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Abstract We have performed a study on the performance of
two microbial glucose sensors based on immobilized
Gluconobacter oxydans (G. oxydans). The first one was pre-
pared by modifying a glassy carbon paste electrode (GCPE)
containing the microbial cells with graphene oxide (GO), the
other one by modifying it with graphene-platinum hybrid
nanoparticles (graphene-Pt NPs). The electrode was charac-
terized by following the voltammetric signals of the oxidation
of hexacyanoferrate(II) to hexacyanoferrate(III) via the oxida-
tive enzymes contained in G. oxydans which convert glucose
to gluconic acid. Optimizations were conducted with a con-
ventional GCPE containing G. oxydans. After material opti-
mization, the biosensors were applied to the determination of
glucose. The linear and analytical ranges for GO based bio-
sensor range from 1 to 75 μM (linear) and 1 to 100 μM (an-
alytical), respectively, with a limit of detection (LOD) of (3 s/
m) 1.06 μM (at an S/m of 3). On the other hand, the graphene-
Pt hybrid nanoparticle based biosensor showed two linear
ranges (from 0.3 to 1 µM and from 1 to 10 μM), a full ana-
lytical range from 1 to 50 μM, and an LOD of 0.015 μM. The
graphene-Pt hybrid NP based sensors performs better and was
applied to the determination of glucose in synthetically pre-
pared plasma samples where it gave recoveries as 101.8 and
104.37 % for two different concentrations. Selectivity studies

concerning fructose, galactose, L-ascorbic acid and dopamine
were also conducted.
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Introduction

Nanomaterials like carbon nanotubes (CNTs) have been often
incorporated to electrochemical biosensors. These
nanomaterials have fascinating electrical conductivity and cat-
alytic effects [1–3]. Since its discovery in 2004, another carbon
based nanomaterial, viz. graphene, has become an intensively
studied material due to its excellent conductivity and electrocat-
alytic activity. It has been shown that graphene’s sp2 forms of
two dimensional sheets are responsible for fast electron transfer
at the edges. Because of this, graphene and another form of
graphene, graphene oxide (GO) have been extensively used
for electroanalytical purposes [4–9]. For example, Pumera re-
ported that graphene shows many advantages for electrochem-
ical applications when compared to graphite or CNTs [4].Wang
et al. fabricated a graphene-modified dopamine sensor and re-
ported that this electrode showed better performance thanmulti-
walled carbon nanotube-modified electrode [5]. The immobili-
zation of the probe DNA on the surface of electrode was largely
improved by Bo et al. by using oxidized graphene [6]. Also
Shan et al. reported a glucose oxidase (GOx) based biosensor
and pointed to the good electrocatalysis toward oxygen and
H2O2 in the presence of graphene [7]. Zhou et al. also men-
tioned about the single sheet structure of graphene that shows
favorable electrochemical activity [8].

On the other hand, decorating carbon based nanomaterials
like CNTs with noble metal NPs which results as effective
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nanocomposites are not new [10, 11]. These nanocomposites
surely used in many areas as catalysts. However CNT produc-
tion is complicated and has high cost compared to graphene
production which simply includes the chemical conversion of
inexpensive graphite. As metallic Np combined with
graphene, highly dispersed platinum (Pt)-NPs onto both sides
of graphene sheets which have larger surface areas, should be
resulted with some significant benefits especially in electro-
chemistry and nanotechnology research areas. [11–14].

Recently our group demonstrated that graphene-Pt hybrid
NPs shows better electrocatalytic activity compared to GO in
electrochemical genosensors and in biofuel cells. This electro-
catalytic enhancement was explained by the combined
electrocatalytical activity of Pt with important properties of
graphene [15, 16]. Considering these studies, for graphene-Pt
hybrid NPs preparation, we used the method suggested by Xu
et al. [11]. In this method, ethylene glycol (EG)-water mixture
has been used as the reducing reagent in the presence ofmetallic
salts which act as catalysts. Xu et al. manage to demonstrate
that, without any metallic salt, no reduction was observed onto
GO sheets.When suitable metallic salts like Pt, Pd and Auwere
added, the deoxygenation of GO together with accumulation of
these metallic NPs onto graphene sheets were achieved.
Besides, it is also shown that these metallic salts prevent restack
of these sheets during the chemical reduction process [11]

In this work, we examined the electrochemical perfor-
mance of graphene-Pt hybrid NP and GO for microbial bio-
sensor. For the construction of microbial biosensor,
G. oxydans together with graphene were introduced into com-
posite glassy carbon paste electrode (GCPE).

