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Abstract: Carbon-based electrodes have demonstrated great promise as electrochemical transducers
in the development of biosensors. More recently, laser-induced graphene (LIG), a graphene derivative,
appears as a great candidate due to its superior electron transfer characteristics, high surface area
and simplicity in its synthesis. The continuous interest in the development of cost-effective, more
stable and reliable biosensors for glucose detection make them the most studied and explored within
the academic and industry community. In this work, the electrochemistry of glucose oxidase (GOx)
adsorbed on LIG electrodes is studied in detail. In addition to the well-known electroactivity of
free flavin adenine dinucleotide (FAD), the cofactor of GOXx, at the expected half-wave potential of
—0.490 Vvs. Ag/AgCl (1 M KCl), a new well-defined redox pair at 0.155 V is observed and shown
to be related to LIG/GOx interaction. A systematic study was undertaken in order to understand the
origin of this activity, including scan rate and pH dependence, along with glucose detection tests.
Two protons and two electrons are involved in this reaction, which is shown to be sensitive to the
concentration of glucose, restraining its origin to the electron transfer from FAD in the active site of
GOx to the electrode via direct or mediated by quinone derivatives acting as mediators.

Keywords: Laser-Induced Graphene (LIG); electron transfer; Glucose Oxidase (GOx); flavin adenine
dinucleotide (FAD); cyclic voltammetry

1. Introduction

Carbon-based materials (e.g., graphene, carbon nanotubes, etc.) are among the most
promising electrodes for electrochemical transduction [1-3]. Graphene has been widely ex-
plored for biosensing platforms due to its outstanding physicochemical properties, namely
the high surface area, excellent electric conductivity, swift electrochemical electron transfer
and ease of surface functionalization [4-7]. Particularly, 3D porous graphene presents
better mechanical stability and higher catalytic activity [8]. In 2014, Lin et al. [9] reported
the synthesis of laser-induced graphene (LIG) on a polyimide sheet via direct laser scribing
(DLS) processing. In this method, a 3D porous graphene foam is formed by a photothermal
mechanism after laser irradiation on the substrate. LIG presents a high specific surface area,
it is rapidly and cost-effectively produced with the desired pattern on a flexible substrate,
attracting a great deal of attention in many fields [10,11]. Particularly, LIG appears as a
candidate for the development of low-cost and flexible electrochemical biosensors [12,13].
For example, LIG decorated with copper nanoparticles (Cu NPs) was investigated for
glucose detection by cyclic voltammetry (CV) and amperometric measurements [14,15].
In this non-enzymatic biosensor, Cu NPs promote the oxidation of glucose in alkaline
media, and, under these conditions, the sensor does not respond to interferents such as
ascorbic acid (AA), uric acid (UA), dopamine (DA), acetaminophen [14] neither other
sugars (e.g., lactose, sucrose, fructose) [15]. As concerns the enzymatic biosensors, LIG
modified with electrodeposited Pt NPs was explored to detect glucose by the amperometric
response when H,O,, as a by-product of the enzymatic reaction, is oxidized by the Pt
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NPs [16,17]. Another example relies on the immobilization of Prussian blue, as electron
medjiator, on LIG electrodes to detect glucose oxidation by the enzyme [18]. LIG was also
explored for the detection of the biomarkers AA, UA and DA [4,19,20], and for the sensing
of thrombin [21] and urea [22] using specific biorecognition elements. Furthermore, LIG
modified with molecularly imprinted polymers was used for detection of chloramphenicol,
AA and amoxicillin [23,24].

Diabetes Mellitus is a disease affecting millions of people worldwide, thus research on
glucose biosensors still has a high demand and impact on academia and industry pursuing
cheaper, highly accurate, minimally or non-invasive methods to quantify glucose levels in
real-time [25-27]. The first report of a biosensor dates back to 1962 by Clark and Lyons [28],
for the amperometric detection of glucose by following the consumption of O,, which is a
substrate of the enzymatic glucose oxidation.

Enzymatic electrochemical glucose biosensors are the most explored, using the glucose
oxidase (GOx) enzyme as biorecognition element adsorbed, trapped or covalently bonded
to an electrochemical transducer. GOx is a homodimer, composed by two identical units,
each one possessing in its active site the cofactor flavin adenine dinucleotide (FAD). The
fully oxidized form of FAD catalyzes the oxidation of -D-glucose (Scheme 1a) and then
the GOx, with the reduced form of FAD (FADHy;), is regenerated in the presence of O,
producing HyO; (Scheme 1b) [29].

(a)

GOx(FAD) + p—D—Glucose —— G0 x(FADH.,) + D—Glucono—1,5—lactone
(b) \H,0
y 0, SO
Gluconic acid
H3 0,
Scheme 1. Representation of the enzymatic oxidation of glucose by the GOx enzyme in the presence
of Oy, evidencing the oxidized and reduced form of the cofactor FAD.

Three generations of biosensors have been developed based on this biochemical
reaction [26,27]. In the first generation, glucose was quantified as a result of the enzyme
activity, either via the consumption of Oy, following the electrochemical reduction of O,
(Equation (1)), or through the oxidation of generated H,O, (Equation (2)).

Oy +4H' +4e~ — 2H,0 1)

H,Op, — 2H" +2¢~ + 0, ()

In the second generation of glucose biosensors, known as mediated electron transfer
(MET) biosensors, redox mediators are used to promote the electron transfer from FAD
to the electrode’s surface. These electron-transfer mediators are needed because the FAD
group is deeply buried in the active site of the enzyme, at least 17 A from the enzyme
surface [30,31]. In the oxidative half-reaction (Scheme 1b), O, acts as the natural electron
acceptor. In the MET mechanism, the mediators substitute or compete with O, as electron
acceptors allowing the regeneration of the reduced form of FAD in the active site of GOX,
as well as the occurrence of electron transfer to the electrode surface [25,32]. The most
used and studied redox mediators are ferrocene-derivatives, with formal potentials (E)
ranging from +0.14 to +0.44 V vs. Ag/AgCl [33-35], and for instance 1,4-benzoquinone
with E? approximately at +0.14 V vs. Ag/AgCl [36]. Usually, they are used freely in
solution, but this hinders their application in vivo and potential toxicity risks exist [27].
Therefore, mediators immobilized on the enzyme surface have been explored, such as
quinone derivatives [37,38], ferrocene derivatives [39] and gold nanoparticles [40,41] among
others [42—-45]. For more detail about GOx reengineering aiming to increase the rate of
electron transfer to the electrode surface refer to [25].

