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The performance of different sensor/biosensor architectures based on graphene (G), nitrogen doped
graphene (NG) and their acidic/basic functionalized derivatives, as well as of polymer composites of
NG have been compared, using ascorbate oxidation, and glucose enzymatic oxidation, as model reactions
on glassy carbon electrode (GCE) substrates, which led to the choice of NG/GCE as the preferred modi-
fied electrode for further applications. Enzymatic and non-enzymatic sensing of hypoxanthine (Hx) and
xanthine (X), two intermediates in purine metabolism, with relevance in clinical diagnostics and food
chemistry, was investigated. Electrocatalytic oxidation of both Hx and X was achieved at NG/GCE, the
sensor exhibiting sensitivities of 1.6 and 1.3 mA cm~2 mM~! for Hx and X, respectively. Hx biosensing was
carried out at —0.35 V vs. Ag/AgCl, the enzymatic mechanism being based on direct regeneration of FAD at
NG, the analytical characteristics comparing favorably with other reported XOx biosensors. Application
to the analysis of biological samples was demonstrated.
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1. Introduction

Molecular recognition of biologically relevant species is of
prime importance in modern clinical analysis and diagnostics,
and electrochemical transducers are one of the largest group of
transducers [1]. Signaling of the molecular recognition event at
the electrode/solution interface can be enhanced by amplifica-
tion of the chemical/physical aspects of the electrode material.
Graphene (G) has shown exceptional optoelectronic and mechan-
ical properties and due to its high surface area and excellent
conductivity has numerous application potential in diverse fields
such as chemical/biosensing, field effect transducers, fuel cells
and supercapacitors [2-6]. Recent advances in graphene research
proved that chemical doping of graphene can induce semiconduc-
tor like characteristics and the resulting n- or p-doped graphene
exhibits enhanced chemical reactivity and charge conductivity
[7,8]. Among the various potential dopants, nitrogen is an excellent
candidate for doping the carbon framework due to its comparable
size and pentavalency, so that it is able to form strong covalent
bonds with carbon in nitrogen-doped graphene (NG), and it has
been reported that NG is superior to G for applications in fuel cells
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and batteries [9-11].In addition to the doping of heteroatoms, sim-
ple acidic/basic functionalization of doped/undoped graphene can
further improve the chemico-physical properties of the material,
for which we have used KOH and HNO5 functionalized G and NG
to obtain KOH_G/NG and HNOs3/G [12]. Hybrid graphene/polymer
composites are yet another plausible way for tuning the prop-
erties of the graphene, with the possibility to enhance further
the conductivity and electrocatalytic properties of graphene
films [13].

The main metabolites of adenine nucleotide degradation in
biological tissues are Hx, X and uric acid, and excessive accu-
mulation of these metabolites in the body causes diseases such
as xanthinuria, gout, perinatal asphyxia, cerebral ischemia, tumor
hyperthermia, and preeclampsia, and hence the monitoring of Hx
and X is important in clinical analysis [14,15]. Apart from the clin-
ical significance, selective sensing of Hx and X has a major role
in food chemistry and can give vital information on the freshness
of fish foods and meat products [16]. Several analytical methods
are employed for determining Hx and X, such as high performance
liquid chromatography [17,18], chemiluminescence [19], and cap-
illary electrophoresis [20]. However, portable, low cost and reliable
electrochemical (bio)sensors are the best tools for real-time clinical
diagnostics and food analysis. Several Hx and X sensors based on
carbon nanomaterials have been reported, namely functionalized
SWCNT [21], impure multi-walled carbon nanotubes (MWCNT)
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[22], carbon nanofibres [23], graphitized mesoporous carbon (GMC)
[24], and poly(o-aminophenol-co-pyrogallol)/reduced graphene
oxide(RGO) [25]. In addition to the studies on the non-enzymatic
electrocatalytic effect of NG modified electrodes toward oxida-
tion of X and Hx, the utility of the material as a platform for
immobilizing the redox active enzyme xanthine oxidase (XOx)
has also been investigated. The fact that the FAD redox cofactor
is located deep inside the protein matrix hinders electron trans-
fer, and therefore biosensors require either redox mediators or
nanomaterials, or both, to allow electron communication between
enzyme and electrode. A few hypoxanthine biosensors based on
carbon materials were reported, such as glassy carbon paste elec-
trodes [26], MWCNT-s [27], gold nanoparticles (AuNP) with carbon
nanohorns [28], and poly(styrenesulfonic acid-g-pyrrole)/reduced
graphite oxide [29], others sensing xanthine only at very positive
potentials, based on CNT together with AuNP [30] and CNT together
with ZnO nanoparticles [31].

