm? 1/(mA cm?)

Figure 12. (a) Full cell polarization curves of Toray paper anodes modified with Porphyrin/GSH-
CdTeQD/GOx, evaluated in PBS 0.1 M pH 7 4, in the presence of FcMeOH (a) at a 6 mL h~1 flow
rate. The glucose concentration in the anolyte was 0 mM (gray), 10 mM (blue), 20 mM (green), or
50 mM (red); and (b) at different flow rates of the anolyte and catholyte: 1 mL h! (yellow), 3 mL h!
(blue), 6 mL h~1 (black), 9 mL h~! (red), and 12 mL h~! (green).

Subsequently, the appropriate flow rate was selected for the best performance of the
microfluidic cell. Rates of 1, 3, 6,9 and 12 mL h~! were tested, employing glucose 20 mM
as an optimal concentration. From the analysis of the polarization curves in Figure 12b, the
increase in potential and current that is obtained from the flow of 6 mL h~! (gray line) is
notable; meanwhile, with 9 and 12 mL h~}, the power is slightly less (yellow and black
lines, respectively). These results agree with those described by Khan et al., who reported
that with at a saturating glucose concentration for the enzyme system, there is no significant
increase in cell power related to flow rate [90]. In this way, it was decided to use the flow
rate of 6 mL h™! since it implies a lower energy expenditure, an important feature when
implemented in a real device, considering that some biofuel cells require a flow rate of up
to 18 mL h~1 [91].

Although a complete comparison is not possible due to the different experimental
conditions used, this paper’s performance results were compared with previously reported
works where GOx was used for the oxidation of glucose in fuel cells. As shown in Table 3,
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the cell performance values obtained in this work are similar to those previously reported,
with a Wiax value of 2.30 mW cm 2, which is an acceptable value for enzymatic electrodes.
It should be noted that, despite the fact that the increases in current obtained in the voltam-
metry analysis were relatively low compared to other studies aimed at the development
of biosensors [70], the biofuel cell performance was quite promising, since the Iyax and
Wmax obtained are higher than those obtained in relatively similar assemblies built with
nanometric materials [92,93]. The measured open circuit potential is equivalent to those
obtained when novel materials as MWCNTs are used in anodes of cells and higher than the
OCP obtained with precious metals (Au) or metallic oxides [94-96]. These results could be
attributed to the use of a microfluidic arrangement, which in principle allows an increase
in the Imax and Wnax due to an improvement in the availability of fuel and oxidant toward
the catalytic sites [91]. On the other hand, the use of Toray paper as a support electrode
would suppose a three-dimensional matrix that, when combined with the TMPyP /GSH-
CdTeQD/GOx assembly, functions as a flow-through type of electrode [91], enabling better
contact between the fuel and the enzyme.

Table 3. Performance comparison between different enzymatic fuel cells.

Anode oCP/V Tmax/ Wnax/

mA om-2 mW om-2 Cell Type Ref
Pyr-Carboxilic Acid MWCNTs 0.140 0.006 0.06 Hidrogel [92]
Chitosan-CarbonNanoChips 0.59 0.434 0.055 s.c.! [93]
Vinil/Au 0.333 0.045 0.013 Microfluidic [94]
Vulcan/Maghemite/GOx 0.3 N. E. 0.03 Microfluidic [95]
Au 0.3 0.69 0.11 Microfluidic [96]
ITO/MWCNTs/CrosslinkedGOx 0.56 0.45 0.153 Microfluidic [97]
MWCNTs/GOx/GA 0.72 2.45 0.61 Microfluidic [98]
MWCNTs/GOx 0.95 N.E. 1.25 s.c.t [99]
MWCNTs/Naftoquinone /GOx 0.76 447 1.54 S.C.t [100]
TMPyP/GSHCdTeQD/GOx 0.571 7.53 2.30 Microfluidic ~ This Work

s C = Single compartment cell.

3. Materials and Methods

All reactants used were of analytical grade. GOx from Aspergillus niger (G7141-50KU, Sigma-
Aldrich, St. Louis, MO, USA), TMPyP (323497-250MG, Sigma-Aldrich, St. Louis, MO, USA) and
ferrocene-methanol (335061-500MG, Sigma-Aldrich, St. Louis, MO, USA) were used with-
out further purification. Graphite rods of 75 mm in length and 3 mm in diameter were used
in the cyclic electrochemical initial characterization of the TMPyP/GSH-CdTeQD7GOx
system. CdCl,-2.5 HyO (239208-100G, Merck, Rahway, NJ, USA), L-Glutatione Reduced
(G4251-1G, Sigma-Aldrich, St. Louis, MO, USA), NaBH, and Na,;TeOs3, used for the syn-
thesis of the GSH-CdTeQD, were obtained from Merck and used without any further
purification. Phosphate buffer solution (PBS) 0.1 M was prepared from Nay;PO,, KHPOy,
NaCl and KCl to meet the required concentration to ensure a 7.4 pH constant value dur-
ing measurements.