Envisaging the development of mediator-free biosensors, a third generation has been
explored, focusing on the direct electron transfer (DET) between the FAD in the active
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site of the enzyme (GOx(FAD)) and the surface of the electrode (without the need for
mediators), following Equation (3).

1
GOx(FAD) +2e~ +2H™ % GOx(FADH,) (3)

Hundreds of works have been published reporting DET and the use of this mechanism
for the detection of glucose [31]. However, in 2013 [36] and 2014 [46], different groups
clarified that DET does not occur, and the typical pair of anodic and cathodic peaks
observed, at circa —0.45 V vs. Ag/AgCl (3 M KCl) at pH 7, are due to the electroactivity of
free FAD adsorbed by the electrodes, i.e., FAD that is not part of the active site of the enzyme.
In fact, in 2016, an editorial note from G. S. Wilson on Biosensors and Bioelectronics [47]
states that DET does not occur. This was also demonstrated in 2018 [31] and, since then, it
has become well established in the scientific community that the effect of DET has not yet
been observed. The misleading analysis of DET arises from the free FAD as an impurity
of GOx powder or due to FAD extrusion during GOx adsorption on the electrode. In
addition, the cathodic peak is overlapped with the reduction potential of O, (described
in Equation (1)) thus, when in the presence of glucose, its catalytic oxidation leading to
consumption of Oy, and a decrease in peak current is observed. Therefore, this corresponds
to a first-generation biosensor mechanism, instead of a third generation one.

Given the general interest on LIG for biosensing purposes and glucose detection/
quantification in particular, the electrochemistry of GOx adsorbed on LIG is studied in this
work. In addition to the well-known free FAD electroactivity at ca. —0.490 V vs. Ag/AgCl
(1 M KCl), a second pair of peaks at +0.155 V vs. Ag/AgCl (1 M KCl) is reported for the
first time after the adsorption of GOx on the LIG electrodes. Scan rate and pH, along with
a set of tests in the presence of glucose were performed in order to determine the origin of
such peaks. A discussion about the observation of this new faradaic activity of LIG/GOx
and their possible relationship with electron transfer from GOx to the electrode surface, via
either a direct or mediated mechanism, is presented.

2. Materials and Methods
2.1. Reagents

Glucose oxidase (GOx) from Aspergillus niger (Type VII, lyophilized powder,
>100,000 units/g solid), D-(+)-Glucose (>99.5% (GC), powder), flavin adenine dinu-
cleotide (FAD) disodium salt hydrate (>95% (HPLC), powder), sodium phosphate monoba-
sic monohydrate (NaH;PO4.H,O, ACS reagent, >98%), sodium phosphate dibasic hep-
tahydrate (NapHPO4.7H0, >99.99% trace metals basis) and cholesterol oxidase (ChOx)
from Streptomyces sp. (lyophilized powder, >20 units/mg protein) were purchased from
Sigma-Aldrich, Munich, Germany. Phosphate Buffer Saline (PBS) tablets (pH = 7.4, 10 mM
of phosphate ions, 0.137 M NaCl and 0.027 M KCI) were purchased from Fisher Bioreagent,
Massachusetts, USA. Deionized (DI) water was obtained from a MilliQ water purification
system. All reagents were used as received.

2.2. LIG Synthesis and Electrodes Fabrication

Laser-induced graphene (LIG) was synthesized by a direct-laser scribing (DLS) method
(Figure 1). A polyimide sheet (Kapton® NH300 with 75 pum in thickness, DuPont, Wilm-
ington, Delaware, USA) was irradiated with a continuous CO, laser (Redsail M500, Jinan,
Shandong Province, China) with a wavelength of 10.6 um, a maximum power output of
50 W and a beam diameter of circa 100 pm. This system is fitted with a gantry driven X-Y
focusing head. In this work, the optimized laser parameters were chosen based on previous
work [4], where a detailed morphological, structural and electrochemical characterization
was performed. The distance between laser lines (d) was 0.075 mm, the laser power output
was ~12.5 W, the laser scan speed v, was 250 mm s~ ! and the distance between the laser
head and the substrate dj,,,, was 1.98 cm (note that the focused condition is dj;, = 1.80 cm).
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Kapton® sheets were cleaned with ethanol before processing and LIG was synthesized
under ambient conditions.

a) b) Copper wire
Silver ink
) . CO, laser
Kapton@® £
£
o~
€ Insulating
£ varnish
™

3 mm

3 mm

Figure 1. Schematic representation of (a) LIG synthesis by the DLS method and (b) LIG electrode
produced for electrochemical measurements.

LIG was produced with a geometrical area of 3 x 8 mm? as represented in Figure 1a
and cleaned with DI water. Afterwards, an electrical contact was established using a copper
wire and silver ink (Electrodag 1415 from Agar Scientific, Essex, UK) baked at 120 °C for
20 min. The electrical contact was covered with an insulating varnish (Lacomit from Agar
Scientific, Essex, UK) that also aids in defining the geometric electroactive area (3 x 3 mm?)
of the electrode, as represented in Figure 1b).