The present study focuses on performing a comparative eval-
uation of the sensing characteristics of the graphene materials, G,
NG and their functionalized derivatives HNO3;_G and KOH_G/NG, as
well as of some hybrid composites. The hybrid composites prepared
were nitrogen doped graphene (NG) with the conducting poly-
mer, poly(3,4-ethyleneoxythiophene) (PEDOT) or with the redox
polymer, poly(neutral red) (PNR), NG_PEDOT or NG_PNR polymer
composites. The sensor parameters were correlated with the elec-
trochemical properties of all graphene materials obtained in a
previous study [12]. The modified electrodes were evaluated for
sensing of the model species ascorbate and glucose, after modi-
fication with glucose oxidase (GOx), in order to choose the best
modifier for future applications. The best performance material,
NG/GCE, was then tested for non-enzymatic and enzymatic deter-
mination of hypoxanthine (Hx) and xanthine (X), two of the uric
acid precursors formed during the ATP metabolism pathway. A
XOx biosensor was applied to the detection of Hx by fixed potential
amperometry at —0.35 V vs. Ag/AgCl, and the stability of the biosen-
sor was also evaluated as well as its applicability for determination
of Hx in fish meat.

2. Experimental
2.1. Reagents and buffer electrolyte solutions

All reagents were of analytical grade and were used without
further purification. Graphene was prepared by the oxidation of
graphite powder, the dried graphite oxide being thermally reduced
by heating at 1050 °C under an Ar stream. Nitrogen doped graphene
was obtained by heating the graphene under high purity ammo-
nia mixed with Ar at 900 °C [32]. Chitosan (low molecular weight),
2,3-dihydrothieno[3,4-b]-1,4-dioxin (EDOT), graphite, glutaralde-
hyde, neutral red (NR) 65% dye content, glucose, ascorbic acid,
xanthine, hypoxanthine, monobasic and dibasic potassium phos-
phate, sodium chloride and sodium poly(styrene sulfonate) (NaPSS)
were from Sigma-Aldrich, Germany. Potassium chloride, monoba-
sicand dibasic sodium phosphate and the enzymes glucose oxidase,
24Umg~! (GOx) and xanthine oxidase, 0.068 Umg~! (XOx) were
obtained from Fluka, Switzerland.

For electrochemical experiments, the supporting electrolyte
was sodium phosphate buffer saline (NaPBS) (0.1 M phosphate
buffer +0.05 M NaCl, pH = 7.0). Polymerization of NR was carried out
in 0.025 M potassium phosphate buffer solution plus 0.1 M KNO3
(pH 5.5) (KPBS) containing 1 mM NR and of EDOT in 0.1 M NaPSS
containing 10 mM EDOT.

Millipore Milli-Q nanopure water (resistivity > 18 M£2 cm) was
used for the preparation of all solutions. All experiments were per-
formed at room temperature (254 1°C).

2.2. Instrumentation

Electrochemical experiments were performed in a three elec-
trode cell, containing a glassy carbon electrode (GCE) (1.6 mm
diameter) as working electrode, a Pt wire counter electrode and an
Ag[AgCl (3.0 M KCI) reference electrode, using a p.-Autolab poten-
tiostat/galvanostat system (Metrohm-Autolab, Netherlands).

The pH measurements were carried out with a CRISON 2001
micro pH-meter (Crison Instruments SA, Barcelona, Spain) at room
temperature.

2.3. Preparation of modified electrodes and biosensors

Functionalized graphene (G) and nitrogen doped G (NG) were
obtained, following the procedure described in [12], by treating
either in 3M HNO3 or in 7M KOH, then being thoroughly washed
with Milli-Q water and dried.

Suspensions of 0.1% G, NG or their derivatives were prepared in
1% (w/v) chitosan dissolved in 1% (v/v) acetic acid [ 12]. The solution
was sonicated for 1 h and vortexed, before 4 .l was drop cast on the
GCE. The modified electrodes were left overnight to dry.