Gluconobacter sp. has ability to oxidize a wide range of
organic compounds with a low growth yield. For this reason,
they have been extensively used in biotechnological areas,
like biosensors [17]. Because of their interfacial electrochem-
ical properties like direct electron transfer and direct
bioelectrocatalysis, Gluconobacter enzymes have also been
used in biofuel cells [18].

After the characterization of graphene based nanomaterials,
optimization studies were carried out with G.oxydans/GCPE
biosensor. Then, graphene based NPs were introduced into
electrode structure and analytical characteristics were exam-
ined. Based on the obtained analytical characteristics, the elec-
trochemical performances of graphene-Pt hybrid NP/
G.oxydans/GCPE and GO/ G.oxydans/GCPE microbial bio-
sensors were also compared.

Experimental

Materials

HCl, NaCl, H2SO4, H2O2, NaNO3, CaCl2, KCl, urea, MgCl2,
Tris–HCl and KMnO4 were purchased from Merck (www.

merckmillipore.com, Germany). H2PtCl6, EG, HAuCl4.
3H2O, sodium citrate, D-Fructose, D-Galactose (bioreagent
grade), KBr, L-Ascorbic acid, dopamine, bovine serum albu-
min and immunoglobulin G were purchased from Sigma-
Aldrich (www.sigmaaldrich.com, USA). KH2PO4 was used
to prepare phosphate buffer (PB), for pH adjustment 1.0 M
NaOH (aq) was used and both of these chemicals were
purchased from Merck (www.merckmillipore.com,
Germany). Yeast extract granulated and D (+) Glucose
monohydrate (www.merckmillipore.com, Germany) were
used at bacterial growth medium. K3Fe (CN) 6 was used as
probe for all electrochemical measurements and purchased
from Sigma (www.sigmaaldrich.com, USA). Glassy carbon,
spherical powder (2.0-12 μm) (www.sigmaaldrich.com,
USA) and mineral oil were used at preparation of electrodes.
All of other chemicals were of analytical grade. All
experiments were performed at room temperature.

Instruments

μ-AUTOLAB TYPE III electrochemical analyzer was
equipped with GPES/FRA and used for electrochemical mea-
surements (www.metrohm-autolab.com). A standard three-
electrode cell contained a platinumwire as auxiliary electrode,
an Ag|AgCl (Ag/AgCl/KCl (1.0 M)) (filled with 1.0 M KCl,
METROHM (www.metrohm.com)) as reference electrode
and G.oxydans/GCPE or G.oxydans/GO/GCPE or G.
oxydans/ graphene-Pt hybrid NP/GCPE was used as working
electrode. The electrodes were inserted into a conventional
electrochemical cell. Sonication was performed with
Bandelin Sonorex sonicator. Scanning electron microscopy
(SEM) measurements were performed at JSM-7600 F FEG
SEM at 15.0 kV. Also JEOL-JEM 2100 F used for transmis-
sion electron microscopy (TEM). BIOSAN environmental
shaker incubator ES-20 was used as rotary shaker incubator
(www.biosan.com), SIGMA 3–16 PK was used at
centrifugation (www.sigma-zentrifugen.de) and NUVE
OT012 steam sterilizer (www.nuve.com.tr) was used at
sterilization for bacterial studies. Spectrophotometric
measurements were carried out with SHIMADZU UV-1700
(www.pharmaspec.com) UV-Visible spectrometer. Fourier
transform infrared spectroscopy (FT-IR) analyses were carried
out on a Thermo-Scientific, Nicolet iS10-ATR spectropho-
tometer (www.thermoscientific.com) and samples were
prepared in potassium bromide pellets. TGA 4000
Thermogravimetric Analyzer, Perkin Elmer (www.
perkinelmer.com) was used for TGA analysis.