2.3. FAD and GOx Adsorption on LIG Electrodes

FAD and GOx were immobilized on the LIG electrode by physical adsorption, follow-
ing the same procedure. A fresh solution of the enzyme (5 mg mL~!) was prepared in PBS
and the electrode was immersed in 500 pL overnight, and kept refrigerated at ~10 °C. Af-
terwards, electrodes were exhaustively washed with PBS to remove non-adsorbed enzyme.
In the case of FAD, a solution of 10 mM was used.

Following a similar procedure, Cholesterol oxidase (ChOx) enzyme was also immobi-
lized on LIG electrodes by physical adsorption, see the detailed description in Supplemen-
tary Materials.

2.4. Morphological and Structural Characterization

Micro-Raman spectroscopy was carried out in a Horiba HR800 instrument (Horiba
Scientific, Kyoto, Japan) in the backscattering configuration by exciting the LIG with a
442 nm line from a CW He-Cd laser (Kimmon IK Series, Fukushima, Japan), using a
ND 0.6 neutral density filter and focusing with a 50x magnification objective with a
numerical aperture of 0.7. Scanning electron microscopy (SEM) was performed with
a TESCAN VEGAS3 microscope (TESCAN, Libusina, Czech Republic) in the secondary
electron acquisition mode (SE). The samples were analyzed high-resolution transmission
electron microscopy (HR-TEM) using a Field Emission Microscope Jeol JEM-2200FS (JEOL,
Tokio, Japan) operated in imaging mode, at 200 keV. A drop of LIG dispersed in ethanol
was placed in a holey carbon film copper grid and left to evaporate in air. XPS spectra were
acquired in an ultra-high vacuum system with a base pressure of 2 x 10~'9 mbar. The
system was equipped with a hemispherical electron energy analyzer (SPECS Phoibos 150,
SPECS, Berlin, Germany), a delay-line detector and a monochromatic AlKo (1486.74 eV)
X-ray source. High resolution spectra were recorded at normal emission take-off angle and
with a pass-energy of 20 eV, which provides an overall instrumental peak broadening of
0.5 eV. The XPS data were fitted using the free software XPSPEAK 4.1, a Shirley background
was applied, and for sp? carbon, an asymmetric peak shape model was used, as is typically
employed for graphene.
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2.5. Electrochemical Measurements

Electrochemical characterization was performed using a VersaSTAT3 electrochemical
station (Princeton Applied Research, USA) in a home-made three-electrode configuration
setup where LIG was the working electrode (WE, geometric area 0.09 cm?), Ag/AgCl
(1 M KCI) (CHI111, CH Instruments, Inc, Texas, USA) the reference electrode (RE), and a Pt
wire the counter electrode (CE), see Figure S2 in Supplementary Materials. The home-made
electrochemical cell is a closed system with an inlet for N; allowing the purging of O; (the
measurements in the presence or absence of O, are indicated throughout the work). All
the measurements were performed in 35 mL of PBS (pH 7.4, 10 mM) as electrolyte at room
temperature, except in the case of the pH- and temperature- dependence study.

2.5.1. LIG Activation/Stabilization

LIG was submitted to a conditioning procedure in order to stabilize the electrochemical
response before being used throughout the work. To do so, all the LIG electrodes were
immersed in PBS for ~30 min and then 10 voltammogram cycles (2 x 5 cycles) were run
from —1.0 to 1.0 V at 100 mV s, using PBS (pH 7.4, 10 mM) as the electrolyte. See the
CVs in detail in Figure S3 in Supplementary Materials.

2.5.2. pH-Dependence Study

All the solutions were prepared keeping the ionic strength constant (0.137 M NaCl
and 0.027 M KCI): for pH 5.8 a mixture of NaH;PO4.H,O (9.5 mM) and Na, HPO,.7H,0O
(0.5 mM) was used; for pH 4.7 and 2.8, NaH,PO4.H,O (10 mM) was used and the pH was
adjusted using HCI; for pH 8.8 and 10.3, Na, HPO,4.7H,0O (10 mM) was used and the pH
was adjusted using NaOH.

2.5.3. Glucose Detection Tests

A stock solution of glucose was prepared in PBS with a concentration of 500 mM. The
electrolyte (35 mL of PBS) was bubbled for 30 min in order to remove O, and five cycles
of CV were recorded. Then, small volumes of the glucose stock solution (30, 60, 150, 300,
600 and 1200 uL) were added during stirring under a flux of N; to guarantee the absence
of Oy in the electrolyte. After each volume addition, the stirring was stopped, and three
CVs were run. For the glucose detection test in the presence of Oy, the N, bubbling did
not occur.

3. Results
3.1. Morphological and Structural Characterization of LIG

The low magnification SEM image (Figure 2al) shows the morphological structure of
LIG, where it is possible to observe the laser path scan forming “valleys” and “hills”, in
which the latter correspond to the overlapped regions of the laser scan. Noticeably, LIG
has an edgy and porous structure, with visible pores with a hierarchical distribution from
3 to 20 um in diameter. A close inspection at higher magnification (Figure 2a2) reveals
smaller pores inside the bigger ones, suggesting an intricate pore network interesting for
enhanced enzyme loading. The high density of edges is also interesting in terms of added
electrochemical activity [19].
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Figure 2. LIG surface characterization. (a1) SEM image of LIG; (a2) High magnification SEM image of a pore in image (al)
highlighted with a dash red line; (b) Raman spectrum using 442 nm laser excitation wavelength; and (c) XPS spectra of
Cls, Ols e N1s regions, red, blue and yellow lines refers to the original spectra, the deconvoluted peaks and the baseline

used, respectively.