Four types of composite of NG with the conducting polymer
PEDOT or the redox polymer PNR were prepared using potential
cycling electropolymerisation as detailed in [12]: NG/PEDOT/GCE,
PEDOT/NG/GCE, NG/PNR/GCE and PNR/NG/GCE.

For the preparation of biosensors, enzyme solutions containing
bovine serum albumin (BSA) were prepared, 1% GOx + 4% BSA (24U
GOx per 100 pL enzyme solution) and 10% XOx +10% BSA (0.68 U
XOx per 100 L enzyme solution), respectively. The enzyme solu-
tion was then mixed with GA solution 2.5%, in a volume ratio of
2:1 enzyme:GA and 2 p.L of this mixture was dropped on a 1.6 mm
diameter GCE, and allowed to dry for at least 4 h. Biosensors were
kept in 0.1 M NaPBS pH 7.0, at 4°C.

The preparation of such sensors and biosensors was found to be
very reproducible, exhibiting sensitivities with RSD values lower
than 6%, calculated for at least 3 different electrodes.

2.4. Preparation of biological samples

Intravenous glucose solution (5% glucose in serum) was pur-
chased from a local pharmacy.

Mackerel fish was purchased from a local supermarket, the flesh
divided into 2 g portions, and stored in Eppendorf containers in
the refrigerator at 4°C until use. For experiments, 2 g of fish were
mixed thoroughly with 200 pL MilliQ water. After centrifugation at
4000 rpm for 30 min, the solution obtained was used for Hx deter-
mination.

3. Results and discussion

3.1. Preliminary studies to select the best graphene material for
sensing/biosensing

3.1.1. Application of G, NG and derivative modified GCE as
sensors for ascorbate

Ascorbic acid was selected as the model analyte to compare the
efficacy of G, NG and of their derivatives, HNO3_G and KOH_G/NG,
as electrode modifiers, as well as of the NG polymer composites
NG/PEDOT, PEDOT/NG, PNR/NG and NG/PNR for non-enzymatic
electrocatalytic sensing. Studies using graphite were carried out
in parallel for comparison.

Fig. 1 shows a CV of 1mM ascorbic acid at bare GCE and
at NG/GCE in 0.1 M NaPBS, pH 7.0. As observed, electrocatalytic
oxidation of AA occurs at +0.05V vs. Ag/AgCl at NG/GCE, with
currents higher by a factor of ~3, being 0.31 mAcm~2 compared
with 0.11 mAcm~2 at +0.45V at bare GCE. Moreover, the peak is
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Fig. 1. Cyclic voltammograms recorded at bare GCE and modified GCE in 0.1M
NaPBS pH 7.0 and with addition of 1 mM AA; v=50mVs~!.

sharper at NG/GCE, indicating faster electron transfer kinetics. The
decrease in overpotential at NG, the main advantage in using the
NG/GCE, can be attributed to -1 interaction of AA with NG which
lowers the charge transfer energy barrier, and the large electroac-
tive area of the material leads to a substantial increase in current
compared with bare GCE.

Since the NG and all the NG polymer composite modified elec-
trodes showed electrocatalytic oxidation of ascorbate, all were
tested as AA sensors. They all presented an AA oxidation peak
that began around +0.05V vs. Ag/AgCl. At NG/GCE, fixed potential
amperometry showed that at +0.1V the sensitivity was two times
higher than at +0.05V vs. Ag/AgCl, increasing even more at +0.2V
but, since we aimed to minimize possible interferents, +0.1V was
chosen for further measurements. A typical chronoamperometric
response of the sensors is displayed in Fig. 2A, with correspond-
ing calibration plot in Fig. 2B. The analytical performances of all
sensors are shown in Table 1, and, as observed, NG/GCE showed
the highest sensitivity of 337 +18 pAcm2mM-! (RSD=5.3%)
among all the other tested electrodes, followed by HNO3_G and
KOH_G/NG, with sensitivities of 252+13 (RSD=5.2%), 154+7
(RSD=4.5%) and 126 + 7 (RSD=5.6%) wAcm~2 mM~! respectively,
much higher than untreated graphene, which had a sensitivity of
71.8+4.6 pAcm~2mM~! (RSD=6.4%). NG/GCE also has the low-
est detection limit of 0.4 wM, lower than that exhibited by other
functionalized G and NG modified electrodes.