Synthesis of GO and graphene-Pt nanoparticles

GOwas prepared bymodifying the Hummers–Offemanmeth-
od [19]. 1 g of graphite powder was added into 23 mL 98 %
H2SO4 solution and stirred at room temperature for 24 h. After
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that, 100 mg of NaNO3 was added into the mixture and stirred
for 30 min. Then 46 mL water was added to above mixture
drop by drop. Note: This step should be executed with great
care and by using safety goggles because it is highly exother-
mic. The water addition lasted for 25 min. Finally, 140 mL of
water and 10mL of 30%H2O2 were added into the mixture to
stop the reaction. The unexploited graphite in the resulting
mixture was removed by centrifugation.

A 10 mg portion of GO powder was dispersed in 10 mL of
water by sonication for 1 h, forming stable GO colloid [20, 21].
Then 20 mL of EG and 0.5 mL of 0.01M H2PtCl6 were added
to the solution and stirred for 30 min. Subsequently, the mix-
ture was put in an oil bath and heated at 100 °C for 6 h with
magnetic stirring. The graphene-Pt hybrid NPs were centri-
fuged to separate from the EG solution and washed with de-
ionized water for five times. The resulting products were dried
in a vacuum oven at 60 °C for 12 h [11]. Finally, the prepared
graphene-Pt hybrid NPs dispersed to 10 mg mL1− in water by
ultrasonication and stored at 4 °C when not used [15].

Preparation of G. oxydans culture

The strain ofG. oxydans DSM 2343was obtained from DSMZ
(German Collection of Microorganisms and Cell Cultures,
Braunschweig, Germany, www. dsmz.de). G. oxydans was
maintained on the agar containing (g L−1): D-glucose, 100;
yeast extract, 10; calcium carbonate, 20; agar, 20 [22]. The cell
biomass was prepared by aerobic cultivation at 28 °C on a
rotary shaker in 250 mL flasks filled with 50 mL of media.
The growth medium contained glucose, 0.5 % and yeast ex-
tract, 0.5 %. The culture, inoculated from the slant agar, was
incubated for 17 h at 28 °C in a shaking incubator to reach the
late exponential phase. The cell growth was followed spectro-
photometrically via measuring optical density at 600 nm to
obtain the same amount on the electrode surface [23]. Strain
stocks were stored at −180 °C with 25 % (v v1−) of glycerol at
early phase. Then, for the electrochemical measurements, the
cells from one of the cultivation flasks were collected by cen-
trifugation (10 min, 4000×g), re-suspended in sterile 0.9 %

NaCl solution and centrifuged again. After removal of washing
solution completely from the cells, bacterial pellet was dis-
solved in required amount of pH 6.5 PB. These solutions were
stored at −18 °C when not in use.

Preparation of electrodes

Plain microbial biosensor was prepared by mixing 80 %
glassy carbon microparticles with 20 % mineral oil and
3.0 μLG. oxydans cell (5.08×10 9 cell titer). Resulting paste
was filled into 2 mm radius sized hole of Teflon body where
copper wire was provided as electrical contact for the elec-
trode. The G.oxydans/GCPE surface was polished on a paper.
Also G.oxydans/GO/GCPE and G.oxydans/graphene-Pt hy-
brid NP/GCPE were obtained by addition of proper amounts
of nanomaterials to the paste structure.

Sample application

Two types of glucose solutions were prepared at 1 and 2 μM
concentrations. One solution was the synthetically prepared
plasma sample that contained 140 mM NaCl, 4.5 mM KCl,
2.5 mM CaCl2, 0.8 mM MgCl2, 2.5 mM urea, 0.35 g dl−1 bo-
vine serum albumin and 62 mg dl−1 immunoglobulin G in
10 mM 10 mL Tris–HCl solution [24]. This solution was well
mixed and pH of the solution was adjusted to the 7.3 with 1.0M
HCl solution. Then, standard glucose solutions (at 1 or
2 μM concentrations) were prepared in this synthetic se-
rum sample. The other glucose solutions were prepared
just by using PB as solvent. After the cyclic voltammetric
examination of developed biosensor, recovery values were
calculated by comparison of obtained currents from syn-
thetic serum and PB media.