A representative Raman spectrum of the LIG samples is presented in Figure 2b. The
fingerprint vibrational modes of graphene-based materials are identified, namely the G, D
and 2D bands at 1586 cm ™!, 1372 cm~! and 2742 cm ™!, respectively. The D band arises
from defect-activated breathing modes of the hexagonal sp? carbon structure, while the
G band is related to the C-C bond stretching mode in sp? phases. The ratio of intensities
between D and G bands (Ip/Ig) is 0.15, indicating a considerable density of defects on the
graphene structure, as would be expected [4,9,48] taking into account the LIG morphology,
as previously seen in the SEM imaging. However, an intense D band alongside with an
imperceptible D’ band suggests that the defects are mostly due to presence of sp3-linked
functional groups, and not by the effect of the edges [49]. The second order D band overtone,
the 2D band, is well defined and the I,p /I ratio is about 0.4, indicative of multi-layered
graphene [48]. Moreover, it is symmetric showing that no apparent stacking ordering of the
graphene layers exists. This indicates that LIG is formed by the incommensurate stacking
of graphene layers [4,50]. Finally, well defined D+D”, D+D’ and 2D’ overtones are also
present, a common feature in the Raman spectra of good structural quality graphene [48].
The multilayer graphene structure of LIG is also observable in the TEM image of Figure S1
in Supplementary Materials, showing an interlayer spacing of 3.6 A, in agreement with the
reported elsewhere [4].

High resolution X-ray photoelectron spectroscopy (XPS) was performed to understand
the chemical nature of the 3D porous graphene produced by DLS. Three elements were
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identified: C, O and N in a ratio 83.4/16.0/0.6, and the corresponding XPS spectra in the
Cls, Ols and N1s regions are presented in Figure 2c. For carbon, several species were found
at the following binding energies (BE): Cls: 284.5 eV (C=C, sp?), 286.0 eV (C-OH/C-N),
286.8 eV (C-0), 287.9 eV (C=0), 289.4 eV (O-C=0) and 291.3 eV (m—7 satellite). For oxygen
species, the following BE were assigned to: 531.1 eV (aliphatic O=C), 531.9 eV (aromatic
0=C), 532.8 eV (C-O-C) and 533.9 eV (C-OH). Finally, LIG also revealed nitrogen in its
chemical structure due to the polymer precursor (polyimide): 400.2 eV (pyrrolic N) and
401.9 eV (quaternary N). The pyridic N, at circa 398 eV, was not possible to identify in
this fitting due to the background noise, although it has been reported in LIG materi-
als [4,9,22,51]. The presence of these groups reinforces the suggested origin of the lattice
defects probed by Raman and confirms that LIG has structural characteristics similar to
reduced graphene oxide.

3.2. Electrochemical Measurements

Prior to use, all the LIG electrodes were submitted to a conditioning procedure in
order to stabilize the electrochemical background, as displayed in Figure 3a. Furthermore,
a comparison of the CV of LIG electrodes in the absence and presence of O, was conducted,
see Figure 3b, where the peak corresponding to the reduction of oxygen, according to
Equation (1), is clearly identified. Moreover, no additional faradaic activity was observable
in the bare LIG electrodes.

a b
) 1200 )
1000 4 15t~ 5 cycles||2™ - 5 cycles 600 - with O,

- 1st 1st o —— without O,

Y 8004 —2nd 2nd e

§ —3d  |—3rd 5 400

< ——4th  ||—4th <

S 5th  |—— 5th S 2004

= 2

] [ 0+

o° -]

- -
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=] =]

o o

-400 -+
O, +4H* + 4e- —» 2H,0
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Figure 3. Cyclic voltammograms, from —1.0 to 1.0 V at 100 mV s~ !, of LIG electrodes. (a) Running 10 cycles (2 x 5cycles) to
stabilize the electrode before being used. (b) CVs after stabilization in the presence and absence of O,. PBS (pH 7.4, 10 mM)
was used as electrolyte and the potentials were measured against Ag/AgCl (1 M KCl).

As previously mentioned, most prior works erroneously describe DET from GOx
to the electrode’s surface, as the electroactivity of free FAD and O, are overlapped. In
the following sections, the electrochemical analysis of FAD and GOx adsorbed on LIG
electrodes is presented and discussed.

3.2.1. FAD Adsorbed on LIG

It is well known that FAD strongly adsorbs on carbon-based electrodes, for example on
graphite [52], glassy carbon [53], carbon nanotubes (CNT) and nitrogen-doped CNTs [54]
following a Langmuir adsorption isotherm model. In LIG, FAD is also adsorbed as can be
clearly observed in Figure 4 by the presence of a well-defined pair of anodic and cathodic
peaks (Epa and Ep., respectively) at —0.445 V and —0.535 V. The cathodic peak corresponds
to the reduction of FAD (see Equation (1) in Scheme 2), while the anodic peak is ascribed to
the oxidation of FADH, (see Equation (2) in Scheme 2). This pair of peaks, at a scan rate of
100 mV s~! and pH = 7.4, has a half-wave potential (E; /») of —0.490 V vs. Ag/AgCl (1M
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KCl), a peak-to-peak separation (AE, = Epa —Ejpc) of 90 mV, and a similar current intensity
for both peaks, which is in agreement with related literature [31,53,54].

a) 1200 . b)1500
: -0.445V —LIG E -0.445 V —— without O,
< 800+ ' LIGFAD|| &~ 4000 ——with O,
£ E
o o
3 400 4 _/ <3. 500 -
2 2
7] ‘®
c 0 c 04
g Z
€ €
g -400- g -500-
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© 004 ./ Ez=-0.490V vs Ag/AGCI (1 MKCI) © L0004
0645V | -0535V -0.645 V!
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= 10001 > 1
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Figure 4. Cyclic voltammograms of (a) LIG before and after FAD adsorption, without O,, and (b) of LIG/FAD electrodes in
the presence and absence of O;. (c) Cyclic voltammograms at different scan rates for the LIG/FAD electrode and (d) the
respective intensity of current for anodic, I(Epa), and cathodic, I(Ep.), peaks as a function of the scan rate.