These observations are supported by the electrochemical char-
acterization studies previously reported by our group, showing
larger electroactive area and better electronic conductivities of
NG, and of HNO3_.G and KOH_G/NG derivatives [12]. The elec-
trode kinetics was found to be faster for the electroactive species
Fe(CN)g3~/Fe(CN)g*~ at the modified electrodes. Although acidic
or basic functionalization of G improved both the sensitivity

Table 1
Analytical performance of graphene based materials modified GCE for ascorbate
sensing; applied potential 0.1V vs. Ag/AgCl, 0.1 M NaPBS pH 7.0.

Modified electrode Sensitivity (WAcm~2 mM-1) LOD (M)
Bare GCE 14 £ 0.1 90.0
G 71.8 + 4.6 45.5
NG 337 £ 18 0.4
KOH-NG 126 + 7 4.3
HNO;3_G 252 +13 1.5
KOH_G 154 + 7 0.8
PEDOT/NG 111 +5 43
NG/PEDOT 103 +5 5.6
PNR/NG 69 +4 7.8
NG/PNR 113+ 6 5.2
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Fig. 2. (A) Typical fixed potential chronoamperogram recorded at HNO5;.G/GCE AA
sensor at 0.1V vs. Ag/AgCl in 0.1 M NaPBS, pH 7.0 and (B) corresponding calibration
curve.

and detection limit, neither was able to exceed the NG perfor-
mance. However, acidic or basic functionalization of graphene both
improve the hydrophilicity and the conductivity of the material,
leading to more efficient substrates than undoped graphene [12].

Composites of NG with PEDOT and PNR were also tested for
ascorbate sensing to investigate whether bi-functionality has a syn-
ergistic or a detrimental effect on the sensing characteristics of the
sensors. Since NG/GCE had shown the best analytical performance,
these polymer composites were prepared only with NG. From
Table 1 it can be seen that the polymer composites do not exhibit
better analytical performance than NG, HNO3_G or KOH_G/NG, but
they are still superior to that of pure graphene (except for PNR/NG).
The unexpected low sensitivities of polymer composites might be
due to diffusional problems arising from thick polymer films or
small film porosity. However, the polymer composites are more
sensitive than the PNR [33] or PEDOT [34| modified GCE. The results
prove that sp2 hybridized NG with nitrogen in pyridinic, pyrrolic or
graphitic form, is the best material for sensing applications. Hence,
heteroatom doping appears to be the best way to tune the prop-
erties of graphene and so, further studies using non-enzymatic
sensors were restricted to N-graphene modified GCE.

3.1.2. Application of G, NG and derivatives modified GCE as
biosensors for glucose

Unlike non-enzymatic sensors, enzyme-based biosensors,
although prone to instability, are highly sensitive and selective and
hence a judiciously selected electrode substrate which is highly
conductive, electrocatalytic and biocompatible is crucial. Thus, NG,
HNO3_G, KOH_G/NG, and NG polymer composites with PEDOT and
PNR as substrates for GOx immobilization were evaluated. Compar-
ison with HNO3_graphite (HNO3_Gr) was also done. Since graphite
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Fig. 3. (A) Typical fixed potential chronoamperogram recorded at

GOx/KOH-NG/GCE at —-0.35V vs. Ag/AgCl, in inset the corresponding calibra-
tion curve; (B) DPV at GOx/NG/GCE, amplitude 50mV, step potential 2mV,
v=5mVs~, in inset CV of GOx/NG/GCE; all experiments done in 0.1 M NaPBS, pH
7.0.

is the starting material for the synthesis of graphene, this helps
in understanding the variation in electrochemical and analytical
parameters between the graphite and graphene materials.

All the biosensors developed were used for the chronoampero-
metric detection of glucose in 0.1 M NaPBS, pH 7.0 at an applied
potential of —0.35V vs. Ag/AgCl, which is well below the oxida-
tion potential of many of the expected interfering species such as
ascorbate, dopamine, uric acid etc. Previously, we had shown the
electrocatalytic effect of NG and KOH_NG on the regeneration of the
enzyme cofactors FAD and NAD [12]. A sharp reversible redox cou-
ple corresponding to FAD/FADH, (midpoint potential of —0.43 V)
was observed, with greatly enhanced current (~ 40 fold) at NG/GCE
compared to bare GCE, which motivated studying the possibility of
direct electron transfer from glucose oxidase, where the FAD redox
system is embedded deep inside the protein scaffold.