3.1. Synthesis of GSH-CdTeQD

GSH-CdTeQD were synthesized according to a previously described method [17].
The increase in the size of the GSH-CdTeQD assembly, with respect to the reflux time,
was monitored qualitatively by the change in photoluminescence color of the aliquots
taken at different moments during the synthesis; the reaction was stopped after 65 min
when an orange colored fluorescence in solution was observed. In order to determine the
approximate concentration of the GSH-CdTeQD obtained from the synthesis, a 1 mL aliquot
of the suspension was precipitated by adding 1 mL of isopropyl alcohol and centrifuging at
12,000 rpm. Verifying that there was no detectable photoluminescence in the supernatant,
it was discarded, and the GSH-CdTeQD pellet was washed three times with ethanol and
deionized water. After precipitating the nanocrystals again, the sample was dried at 60 °C
and weighed in triplicate to obtain the concentration in terms of mg mL~! of the total



Catalysts 2022, 12, 1659

16 of 22

suspension. The nanocrystals deposited on the electrodes were taken directly from the
synthesis solution without further modifications.

3.2. Preparation of Electrodes

All materials were deposited in three different carbon electrode types. The surface-
enzyme adsorption was firstly carried out on graphite electrodes of 3 mm diameter
(A =0.07 cm?), embedded in epoxy resin and polypropylene tubes. The carbon surface
was previously cleaned by mechanical polishing using sandpaper and Bond paper be-
fore being used. For the impedimetric analysis of the bioelectrode, an alumina polished
(0.05 um) glassy carbon (GC) surface was used. The analysis of the microfluidic cell
system was carried out by using strips of carbon fiber paper (Toray®, Fuel Cell Store,
College Station, TX, USA) on the effective area A = 0.032 cm?. The materials were de-
posited by drop coating 3 puL of solution of each substance (0.1 mM TMPyP dissolved in 8%
methanol and 0.1 M Tris buffer, GSH-CdTeQD in stock solution, and GOx 5 mg mL1in
PBS 0.1 M). Each material was incubated on the surface of the electrode at room temperature
until evaporation of the solvent, any solvent excess was rinsed with deionized water.

3.3. Electrochemical Characterization

The electrodes were characterized by cyclic voltammetry (CV) in a conventional three-
electrode cell by using PBS 0.1 M pH 7.4 as the support electrolyte and at a 50 mV s~!
scanning rate. The reference was an Hg/Hg,Cl, /KClsat (SCE) electrode (—0.241 V respect
to NHE) and a platinum wire was used as the counter electrode. In this work, all the shown
potentials are referring to the SCE electrode. The different materials and electrodes were
characterized by electrochemical impedance spectroscopy (EIS) in PBS 0.1 M pH 7.4 so-
lution by using K4Fe(CN)g /K3Fe(CN)g (P3289-100G Sigma-Aldrich, St. Louis, MO, USA
and 1.04973.0250 Merck Rahway, NJ, USA respectively) as a probe redox couple at a DC
potential of 0.25 V with an AC sinusoidal amplitude signal of 5 mV in a frequency range
from 100 KHz to 0.01 Hz. The chronoamperometric response of the electrode to glucose
was measured at a 0.2 V potential value by adding consecutive aliquots of a 0.5 M glu-
cose solution. CV, EIS and Chronoamperometry essays were carried out on Gamry 600,
Potentiostat/Galvanostat/ZRA equipment (Gamry Instruments Warminster, PA, USA).
Scanning electrochemical microscopy (SECM) was performed on a BioLogic Potentiostat
(BioLogic Science Instruments, Seyssinet-Pariset, France) by using 0.1 M PBS pH 7.4 +
Ferrocene methanol (FcMeOH) 0.5 mM solution in the absence and presence of 5 mM
glucose. A scan of the surface was made with a platinum electrode of 25 um diameter by
applying a potential of 0.7 V in order to detect the peroxide production, and at a potential
of 0.25 V for the Ferrocene oxidation detection. The counter electrode used in the SECM
was a graphite bar. Any potential was applied to the multi-layered electrode since the
glucose oxidation reaction by GOx occurs naturally.