#+e

(0]
FAD (oxidized form) H
- quinone \

FADH, (reduced form)
- hydroquinone

\TO
NLNH -
N 8 FADH - semiquinone

Scheme 2. FAD chemical structure and schematization of redox FAD reaction via the two-

electron mechanism (quinone to hydroquinone, highlighted in blue) or the one-electron mechanism
(semiquinone intermediary formation).
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Moreover, the cathodic peak presents a shoulder which is attributed to the formation
of the semiquinone intermediate [53,55], i.e., when the reduction of FAD goes through
the one-electron transfer mechanism, instead of the two-electron transfer as depicted in
Scheme 2. Interestingly, the one-electron redox reaction seems to be favored in the presence
of oxygen, as observed in Figure 4b, thus shifting the half-wave potential to more negative
values. Furthermore, as observed in Figure 3, the cathodic peak between —0.7 and —0.4 V
is ascribed to the reduction of O,, which is overlapped with the FAD reduction peak.

In the absence of Oy, the anodic (Igp,) and cathodic (Igpc) peak currents denote a linear
dependence on the scan rate from 10 to 500 mV s~! (see Figure 4c,d). This indicates that the
redox species (FAD/FADH;) are adsorbed at the surface, as expected, thus these reactions
are surface-controlled [53]. Furthermore, using the data from the scan rate dependent CVs,
the apparent electron transfer coefficient (aapp) and heterogeneous electron transfer rate
constant (kapp) were calculated [53,56] using Equation (4):

RT RTk
Ep—Eyp = 1n( °EP ) 4)
Xappn F Xappn Fv

where R is the gas constant (J mol~1 K1), Tis the temperature (K), F is the Faraday constant
(Cmol~1) and v is the scan rate (Vs 1). A theoretical number of electrons involved in the
reduction reaction (n = 2) was used. The results, aapp = 0.34 and kapp =1.03s7}, are in line
with other works as summarized in [53]. Moreover, a concentration of FAD adsorbed on
LIG (T = 1.3 x 1078 mol cm~?2) was estimated following the well-known Faradaic equation,
where the integrated area of the cathodic peak is equal to F X A X I' X v (where A is the ge-
ometrical area of the electrode, 0.09 cm?). This value is slightly higher comparing with FAD
adsorbed on glassy carbon electrodes (GCE) at neutral pH (I' = 2.6 x 10719 mol em~2) [53]
and comparable with FAD adsorbed on graphite, I' =2 x 1078 mol cm 2, at acidic pH [52].

3.2.2. GOx Immobilized on LIG Electrodes

GOx was immobilized on LIG electrodes via physical adsorption and then electrochem-
ical measurements were conducted, as displayed in Figure 5. First, a CV was performed
from —0.2 to 0.6 V (see Figure S3 in Supplementary Materials) but no faradaic activity was
observed. After running the CV up to 1.0 V, an unpaired peak at +0.77 V is observed in
the first cycle and its current decreases for the following cycles, while a new pair of peaks
(E1/2 = +0.156 V in Figure 5a) appears after the first cycle and is always observed after
that (see also Figure S4). The electrochemical nature of the peak at +0.77 V is not clear
but it must be related to the presence of the enzyme on the LIG electrodes as it is only
observed after GOx adsorption. It is worth remembering that the bare LIG electrodes were
previously swept from —1.0 to +1.0 V (10 cycles) in order to stabilize the electrochemical
background and the just-mentioned peaks were not observed, see the CV in Figure 3. In
addition, the stabilized LIG electrode was used not only to adsorb the GOx but also the
FAD as previously discussed in Section 3.2.1. In the FAD-adsorbed LIG electrode, neither
the peak at +0.77 V nor the pair of peaks with E;,; = +0.156 V were observed when the
CV was run from —1.0 to +1.0 V. Therefore, the nature of these peaks cannot be related to
electrochemical active groups from LIG nor from FAD, but arise from the electrochemical
interaction between the GOx and LIG.

Thereafter, the CV of the LIG/GOx electrodes was run from —1.0 to +1.0 V, as demon-
strated in Figure 5b, and two pairs of peaks were observed. The first one (E;, = —0.485V,
AEp =50 mV) has already been reported [46,57] and corroborated in the present work in
the previous Section 3.2.1. It is ascribed to the electroactivity of adsorbed free FAD and is
not a result of enzyme-active FAD, as discussed elsewhere [31,36]. Concerning the second
pair of peaks (Eq/, = +0.155 V, AE,, = 82 mV), the following electrochemical measurements
were performed to understand their nature. It is important to keep in mind that this pair of
peaks only appears after running the CV up to +1.0 V, meaning that some electrochemical
reaction occurred between the enzyme and LIG.
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Figure 5. Cyclic voltammograms of: (a) LIG (the fifth cycle is presented) and LIG/GOx (five cycles are displayed) in
a potential range from —0.2 to +1.0 V at 100 mVs~!; (b) LIG and LIG/GOx in a potential range from —1.0 to +1.0 V at
100 mVs ™! after CV in (a). (c) Cyclic voltammograms of the LIG/GOx electrode at different scan rates: 10, 20, 30, 50, 100,
200, 300 and 500 mVs~1; and (d) the respective anodic, I(Epa), and cathodic, I(Epc), peak currents of FAD and GOx(FAD)
adsorbed on LIG, as a function of the scan rate. All the measurements were performed in the absence of O5.

A scan rate study, from 10 to 500 mV s~1 was conducted for the LIG/GOx electrode in
the absence of O,, see Figure 5c. In this scan rate range, both peak currents increase linearly
with the increase in the scan rate, again meaning that the redox species are adsorbed, as
presented in Figure 5d.