A typical chronoamperometric response of a GOx biosensor is
presented in Fig. 3, with the corresponding calibration plot in the
inset, and as observed, an oxidative change in current was recorded
upon glucose injection.

Cyclic voltammograms recorded at GOx/NG/GCE in 0.1 M NaPBS
pH 7.0 reveal a pair of redox peaks with midpoint potential of
~ —0.40V vs. Ag/AgCl and a peak to peak separation of 100 mV
(not shown), indicating that the redox cofactor of the enzyme,
FAD, is reduced to FADH, and then quasi-reversibly re-oxidized
to FAD. Better defined peaks were obtained in DPV measurements

Table 2
Analytical performance of glucose biosensors based on graphene materials modified
GCE for; applied potential —0.35V vs. Ag/AgCl, 0.1 M NaPBS pH 7.0.

Modified electrode Sensitivity (WAcm =2 mM-1) LOD (M)
Bare GCE 0.7 £ 0.1 50.6
HNOs5_graphite 2.7 £0.2 22.8
NG 12.8 £ 0.4 17.0
KOH_.NG 128 £ 04 23.9
HNOs; G 128 £ 04 20.0
KOH-G 12.8 £ 0.4 13.0
PEDOT/NG 8.5+ 0.8 242
NG/PEDOT 8.5+ 0.8 229
PNR/NG 0.6 £ 0.1 60.9
NG/PNR 0.6 + 0.1 553

performed at GOx/NG/GCE in 0.1 M NaPBS pH 7.0, air and N»-
saturated, revealed an oxidation peak at ~—0.40 and —0.43V vs.
Ag/AgCl, respectively, of roughly the same height, corresponding to
the redox reaction of the cofactor, the peak potential being slightly
more positive in the absence of O5.

Fixed potential chronamperograms in buffer solution without
oxygen (saturated with N;) and in air-saturated buffer, revealed
that biosensor sensitivity is a factor of two lower in the absence of
0,, supported by the fact that enzyme activity is highest when O,
present, since the GOx is from the highly aerobic species Aspergillus
niger.

Since the currents recorded were always oxidation currents, and
taking into account CV and DPV measurements, it can be deduced
that the mechanism involves direct regeneration of FAD, according
to:

Glucose + GOx(FAD) — Gluconolactone + GOx(FADH,)

GOX(FADH,) — GOX(FAD) + 2e~ + 2H*

It may be that the electrostatic interaction between negatively
charged enzyme and positively charged chitosan layer containing
the NG nanoparticles shortens the distance between enzyme and
NG, enabling direct electron transfer from the enzyme cofactor,
similarly observed in [35].

The sensitivities and LODs for each of the modified electrodes
for glucose sensing are given in Table 2. As observed, modi-
fication by any of graphene derivatives leads to a substantial
increase in sensitivity and decrease of detection limit values, com-
pared to those obtained at bare electrodes modified with enzyme.
Among the various modified electrodes, the sensitivities of NG,
HNO3_G and KOH_G/NG were found to be in the same range
of ~12.0-13.0 pAcm—2 mM~!, with the lowest detection limit of
13.0 M for KOH-G and the highest for KOH-NG, of 23.9 uM. The
dynamic working ranges of all types of modified electrode were
found to be up to 1.2 mM. The enzymatic sensing characteristics of
acidic/basic functionalized G/NG were very similar to NG, unlike
non-enzymatic ascorbate sensing, where large differences were
observed, see Section 3.1.1. Hence, it can be concluded that NG,
HNO;3_G and KOH_G/NG are equally good candidates for enzyme
biosensing, although functionalized graphene is a good alternative
to NG in situations where synthesizing or acquiring NG is difficult.

The efficiency of NG-based conducting/redox polymer compos-
ites toward glucose biosensing was also tested. Sensing features of
PEDOT/NG and NG/PEDOT were very similar, but slightly inferior
compared to NG, with sensitivity of 8.5+0.8 wuAcm—2mM~! and
detection limits of 29 + 6 WM. Sensitivities of PNR/NG and NG/PNR
modified GCEs were well below that of NG, probably due to diffus-
ional problems, which need to be further investigated. The results
indicate that too many components on the electrode surface, in this
case the presence of redox or conducting polymers, do not improve
NG performance.
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Table 3
Recently reported carbon nanomaterial based sensors for Hx and X and biosensors
for Hx.

