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Graphite has a well-known anisotropic behavior where heterogeneous electron transfer (HET) is much faster on
its edge (EP) versus basal plane (BP). This is problematic in bioanalytical applications where the BP exposure is
the most convenient configuration in sensors. We have reported earlier on a new carbon allotrope, GUITAR
that exhibits near equal facile HET on its apparent EP and BP. In this contribution we report on three biologically
significant analytes, ascorbic acid, dopamine and NADH. The BP-GUITAR surface has electrochemical
overpotentials (ca. 100–200 mV) lower than other BP materials and equal to EP graphitic electrodes. All
electrodes in this study (GUITAR, graphite, and glassy carbon (GC)) suffer from eventual signal losses due to
irreversible adsorption from repeated electro-oxidation of either ascorbic acid, NADH or dopamine. Of these
materials only GUITAR could be regenerated by pulsing the electrode surface to 2.2 V in pH 7.2 phosphate buffer.
Graphite and GC suffered oxidative damage by the procedure. Furthermore, the GUITAR electrode was able to
undergo four regeneration cycles with reproducible dopamine cyclic voltammetric characteristics. More cycles
are possible. The ascorbate detection limit and linear range of 0.15 μM and 0.05–6250 μM respectively
on GUITAR are at 2 orders of magnitude or more better in each category than other systems. Again this can be
attributed to the facile HET rates on GUITAR. These features indicate that GUITAR will be advantageous for
enclosed sensor applicationswhere surface renewal can be difficult, e.g., in vivo implants, liquid chromatography
and microfluidics.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

We have recently reported on the electrochemical properties of a
new allotrope of carbon, GUITAR (graphite from the University of
Idaho Thermolyzed Asphalt Reaction). While having the appearance of
a crystalline graphite or graphene, the atomic force micrograph of
GUITAR indicates that it has pits 10–20 nm in diameter and lacks crystal
grain boundaries and steps common with graphites and graphene [2].
Four chemical properties distinguish GUITAR from other sp2 carbon
electrodes. These are (i) the anisotropic characteristics of graphite,
where the heterogeneous electron transfer (HET) rates are much
faster by several orders of magnitude on the edge (EP) versus basal
planes (BP) are not observed with GUITAR. The EP and BP-GUITAR
electrodes have nearly equal standard HET rates (k0) of c.a.
10−2 cm/s for Fe(CN)63−/4− and Ru(NH3)63+/2+. These rates are the
same as other EP graphite electrodes [1,2]. This implies an increased
density of electronic states (DOS) in GUITAR relative to crystalline
graphites [2,3]. In (ii) the anodic limits of GUITAR exceed other graphites
by 500 mV in 1 M H2SO4. With (iii) the cathodic limits are increased
by 500mV in 1MH2SO4. The combination of (ii) and (iii) gives a poten-
tial windowof 3 V, the largest reported for a graphiticmaterial and com-
petitive with boron-doped diamond electrodes [2,4]. Finally, GUITAR
was found to be less susceptible to air oxidation which forms Property
(iv). Anodic stability of GUITAR over graphite was found to be due to
lack of electrolyte intercalation through both basal and edge planes of
GUITAR, unlike graphite electrodes [1,2]. The combination of i–iv indi-
cates amyriad of applications for GUITAR. Among the proposed applica-
tions of GUITAR, we report on electrochemical sensing of biologically
relevant molecules. In the current study, we examine three common
analytes, ascorbic acid (AA), β-nicotinamide adenine dinucleotide
(NADH) and dopamine (DA). AA is an antioxidant and is also essential
for cartilage, bones and tendon developments [5,6]. DA is a neurotrans-
mitter that plays an essential role in the function of the central nervous
system. Its deficiency or excess has been linked to Parkinson's disease
and schizophrenia [7,8]. NADH is an electron and proton carrier in living
organisms. It participates in many biosynthetic reactions and is a
cofactor of several enzymatic reactions [9,10]. Due to the biological
relevance of these molecules, accurate and facile detection of their
concentrations both in vivo and in vitro is crucial [8,11]. Results from
this study highlight remarkable performances at GUITAR electrodes
and add to the uniqueness of this material when compared with other
carbon materials.
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Table 1
Comparison of ascorbic acid limit of detection and linear range at various planar, non-
planar and carbon composite electrodes. Linear range at GUITAR is a combination
from separate electrodes, whose plots produce an average slope of 1.1 × 10−2 ± 3.9 ×
10−3 μA/μM (n= 5). * Electrochemically activated.