The cyclic voltammetry measurements of the LIG/GOx electrode in electrolytes with
different pH values is displayed in Figure 6. It is well-known that the position of the
anodic and cathodic peaks of FAD varies with pH since the redox reaction is proton-
dependent [53,58]. For higher (alkaline) pH values, the pair of peaks corresponding to FAD
shift to more negative potentials (at pH 7.4 the E; /5 is —0.49 V and at pH 10.3 it is —0.60 V),
whereas for lower (acidic) pH values, the peak potentials shift to less negative ones (from
pH 7.4 to 2.8, the E; /; changes from —0.49 V to —0.20 V). Moreover, a slope of 60.1 mV
pH™1, in the pH range from 3 to 8, was obtained plotting the E; /, against pH, as depicted
in Figure 6¢. A value of n = 1.95 was calculated following the Nernst equation [53], which is
very close to the expected theoretical value of n = 2 for the reaction involving two protons
and two electrons (see Scheme 2). These values are in agreement with the literature for the
pH dependence of FAD. For instance, using glassy carbon electrodes, a slope of 66.7 mV
pH~! was obtained, thus 7 = 1.76, meaning that a small portion of FAD goes through the
one-electron redox process (semiquinone formation) [53]. Above pH 8, the slope seems
to decrease indicating that the reaction mechanism changes, meaning that after this value
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the reaction follows a two electron and one proton mechanism by semiquinone formation
(Scheme 2). Indeed, the free FAD in solution has a pKa between 6.4 and 6.8 [58], but for
instance, after adsorption on graphite [54] the pKa shifts to a value above 8. Likewise,
in this work, FAD adsorbed on LIG also shifts its pKa for a value above 8, showing the
occurrence of a strong interaction between FAD and LIG.

a) b) C) = E,,-FAD peaks
600 - T 0.4 - .

— ® E,, - new pair of peaks|
% ° Linear fit

£ 400 - J

& - & 0.2 slope: 59.9 mV pH "

ii 200 ] (R?=0.956) ““Q»\,;?o
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z —pH74 S 001 P P
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Potential (V) Potential (V) pH

Figure 6. Cyclic voltamograms (100 mV s~ 1) of LIG/GOx varying the pH from (a) pH 7.4 to 10.3 and from (b) pH 7.4 to 2.8.
(c) Half-wave potential (E; /») of the new pair of peaks and the one corresponding to free FAD in function of the pH. In (c)
the open and the closed symbols correspond to the data from (a) and (b), respectively. The dotted black line aids in guiding
the eye to observe the change in the slope. All the measurements were performed in phosphate containing solutions with
the same ionic strength (NaCl 0.137 M and KC1 0.027 M), in the absence of O,.

Interestingly, when attention is focused on the second pair of peaks (E;/, = +0.155 V),
a similar pH-dependent behavior can be observed. For the lowest pH value, the peak
seems to be composed by two overlapping peaks. At pH 10.3 the anodic peak is broader,
resembling that of FAD at this pH [53], as above the pKa only one-proton is involved in the
reaction instead of the two protons represented in Scheme 2. However, this is not clearly
noticeable for free FAD since the peak is very weak and becomes weaker with increasing
pH, as expected. Concerning the variation of the E; /, against pH, a slope of 59.9 mV pH~!
was determined for the new pair of peaks, also corresponding to n = 1.95 following the
Nernst equation [53]. In this case, the linear range is obtained below pH 8, indicating
that in this case the pKa is closer to 8, more specifically between 7.4 and 8. In fact, for pH
values above pH 7.4 a slope of 23 mV pH~! was determined. This means that the new pair
of peaks has two linear pH-dependent regions, the first one involving two protons and
two electrons, and the second one involving only one proton due to the deprotonation of
this new electroactive group. This behavior is very similar to the well-known redox pair
assigned to free FAD, the only small difference being the pKa value, which is higher in the
first case.

Knowing that the number of electrons involved in the redox reaction is closer to
two, a theoretical number of n = 2 was used to calculate the aapp and kapp, following
Equation (4) [53,56]. This peak at E; /5 = +0.155 V presents aapp = 0.40 and kapp = 1.38 s
which are close to the values reported for free FAD and summarized in [53]. Differences
in the electron-transfer rate constants are related with the physico-chemical nature of the
electrodes and the chemical nature of the group producing this faradaic activity [53,56,59].

3.2.3. Evaluation of Glucose Detection

LIG/GOx electrodes were further tested in the presence of glucose to understand
if upon GOx adsorption on LIG the enzyme remains catalytically active even after the
plug-into procedure, i.e., after run the CV up to +1.0 V. Here, mediator-free tests were
chosen in order to also study the behavior of the new pair of peaks in the presence of
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glucose, without the interference of mediators that usually possess faradaic activity at such
potentials [33,34,36]. To do so, small volumes of a glucose solution (500 mM) were added
consecutively to the electrolyte, during stirring, and CVs were recorded after each addition,
in the presence and absence of O,. The results are displayed in Figure 7.
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Figure 7. Cyclic voltammograms, from —1.0 to 1.0 V at 100 mV s~1, of LIG/GOx (al) in the presence and (b2) in the absence
of O,, varying glucose concentration. Three cycles were recorded and only the third is displayed. All the measurements
were performed in PBS (pH 7.4, 10 mM). (a2) and (b2) are magnifications of the cathodic region of the voltammograms
displayed in (al) and (b1), respectively. The inset in (a2) presents the potential region where H,O, electro-oxidation occurs.

In Figure 7a, glucose was added to the electrolyte solution in the presence of O;. As
demonstrated in Figures 3 and 4, and by other authors elsewhere [31], the reduction peak
of free FAD overlapped with the reduction potential of O,. One must keep in mind that,
in the past, this overlapping led to misleading interpretation of data that assigned this
cathodic peak to the FAD in the active site of the enzyme. The overall observation of the
voltammograms as a function of glucose concentrations, Figure 7al, allows concluding
that the capacitive currents were kept constant during glucose addition, and there is no
appearance of new faradaic peaks. However, the peaks corresponding to electrochemical
reduction of O, between —0.6 and —0.4 V have changed in intensity (see the magnified
Figure 7a2 and Equation (1)). Increasing the concentration of glucose, the current of this
peak decreases as O, is being consumed by GOx during glucose oxidation, according
to Scheme 1. Hence, HyO; is produced and electrochemically oxidized at circa +0.9 V
following Equation (2), as seen in the inset of Figure 7a2. This result demonstrates that
the adsorbed enzyme is still active. Indeed, it is important to note that LIG electrodes are
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able to detect HyO; as presented and briefly discussed in Supplementary Materials, see
Figure S7. Furthermore, the cathodic peak current at circa +0.114 V also decreases with
increasing glucose concentration.