Electrode Sensitivity LOD (nM) Reference
(pAcm—2 mM~')
Hx and X sensors
Functionalized SWCNT Hx: 0.68 Hx: 560 [21]
X:0.26 X: 146
Impure MWCNT Hx: 1832 Hx: 287 [22]
X:637.9 X: 134
Carbon nanofibres X:364.0 X: 500 [23]
Graphitized Hx: 1594 Hx: 351 [24]
mesoporous carbon X: 872.7 X:388
Poly(o-aminophenol- X: 2357 X:i- [25]
co-pyrogallol)/RGO?
NG/GCE Hx: 1577 Hx: 470 This work
X: 1264 X: 250
Hx biosensors
GCPEP (+0.90V) 17.0 5300 [26]
MWCNT (-0.30V) 233 750 [27]
AuNP¢/carbon 202.4 610 [28]
nanohorns (+0.40V)
PSSA-g-PPY?/RGO? 0.7 10 [29]
(+0.55V)
XOx/NG/GCE (-0.35V) 135.6 180 This work

2 Reduced graphite oxide.

b Glassy carbon paste electrode.

¢ Gold nanoparticles.

d Poly(styrenesulfonic acid-g-pyrrole).

3.1.3. Determination of glucose in intravenous sugar solution

The intravenous sugar solution, 5% glucose in serum, was diluted
in MilliQ water to obtain 0.1 M glucose and used as a glucose sam-
ple, injecting 10 pL aliquots into 10 mL of 0.1 M NaPBS solution, pH
7.0, at —0.35V vs. Ag/AgCl. The GOx/NG/GCE biosensor detected
5.44 g glucose per 100 ml solution, slightly lower than the 5.50 g
per 100 ml solution, declared by the producer, using the standard
addition method, the precision being 98.9%. Moreover, calibration
curves were recorded by using 0.1 M glucose standard or 0.1 M
intravenous sugar solution, the sensitivity and detection limit of
the biosensor having the same values. Calculated recovery factors
were between 98.5 and 100.3%, underlying the reliability of the
glucose biosensor as an analytical tool.

3.2. Electrocatalytic oxidation of Hx and X at NG/GCE

The electrocatalytic oxidation of Hx and X at NG/GCE was
investigated using differential pulse voltammetry (DPV). The DPV
parameters that led to the best-defined DPV peaks were: increment
2mV, amplitude 100mV, and scan rate 10mV s~!. Interestingly,
variations in the Hx peak currents toward more positive poten-
tials upon increase in the analyte concentrations were noticed, also
observed in [24], which suggests the possible existence of an EC’
mechanism that needs to be explored in the future. NG exhibited
electrocatalytic activity toward both Hx and X oxidation, lowering
the Hx and X oxidation potentials from +1.06 V and +0.69 V at bare
GCE to +0.88V and +0.56 V vs. Ag/AgCl respectively, with a simul-
taneous substantial increase in the peak currents (see Fig. 4), by a
factor of more than 10 for Hx (36.4-391 wAcm~2 mM~!) and nearly
20 for X (26.3-488 WA cm~2 mM~1). This underlines the suitability
of NG for detection of both Hx and X.

The effect of solution pH on DPV response for Hx and X was eval-
uated, in the pH range from 5 to 12, Fig. 5a and b, respectively. The
peak potentials systematically decreased with increasing solution
pH by 60 and 54 mV/pH unit for Hx and X, respectively, close to the

04] A)

o . — GCE
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-0.1 T T T T T T T T T T T T T
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Fig. 4. DPVs recorded at GCE and NG/GCE in 0.1 M NaPBS pH 7.0 in the presence of
0.4 mM of (A) Hx and (B) X; amplitude 100 mV, step potential 2mV, v=10mVs~'.

Nernstian slope value of 59 mV/pH for an equal number of electrons
and protons involved in the electrochemical reaction. From the DPV
data of Fig. 4, the measured peak-width at half height (W;,) for
the Hx oxidation peak is 85 mV, while for X it is 50 mV, suggesting
a mechanism involving two electrons and two protons for both Hx
and X, as presented in Scheme 1 and in agreement with [36,37],
being kinetically slower for Hx. The pH also had an influence on the
peak current for both Hx and X, increasing from pH 5 to 7 for Hx and
to 6 for X, then decreasing at higher pH. Taking this into account,
pH 7 was chosen for further measurements.