Material Detection limit
(μM)

Linear range
(μM)

Reference

BP-GUITAR 0.15 ± 0.01
(n = 5)

0.05–6250 This work

BPPG* 13 25–500 [26]
EPPG 71 200–2200 [40]
Nitrogen doped graphene 2.2 5–1300 [6]
Graphene nano-sheets 120 400–6000 [17]
Carbon nanotube composite
electrodes

0.03–7.71 0.1–800 [27–32]

Sol–gel carbon ceramic composite 0.10 0.5–20 [33]
Carbon nanofiber 2 2–64 [34]
Ordered mesoporous carbon 20 40–800 [35]
Chitosan–graphene 50 50–1200 [36]
Nitrogen-doped carbon nanofiber 50 50–3000 [37]
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2. Experimental section

2.1. Chemicals and materials

Silicon wafers, (111) orientation and 300 nm thermal oxide layer
were obtained from the University Wafer (Boston, MA). Paraffin wax
and high vacuum grease were obtained from Royal Oak Enterprises
(Georgia, USA) and Dow Corning (Midland, MI), respectively. Pyrolytic
graphite sheet (90 × 115 mm) and glassy carbon electrode were
obtained from Allied Electronics Inc. (Fort Worth, TX, USA) and
Bioanalytical Systems (West Lafayette, IN, USA), respectively. Alumina
powder was obtained from Pace Technologies (AZ, USA). Ascorbic acid
was purchased from J.T. Baker Chemical Co. (Phillipsburg, N.J., USA).
Potassiumhydroxide, potassium chloride and sodiumphosphatemono-
basic salt were obtained from Fisher Chemicals (Fair Lawn, NJ, USA).
Sodium phosphate dibasic salt was purchased from EMD Chemicals
Inc. (Gibbstown, NJ, USA). Dopamine hydrochloride and β-NADH
(reduced sodium salt trihydrate) were obtained from Sigma-Aldrich
and goldbio.com respectively (both in St. Louis, MO, USA). All chemicals
were used as received and all aqueous solutions were prepared with
deionizedwater purified by passage through an activated carbon purifi-
cation cartridge (Barnstead, model D8922, Dubuque, IA).

2.2. Electrode fabrication and electrochemical setup

GUITAR was synthesized as described in previous publications [12,
13]. Electrode fabrication and geometric area isolation were performed
as described previously [2]. Glassy carbon was polished with 1-micron
alumina powder and sonicated in DI water prior to use. Unless other-
wise noted, the setup used for all electrochemical studies was a three-
electrode undivided cell with graphite rod counter electrode, Ag/AgCl/
3 M NaCl(aq) (0.209 V vs. SHE) reference electrode. Ascorbic acid,
dopamine and NADH were prepared in 0.1 M phosphate buffer
(pH 7.2) and studied with cyclic voltammetry at 0.1 V/s. Electrode
regeneration was achieved by applying +2.2 V vs Ag/AgCl for 5 min
in 0.1 M PBS (pH 7.2). Electrochemical studies were carried out using
a Bioanalytical Systems Epsilon potentiostat (West Lafayette, IN).

3. Results and discussion

3.1. Cyclic voltammetry of AA

Ascorbic acid undergoes a 2-proton, 2-electron transfer according to
Eq. (1) [14].

AA þ H2O ¼ dehydro−AA þ 2Hþ þ 2e−

E0’red ¼ − 0:036 V vs SHE pH 7:2ð Þ
ð1Þ

This electro-oxidation process is chemically irreversible at elec-
trodes. The dehydro-AA reacts to form hydrated bicyclic species [15,
16]. Compared to the redox potential for this process, most electrodes
exhibit high overpotentials for its determination (Table 2), however,
at BP-GUITAR electrodes, this overpotential is lower by 100–200 mV
than at other BP-materials and comparable to EP ones. This observation
is attributed to faster HET rates across BP-GUITAR. Limit of detection
based on 3σ at BP-GUITAR electrodes was found to be 0.15 ± 0.01 μM
(n = 5) with a linear range of 0.05 μM–6250 μM (Fig. 1). The latter
was the highest AA concentration studied and may not represent the
upper limit. Detection limit at BP-GUITAR is found to be ca. 500 times
lower than EPPG (71 μM) and 800 times lower than reported for
graphene nano-sheets (120 μM) [17,40]. Comparison of these limits at
planar, non-planar and carbon composite electrodes is presented in
Table 1, alongwith linear ranges. We hypothesize that faster HET kinet-
ics across BP-GUITAR is responsible for the low detection limit [22]. In
Table 1, GUITAR possesses the widest linear range for ascorbic acid
detection. This is also attributed to the low fouling rate and fast HET
across BP-GUITAR. At GUITAR electrodes, the linear range is a combina-
tion from separate electrodes, whose calibration plots produce an aver-
age slope of 1.1 × 10−2 ± 3.9 × 10−3 μA/μM (n= 5).