Regarding the glucose detection tests in the absence of O, as depicted in Figure 7b1,
no changes were expected in the cathodic peak of free FAD (—0.510 V), which is overlapped
with the O, reduction peak. However, a slight current decrease was observed (Figure 7b2),
maybe due to residual O; dissolved in the electrolyte, which was consumed by the enzyme
in the first addition of glucose to the electrolyte. Concerning the cathodic peak at +0.114 V,
also in O, free conditions, the current has decreased by increasing the glucose concentration
(Figure 7b2).

3.2.4. Critical Analysis of GOx Electrochemistry on LIG

In this work, GOx was adsorbed on LIG electrodes and after running a CV from —0.2
to +0.6 V no faradaic activity was seen. However, running a CV up to +1.0 V, a new pair
of peaks was observed with a E; /, = +0.155 V vs. Ag/AgCl (1 M KCl). Moreover, a pair
of peaks (E1,, = —0.485 V vs. Ag/AgCl (1 M KCl)) corresponding to adsorbed free FAD
was also noticed, as discussed elsewhere [31]. This procedure demonstrated that some
electrooxidation reaction occurs between the LIG electrodes and GOx, giving rise to the
appearance of the new pair of peaks. It is important to remember that, after several cycles
from —1.0 to +1.0 V, neither the bare LIG nor the LIG/FAD electrodes presented such a
pair of peaks. Therefore, it must be entirely related to LIG/GOx interaction. In addition,
this pair of peaks is sensitive to the increase in glucose concentration and thus it must
be related to electron transfer from GOx to the electrode’s surface. Hence, we propose
two hypotheses: (i) the occurrence of DET or, (ii) that the plug-into procedure yields an in
situ redox mediator allowing MET. Regarding the first hypothesis, FAD is buried in the
active site of the enzyme, thus far from the electrode’s surface which makes the occurrence
of the direct electron transfer difficult [25]. If some partial conformational change took
place during the plug-into procedure, thus decreasing the distance between FAD and the
electrode surface, DET could occur at +0.155 V vs. Ag/AgCl (1 M KCl). However, the redox
potential of GOx in solution was determined by Vogt et al. 2014 [60], who measured by
UV /vis spectroelectrochemistry a value of —0.385 V vs. Ag/AgCl (1 MKCl), at pH =7.4.
Since then, this value has been used as reference for the redox potential value of GOx.
Concerning the second hypothesis, the plug-into procedure could promote the formation
of a redox mediator by the reaction between amino acids in the entrance of the active site
and functional groups of LIG, enabling mediated electron transfer from FAD in the active
site to LIG surface. Indeed, in engineering procedures of GOx, redox mediators have been
successfully bonded to GOx in order to enhance the electron transfer rate, as reviewed
in [25].

The pH-dependence study confirms that these peaks arise from a two proton and
two electron redox reaction, which is typical of quinone derivatives [61,62], of which
FAD/FADH; redox reaction is one example. Moreover, concerning the pH range where
this reaction occurs, it varies depending on the pKa, however, the pKa of the free FAD also
shifted to higher values after its adsorption on LIG due to their strong interaction, as also
observed in other carbon-based electrodes [54], thus hampering the comparison with other
quinone derivatives. In addition, cyclic voltammetry of LIG/GOx electrodes was carried
out at room temperature (21 °C), 30 °C and 37 °C (Figure S6 in Supplementary Materials),
showing that the new pair of peaks and the pair of peaks corresponding to free FAD seem
to be related, as increasing the electrolyte solution temperature decreases the current of the
new pair of peaks, whereas the FAD peaks’ currents increase, see in more detail Section 3.2
in Supplementary Materials.

If partial conformational changes took place in the enzyme, and DET was observed,
was the enzyme still active to catalyze the oxidation of glucose? Indeed, catalytic oxidation
of glucose was observed by the decrease in peak current corresponding to O,. This
allows concluding that at least a percentage of the adsorbed enzyme is active. But is the
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enzyme performing DET active? On one hand, the presence of O, results in a smaller
decrease in the current compared with the absence of O,. Since the fully oxidized form of
GOx, GOx(FAD), oxidizes glucose, according to Scheme 1a, the concentration of GOx(FAD)
decreases by increasing the concentration of glucose and the reaction described by Equation
(3) (direction 1) occurs to a lesser extent. When in the presence of Oy, Scheme 1b does take
place and GOx(FADHy) is regenerated. Consequently competition between both reactions
takes place and a lower response in the cathodic peak of GOx(FAD) is observed. In the
absence of O,, the resultant GOx(FADH)) is not regenerated. This scenario means that the
enzyme with the partial conformational changes that enable DET is still catalytically active
and able to oxidize glucose. Still, this hypothesis does not rule out a second hypothesis
where a quinone-based mediator was created in the LIG/GOx interface without the loss of
catalytic properties.

An additional experiment was performed using the cholesterol oxidase (ChOx) en-
zyme. In this case, the ChOx catalyzes the oxidation of cholesterol trough the FAD in
its active site, which is also buried [63]. A similar pair of peaks was also observed after
running the CV up to +1.0 V vs. Ag/AgCl (1 M KCl), see Figure S8 in Supplementary
Materials. Another control test was conducted using GOx adsorbed on commercial screen-
printed electrodes (SPE) of carbon modified with graphene oxide (GO), Figures S9 and S10.
In this case, only the pair of peaks corresponding to adsorbed free FAD was observed.
Even though, Alwarappan et al. 2012 [64], observed a well-defined pair of peaks with
the reduction peak centered at +0.18 V vs. Ag/AgCl (3.0 M KCl), at pH 7.4, when GOx is
conjugated with graphene sheets. Additionally, in the work of Wooten et al. 2014 [46] using
CNTs electrodes, a weak pair of peaks (between +0.1 and +0.2 V) was observed when the
authors ran the CV up to +0.8 V. Whilst this could also be ascribed to the same mechanism
reported herein, no mention or discussion regarding this was reported.