DPV scans, under the optimized conditions, are displayed in
Fig. 6a and b for Hx and X respectively, with the corresponding
calibration plots in the insets. The sensor revealed a linear increase
in the oxidation current signals up to 0.7 mM, for both Hx and X.

The sensitivity of NG/GCE was slightly higher for
Hx, 1577+99pAcm—2mM-! (RSD 6.2%) and for X of
1264+78 pAcm=2mM-! (RSD 6.1%). Higher sensitivities for
Hx compared to X were also reported for previous Hx, X electro-
chemical sensors [21,22,24], see Table 3. The calculated detection
limit value, following the 3 x SD/slope criterion, was 0.5 wM for
Hx and 0.3 uM for X, comparable with previously reported ones
[21-24].

Sensitivity toward Hx was much higher than reported for func-
tionalized SWCNT [21], very close to that exhibited by graphitized
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mesoporous carbon [24] and just slightly lower than impure
MWCNT [22]. However, the sensitivity toward X was higher than
mostreported sensors [21-24], lower only than the sensor reported
in [25], based on poly(o-aminophenol-co-pyrogallol)/RGO.

No interferences were observed from dopamine, uric acid or
ascorbate, their oxidation potentials being less positive at NG/GCE.

3.3. Analytical performance of the XOx/NG/GCE biosensor

The NG modified GCE was used as substrate to construct an
amperometric xanthine oxidase enzyme biosensor for hypoxan-
thine. The optimum values selected for the pH (between 5.0 and
8.0) and applied potential (between —0.4 and +0.2V vs. Ag/AgCl)

0o

ST LT <,

hypoxanthine

2¢, 2H+

xanthme

e, 2 H'

uric ac1d

Scheme 1. Oxidation reaction mechanism for hypoxanthine and xanthine.
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Fig. 6. DPVs at NG/GCE in 0.1 M NaPBS pH 7.0 for increasing concentrations of (A)
Hx and (B) X; insets are corresponding calibration plots; amplitude 100 mV, step
potential 2mV, v=10mVs~'.

were determined by comparing biosensor response to 80 WM Hx
and X (not shown), which led to the choice of pH 7.0 and a
detection potential value of -0.35V vs Ag/AgCl. At this poten-
tial we expect elimination of, or very little, interferences from
other electrochemically active compounds. In the potential inter-
val tested, the biosensor did not show any response to X, being
very selective for Hx at potentials more negative than —0.2V vs.
Ag/AgCl. Previously reported XOx biosensors that sensed X, all
required positive potentials above +0.4V [26,28,30,31], and since
non-enzymatic NG/GCE xanthine detection exhibited very good
analytical characteristics, detecting X at +0.56 V by DPV, without
interferences from dopamine, uric acid and ascorbate, there is lit-
tle interest in using a biosensor for detection of X. Moreover, there
will be a cumulative response from enzymatic and non-enzymatic
processes, at higher potentials resulting in anomalously high sen-
sitivities due to a combination of enzymatic and non-enzymatic
processes.

A typical chronoamperometric response of the XOx/NG/GCE
biosensor to Hx is presented in Fig. 7A, with the corresponding cali-
bration plot in the inset. The linear range was up to 100 .M Hx, and
the sensor exhibited a sensitivity of 126+ 8 pAcm—2mM~! (RSD
6.5%) and achieved a detection limit of 0.18 +0.02 (RSD 11%) wM,
calculated according to the 3 x SD/slope criterion.

One of the important features of the present biosensor is
that it can operate at —0.35V vs. Ag/AgCl, the enzyme mech-
anism being based on the direct cofactor regeneration at NG.
Like other known molybdenum-containing oxidoreductases, the

18
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Fig. 7. (A) Typical fixed potential chronoamperogram recorded at XOx/NG/GCE for
increasing concentrations of Hx at —0.35V vs. Ag/AgClin 0.1 M NaPBS, pH 7.0 and in
inset the corresponding calibration curve; (B) DPV at XOx/NG/GCE in 0.1 M NaPBS,
pH 7.0, amplitude 50 mV, step potential 2mV, v=5mVs~!.