3.2. Overall behavior with AA, DA and NADH

Cyclic voltammetric performances of BP-GUITAR, BPPG and GC with
1 mM of either AA, DA or NADH in 0.1 M PBS at pH 7.2 are presented in
Fig. 2 and Table 2. In general BP-GUITAR electrode exhibited superior
performance relative to BPPG of this investigation and other BP mate-
rials from literature (Table 2). This is based on CV current peak potential
which indicates lower overpotentials for all three analytes. The peak
positions of BP-GUITAR are within the range of literature edge plane
materials in Table 2. This is similar to a previous investigation with
Fe(CN)63−/4− and Ru(NH3)63+/2+ [2]. In general BP-GUITAR has a 100–
200 mV lower overpotential when compared to literature BP materials.
It is also important to note that GC is an edge-plane material. The facile
HET rates of BP-GUITAR is attributed to increased density of electronic
states (DOS) from the structural defects within its molecular planes
[1,2]. An important note is that the natural configuration of layered
graphitic materials is basal plane towards the sample which outlines
the advantage of BP-GUITAR over edge plane materials [18,19]. Glassy
carbon of this investigation had excellent CV characteristics for AA and
DA, better than literature edge plane materials in terms of CV peak
potentials (Table 2). The BP-GUITAR surpassed GC with NADH current
response (Fig. 2).

3.3. Electrode passivation and regeneration

Electro-polymerization products from AA, DA and NADH are often
reported to passivate electrodes [7,8,20]. The resistance of GUITAR,
BPPG and GC to this effect was studied by obtaining ten consecutive
CV cycles at 5 s interval in either 1 mM AA, DA or NADH at pH 7.2 PBS.
Results are presented in Fig. 3. The peak current for each CV is
normalized against the value of the first run (Ip(n)/Ip(1), n = cycle num-
ber (1 to 10)) and plotted versus the number of cycles. For dopamine,
potential peak separation (ΔEp) is also plotted versus number of cycles.
GUITAR demonstrates highest resistance to fouling in both AA and DA
and compares with GC in NADH. This is evident in Fig. 3. Almost In all
cases, BPPG exhibited the least resistance to passivation. For the CV
cycling of AA, GUITAR retains 90% of its activity after 10 runs and 80%
for the other species. Only GC in NADH approached GUITAR in perfor-
mance in this aspect. We hypothesize that the GUITAR surface offers
fewer sites for surface passivation. It is notable that while GUITAR is



Fig. 1. A — cyclic voltammetric response of increasing AA concentration; bottom to top: 0, 3, 10, 20, 30, 40 and 50 μM and B — corresponding plot of the oxidation peak current vs AA
concentration. In B, a plot of the lower concentration region is shown as inset. Ascorbic acid was added to 0.1 M phosphate buffer (pH 7.2). Scan rate was 0.1 V/s. Limit of detection
was calculated as 0.15 ± 0.01 μM (n= 5) by the 3σ method. The best fit line by least squares analysis has a slope of 1.1 × 10−2 μA/μM with an intercept of 0.047 μA and r2 = 0.999.
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rich in structural defects it lacks grain boundaries as observed with
graphene and graphites [21]. The extent of passivation of GUITAR in
dopamine is similar to boron doped diamond (BDD),which experienced
the lowest passivation in literature [22]. However, BDD has slower HET
kinetics relative to GUITAR which is important for sensor applications
[22].

Regeneration of passivated electrodes was studied with dopamine
as fouling medium. Regeneration was performed by applying +2.2 V
vs Ag/AgCl for 5 min in 0.1 M PBS (pH 7.2). This potential allows for
Fig. 2. Cyclic voltammogram of ascorbic acid, NADH and dopamine at BP-GUITAR, BPPG and gla
and scan rate was 0.1 V/s. Performance of BP-GUITAR was found to be intermediate between B
the electro-oxidation of organics [23]. Before treatment, 20 CV cycles
in dopamine were observed to decrease the initial peak current by
35% (Fig. 5B). After regeneration the BP-GUITAR electrode had a peak
current that was 30% greater than the initial pristine surface (Fig. 5B).
In this study, BP-GUITAR electrode was regenerated four times. In
Fig. 5A, voltammograms of the first cycles at pristine and multi-
regenerated BP-GUITAR are shown. It is notable that the first CV after
the regeneration improved with each regeneration. Studies are under-
way to determine if this feature maximizes after more regeneration
ssy carbon. Test solutions were at 1 mM concentration in 0.1 M phosphate buffer (pH 7.2)
PPG and glassy carbon electrodes. See also Table 2.



Table 2
Comparison of electrode performance from the voltammetric determination of Ascorbic acid, NADH and dopamine. Experimental condition for all entries include phosphate buffer (pH 7
to 7.4) and scan rate of 0.05 V/s or 0.1 V/s unless otherwise stated. For materials studied in this work, averages and standard deviations were calculated with number of electrodes in
parenthesis. Oxidation peak potentials at BP-GUITAR are competitive with edge plane materials.