4. Conclusions

In this work, FAD and GOx were adsorbed on LIG electrodes and an analysis of their
electrochemical interaction was performed. Similar to other carbon materials, FAD strongly
adsorbed on LIG and presented a half-wave potential at —0.490 V vs. Ag/AgCl (1 M).
Concerning the LIG/GOx electrodes, two pairs of peaks were observed after running
the CV up to +1.0 V vs. Ag/AgCl (1 M KCl), at pH 7.4, in the absence of O,. The first
pair of peaks, with E; /, = —0.485 V, is undoubtedly assigned to free FAD as an impurity
of the GOx powder. The second one with E;,; = +0.155 V vs. Ag/AgCl (1 M KCl) is
more difficult to unequivocally ascribe. Still, several pieces of evidence are presented
and discussed pointing out (i) the possibility of DET being observed for the first time
using LIG electrodes, or (ii) the formation of a quinone derivative which mediates electron
transfer from GOx to LIG. A plug-into procedure was required for this to happen, thus
some chemical reaction occurred between the LIG electrode and GOx when the CV was run
up to +1.0 V. Consequently, some partial conformational changes in the enzyme must have
occurred and the FAD in the active site of the enzyme got closer to the electrode surface,
allowing DET, or in the possibility of MET occurrence, this procedure yielded the in situ
formation of a redox mediator. Moreover, the results indicate that glucose can be detected
through this reaction. In-depth studies should be conducted in the future to get further
insights into the definite origin of these peaks.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11081893/s1, Figure S1: (a and b) HR-TEM images of the bare LIG after synthesis. (b) is a
high magnification of the area in the yel-low square in (a); Figure S2: Photograph of the home-made
three-electrode configuration: LIG is the working electrode (WE), Ag/AgCl (1 M KCl) is the reference
electrode (RE) and a Pt wire is the counter electrode (CE). There is an inlet for N, allowing the
purging of O; Figure S3: Cyclic voltammograms (5 cycles) of LIG before and after immobilization
of GOx, in a range potential from -0.2 to 0.6 V at 100 mV s~!. The measurements were performed
in PBS (pH 7.4, 10 mM) after purging the electrolyte with Ny during 30 min to remove the O;. The
potentials are measured against Ag/AgCl (1 M KCl); Figure S4: Cyclic voltammograms (5 cycles),


https://www.mdpi.com/article/10.3390/nano11081893/s1
https://www.mdpi.com/article/10.3390/nano11081893/s1

Nanomaterials 2021, 11, 1893

15 0of 18

References

from —0.2 to 0.6 V at 100 mV s~ !, of LIG/GOx before and after the cyclic voltammetry measures
from —0.2 to 1.0 V at 100 mV s~!. The measurements were performed in PBS (pH 7.4, 10 mM) after
purging the electrolyte with N, during 30 min to remove the O;. The potentials are measured against
Ag/AgCl (1 M KCl); Figure S5: Cyclic voltammograms, from —1.0 to 1.0 V at 100 mV s~ !, of one of
the LIG electrodes functionalized with GOx, in the presence and absence of O, in the electrolyte (PBS,
pH = 7.4, 10 mM). Five cycles were performed and only the 5th cycle is displayed. The potentials
were measured against Ag/AgCl (1 M KCl); Figure S6: Cyclic voltammograms, from —0.8 to 1.0 V
at 100 mV s~ 1, of one electrode of LIG/GOx varying the temperature from 21 °C to 37 °C. Five
cycles were recorded and only the 5th is displayed. All the measurements were performed in PBS
(pH 7.4, 10 mM), in the absence of Oy; Figure S7: (a) Cyclic voltammograms from —1.0 to 1.0 V
at 100 mV s~! using a LIG electrode. The measurements were performed in PBS (pH 7.4, 10 mM)
after purging the electrolyte with N, during 30 min to remove the O;. The potentials are measured
against Ag/AgCl (1 M KCl). (b) Intensity of the current for each peak identified in (a) as function of
the H202 concentration. A linear fitting was calculated for the peak corresponding to oxidation of
H;,0O; and reduction of O,; Figure S8: LIG and LIG/ChOx in a range potential from —0.8 to 1.0 V, at
100 mV s~1. All the measurements were performed in PBS (pH 7.4, 10 mM) in the absence of O, and
the potentials are measured against Ag/AgCl (1 M KCl). Note that this LIG/ChOx CV was recorded
after the plug-into CVs; Figure S9: Cyclic voltammograms, from —1.0 to 1.0 V at 100 mV s, of a SPE
of carbon modified with graphene oxide. Performing 15 cycles (3 x 5cycles) were needed to stabilize
the electrode before being used. PBS (pH 7.4, 10 mM) was used as electrolyte and the potentials were
measured against Ag/AgCl (1 M KCl); Figure S10. Cyclic voltammograms, from —1.0 to 1.0 V at
100 mV s~ 1, of SPE of carbon modified with graphene oxide, after the stabilization procedure as
represented in Figure S9. In total, 10 cycles were performed (2 x 5 cycles) for each electrode. In (a)
CV of the electrode after being incubated with a drop of PBS (100 uL) overnight; and (b) after being
incubated with a drop of GOx (100 L, 5 mg mL~! in PBS) overnight. PBS (pH 7.4, 10 mM) was used
as electrolyte, and it was bubbled with N2 during 30 min to remove the O, in solution before CVs
acquisition. The potentials were measured against Ag/AgCl (1 M KCl).
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