oxygen atom supplied to the substrate by XOx originates from
water rather than from dissolved oxygen (0O;) [38]. The redox
reaction centers are almost linearly positioned in the order of
molybdoprotein, two [2Fe-2S] type iron sulfur centers and FAD. The
enzyme catalyses an oxidative hydroxylation reaction, in which 2
electrons are withdrawn from the substrate to the molybdenum
during the hydroxylation reaction, and are then transferred to FAD
via the iron sulfur centers [39]. Finally, a FADH, oxidizes trans-
ferring the electrons to a final electron acceptor, which here is
the electrode as shown in Scheme 2, and evidenced by the DPV
curves recorded at XOx/NG/GCE, shown in Fig. 7B. Net oxidation
currents of FADH; are recorded around —0.42 V vs. Ag/AgCl, in both
air and Ny-saturated solutions, having approximately the same
values.

Beside the MWCNT biosensor [27], all other XOx biosensors
operate at high positive potentials between +0.4 and +0.9V, the
oxidation of H, O, produced by the enzymatic reaction being mon-
itored [26,28-31]. Even so, the biosensor had higher sensitivities
than most Hx biosensors [26,27,29], Table 3, except for the one
based on AuNP/carbon nanohorns [28]. The detection limit was also
lower than most reported, only the one in [29] being lower.

No interferences were observed at —0.35V vs. Ag/AgCl from
ascorbate, uric acid or dopamine, for the concentration ratio 2:1
interfering compound:Hx.
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Scheme 2. Oxidation reaction mechanism of hypoxanthine by xanthine oxidase.

electrode

Table 4
Determination of Hx in fish extract solutions, stored during different periods of time,
using the XOx/NG/GCE biosensor.

Days of storage Added Hx (uM) Found Hx (M) Recovery (%)
0 3.5 -
2 15 19.0 102.7
30 329 98.2
45 47.4 97.7
0 8.0 -
s 15 23.7 103.0
30 374 98.4
45 52.5 99.1
0 10.0 -
6 15 25.3 101.2
30 39.6 99.0
45 54.1 98.4
0 10.0 -
. 15 254 101.6
30 39.5 98.8
45 54.3 98.7

3.4. Determination of Hx in biological samples using the
XOx/NG/GCE biosensor

The standard addition method was used to determine the
Hx concentration in mackerel fish solution extracts, using the
XOx/NG/GCE biosensor at —0.35V vs. AgAgCl. In order to follow
the increase in Hx concentration in fish meat with time, samples
stored in the refrigerator during different time periods were ana-
lyzed, prepared as described in Section 2.4, injecting 10 pL aliquots
into 10 mL of 0.1 M NaPBS, pH 7.0. Results obtained are presented
in Table 4, together with recovery factors. As expected, the Hx con-
centration increased with time of storage of the fish sample, from
36 mg per 100¢ of fish, detected in the second day, to 82 mg, in
the fifth day and 103 mg per 100 g of fish meat, for sixth and sev-
enth day of storage, respectively. The values are in agreement with
previously reported ones [40]. The recovery factors close to 100%
(see Table 4) demonstrate that the Hx biosensor is suitable for Hx
determination in biological samples.

4. Conclusions
Glassy carbon electrodes modified with graphene (G), nitro-

gen doped graphene (NG) or their acidic/basic functionalized
derivatives have been tested for application in enzymatic and

non-enzymatic (bio)sensing. Non-enzymatic sensing of the model
analyte ascorbate was better at NG, while acidic/basic functional-
ized G and NG were equally as good as NG for glucose enzymatic
sensing. NG exhibited an electrocatalytic effect toward oxidation
of both X and Hx, decreasing their oxidation potentials, with a
simultaneous substantial increase in the peak currents. Under the
optimized DPV conditions, the sensor revealed sensitivities of 1.6
and 1.3mAcm~2mM-1, for Hx and X, respectively, higher than
most reported in the literature. A xanthine oxidase NG based
biosensor was also developed and applied for the determination of
HX, an important feature of the present biosensor being operability
at —0.35V vs. Ag/AgCl, with an enzyme mechanism based on direct
cofactor regeneration at NG. The biosensor showed higher sensi-
tivities than most carbon nanomaterial-based Hx biosensors, that
all operate at higher potentials, the response being free of interfer-
ences from ascorbate, uric acid and dopamine. Both GOx and XOx
based biosensors were used successfully for the determination of
glucose and hypoxanthine, respectively, in biological samples.
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