3.4. Design and Operation of the Glucose Microfluidic Cell

For the microfluidic cell arrangement, a previously reported system in the litera-
ture [29] was used. This consists of two acrylic plates assembled on a “sandwich-type”
arrangement, separated by a silicone elastomer film (Silastic®, Dow, Midland, MI, USA)
cut into a trapezoid shape to form the microfluidic channels for the electrolytes, Figure 13.
The anode was made of TMPyP/GSH-CdTeQD/GOx-modified and immobilized on Toray
paper, using aluminum foils as electrical contacts. MWCNT/Lc cathodes were prepared as
described previously [1] by mixing the catalytic ink with the carbon MWCNT and Lacasse
enzyme. Later, the ink was deposited on Toray paper electrodes with the dimensions
described above. In the uBFC, the bioanodes were evaluated in 0.1 M PBS pH 7.4 solution
with Ferrocene 0.5 mM at different glucose concentrations (0, 10, 20 and 50 mM). The
optimal flow rate for the cell was determined by measuring the power obtained at 1, 3, 6, 9,
and 12 mL h™}, the fluid speed was controlled by using a KDS 101 syringe flow pump (KD
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Scientific, Holiston, MA, USA). The biocathode used in all experiments was an MWCNT/Lc
electrode and a 0.1 M PBS (pH 5.6) solution was used as a catholyte.
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Figure 13. Diagram of the microfluidic cell used in this work.

3.5. Physicochemical Characterization

The spectrophotometric characterization of the GSH-CdTeQD was performed using
a Jenway 6405 UV-Vis spectrophotometer (Cole-Parmer, Vernon hills, IL, USA) with a
spectral scan from 350 to 700 nm. The hydrodynamical particle size and zeta potential
of the particles were determined by dynamic light scattering (DLS) by using a Zetasizer
Nano ZS® equipment (Malvern Panalyitical, Malvern, UK). The size of the GSH-CdTeQD
complex was obtained by Transmission Electron Microscopy (TEM) in a JSM® 5800-LV
unit (JEOL, Tokio, Japan) operating at 25 kV. FTIR was carried out on a Spectrum Two
spectrometer (Perkin Elmer Waltham, MA, USA) in order to identify the functional groups
of porphyrin, GSH-CdTeQD and GOx deposited on the electrodes. Raman spectroscopy
was performed on an Xplora® Raman Microscope in Toray paper electrodes before and
after being modified with TMPyP/GSH-CdTeQD (Horiba Instruments Inc., Kyoto, Japan).
The microscopically atomic composition of the adsorbed materials was obtained by using
an Energy-dispersive X-ray spectrometer coupled to a scanning electron microscope (SEM)
GmbH® JSM-6610(Horiba Instruments Inc., Kyoto, Japan).

4. Conclusions

Nanometric GHS-CdTeQD particles were synthesized, and physicochemically and
electrochemically characterized. It was shown that this ensemble readily adsorbs in TMPyP
modified carbonaceous materials such as graphite and Toray paper, resulting in a homo-
geneous self-assembly arrangement. The physicochemical analysis showed that the bond
between GSH-CdTeQD and TMPyP is related to the electric charge interactions of the mate-
rials, the amino groups being the main contributors to the union between TMPyP /GSH-
CdTeQD. The presence of TMPyP on the carbon surface was EIS confirmed by an Rer
decrease in the K4Fe(CN)g/K3Fe(CN)g redox reaction, possibly due to the positive charges
present in its structure, which promote the approach of negative ions to the electrode; the
bonding of the GSH-CdTeQD particles to carbon TMPyP modified electrodes was verified
by a posterior increase in the Rt value. This arrangement allowed for a greater quantity
of GOx to be immobilized than on an unmodified carbon electrode. The electrochemi-
cal results indicate that the enzyme remained highly functional after being immobilized
over the TMPyP/GSH-CdTeQD system. The enzyme electrodes showed a sensitivity of
0.58 & 0.01 pA/mM when glucose was added, and the increase in current, with respect to
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the sugar concentration, remains linear in a range from 2 to 16 mM. The immobilized GOx
also exhibited a good affinity for the substrate and a high electron transfer (K = 4.91s71)
was obtained, which suggests that the immobilization approach can additionally be con-
sidered suitable for the development of an amperometry biosensor. Furthermore, when
the TMPyP/GSH-CdTeQD/GOx system was deposited onto Toray paper, the obtained
electrodes could be used as anodes in a microfluidic biofuel cell. Values of 7.53 mA cm 2,
2.30 mW ecm~2 and 0.571 mV were measured for Imax, Wmax and OCP, respectively. These
microfluidic fuel cell performance properties are quite competitive with those previously
reported in other works. The layered structure of TMPyP/GSH-CdTeQD/GOx can be
considered an efficient approach for the immobilization of the glucose oxidase enzyme
with potential applications in bioenergy generation and/or biosensing. The electrostatic
bonding characteristics of the immobilization strategy could be extended to the anchoring
of other kinds of enzymes or biomolecules.
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