Cyclic voltammetric oxidation peak potential (V vs SHE)

Ascorbic acid NADH Dopamine Reference

Material
BP-GUITAR 0.45 ± 0.02 (3) 0.73 ± 0.01 (4) 0.47 ± 0.03 (10) This work
BPPG 0.68 ± 0.02 (3) 0.78 ± 0.04 (4) 0.54 ± 0.03 (6) This work
GC 0.28 ± 0.03 (3) 0.67 ± 0.01 (4) 0.39 ± 0.01 (7) This work

Basal plane materials
BPPG 0.64–0.91 0.90–1.06 0.61–0.7 [39–45]
CVD graphene (single and multilayer) 0.58–1.25 0.72–1.28 0.50–0.73 [39,43,45]
Single layer graphene (basal) 0.65 0.88 – [38]

Edge plane materials
EPPG 0.44–0.60 0.64–0.85 0.48–0.5 [39–45]
Reduced graphene oxide (r-GO) 0.37, 0.41 0.62, 0.76 0.45 [46,47a,44,48]
Single layer graphene (edge) 0.54 0.68 – [38]
Stacked graphene nanofibers (open edge) 0.41 0.70 0.40 [49]
GC 0.69, 0.70 0.79, 0.95 – [40,41,46,47a]

Others
Stacked graphene nanofibers (folded edge) 0.61 0.77 0.51 [49]
BDD 0.78, 0.66 0.77 0.44, 0.56 [41,50]

a NADHwas dissolved in pH 6.8 phosphate buffer.
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cycles and the maximum number of cycles GUITAR can sustain. Regen-
eration of electrodes is important for biosensing [24], and the ability to
regenerate GUITAR electrodes shows promise for applications in closed
systems such as enclosedmicrofluidics, where electrode regeneration is
essential but challenging [24,25]. Under the conditions of regeneration,
significant corrosionwas evident for both BPPG and GCwhich inhibited
Fig. 3. Plots of normalized oxidation peak current and peak separation (dopamine only) ve
voltammetric cycles with 5 s interval were recorded at each electrode and in each solution. E
cycle (n = 1 to 10) normalized against the peak current for the first cycle. GUITAR electrodes
and compares with glassy carbon in NADH.
their continual use. Fig. 4, presents images of the electrodes before and
after regeneration and shows corrosion of both BPPG and GC, whereas
GUITAR electrodes do not undergo any visible morphological changes.
These results corroborate relative stability of GUITAR over other gra-
phitic electrodes and will offer advantages in long term use of GUITAR
electrodes [1,2].
rsus number of voltammetric cycles at BP-GUITAR, BPPG and glassy carbon (GC). Ten
xperimental conditions are as in Fig. 2. Ip(n)/Ip(1) is the oxidation peak current for the nth
are found to exhibit the highest resistance to passivation in ascorbic acid and dopamine,



Fig. 4. Effect of electrode regeneration treatment on GUITAR, BPPG and glassy carbon. Pristine surfaces (A1–A3) were passivated from cyclic voltammetry of dopamine after which a
regeneration treatment; +2.2 V vs Ag/AgCl, 5 min in 0.1 M PBS (pH 7.2) was applied. Effect of this treatment is shown as B1–B3. PG and GC undergo morphological changes whereas
GUITAR lacks visible changes to its surface.

Fig. 5. A— cyclic voltammograms showing the first cycles of dopamine redox and B— corresponding plots of the oxidation peak current vs number of voltammetric cycles at pristine and
regenerated electrodes. Multiple regeneration of GUITAR (four regenerations) was performed, each by applying +2.2 V vs Ag/AgCl for 5 min in 0.1 M PBS (pH 7.2). Before and after each
treatment, twenty voltammetric cycles with 5 s interval between cycles were recorded in 1 mM dopamine/0.1 M phosphate buffer (pH 7.2). Scan rate was 0.1 V/s.
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4. Conclusions

In this contribution we demonstrated that BP-GUITAR has HET rates
comparable to other EP graphitic materials with three biologically
significant analytes. Furthermore, with ascorbate, BP-GUITAR has a
significantly lower limit of detection (0.15 μM) than other electrodes
in literature. The observed linear range spanned 5 orders of magnitude
(0.05 μM to 6250 μM). In general this surpassed literature reports
with carbon electrodes by 2 orders of magnitude (Table 1). The fouling
and passivation of the electrode surface were also found to be less
with GUITAR (Fig. 3). Another significant feature of the GUITAR
electrode is its ability to withstand electrode regeneration by pulsing
to +2.2 V vs. Ag/AgCl. Polymeric coatings are expected to electro-
oxidize off at that potential. Both GC and BPPG underwent significant
corrosion with attempts at regeneration (Fig. 4). This property has
implications for closed systems, where in situ electrode surface renewal
is essential.
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