Results and discussion

Asmentioned at above sections, graphene-Pt hybrid NPs were
prepared by reducing GO with EG-water mixture in the

Scheme 1 Reaction mechanism
of glucose bioconversion [25]
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presence of Pt-salt. Among the three types of noble metals, Pt,
Pd and Au, it was observed that Pt provides the most deoxy-
genation of GO sheets [11]. From the XPS results, Xu et al.,
proved that hydroxyl groups were also eliminated when Pt
salts were used in the reduction procedure [11]. For this reason
we decided to produce the samematerial and observe its effect
in microbial biosensors.

After the production and optimization of GO and graphene-
Pt hybrid NP amounts, these nanostructures combined with
G.Oxydans modified GCPE electrode and as a result glucose
biosensor was obtained. The redox mechanism involves the
monitoring of oxidation of Fe (CN) 6

3− to Fe (CN) 6
4- as

shown in the literature [25]. The mechanism implies that while
glucose is converted into gluconic acid via GOx enzymes on
the bacteria, GOx enzyme is reduced. Then, GOx (red) reduces
Fe (CN) 6

3− to Fe (CN) 6
4- and in the last step Fe (CN) 6

4- is
oxidized to Fe (CN) 6

3−(Scheme 1). As a result, this mediation

cycle produces a current, depends on the glucose concentration
[25]. So after addition of glucose into the medium, current
increase is expected due to the oxidation of Fe (CN) 6

4−

(Scheme 1) [25, 26]. As i t is seen in Fig. 3
G.oxydans/GCPE biosensor is selective for glucose and
shows expected increment whereas G. Oxydans free
GCPE does not show any increase in the current re-
sponse. As a result, the potential applied between −0.4 and
1.0 V range and the oxidation of Fe (CN) 6

4− to Fe (CN) 6
3−

was recorded (Scheme 1) [25, 26].

Characterizations of synthesized nanostructures

TEM images of synthesized GO and graphene-Pt hybrid NP are
given in Fig. 1a and b. Figure 1b inset shows the 20 times
magnified TEM image of graphene-Pt hybrid NPs. As can be
seen from the Figure, the size of one Pt nanoparticles on

Fig. 1 TEM images of a: GO and
b: graphene-Pt hybrid NP (inset:
size of Pt nanoparticle=2.14 nm),
c: SEM image of graphene-Pt
hybrid NP, D: EDS of graphene-
Pt hybrid NP

Fig. 2 a FT-IR characterizations
of GO and graphene-Pt hybrid
NP, b TGA characterizations of
GO and graphene-Pt hybrid NP
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graphene was measured as 2.14 nm. Also SEM image and EDS
result of graphene-Pt hybrid NPs are given in Fig. 1c and d. As
can be seen from Fig. 1a GO nanostructure is in a two dimen-
sional sheet form. Also Pt nanoparticles are placed onto
graphene sheets homogenously (Fig. 1b). Figure 1c and d show
that atomic dispersion percentages of hybrid NPswere 87.92%,
11.22 %, 0.86 % and mass percentages of these elements were
75.29, 12.80 and 11.91 % for C, O and Pt respectively. So these
results prove that graphene-Pt hybrid NP was prepared
successfully.

Also FT-IR and TGA characterizations of GO and graphene-
Pt hybrid NP were given in Fig. 2a and b. FT-IR spectrum of
GO shows the absorption bands corresponding to C=O carbon-
yl stretching at 1724 cm −1, C-OH stretching at 1215 cm −1, and
C-O stretching at 1049 cm −1 [27, 28]. Also the peak at
1619 cm −1 corresponds to the remaining sp2 character of
C=C [29]. After reduction by EG, most of the functional
groups are removed. The peak absorption band at around
3380 cm−1 which is attributed to –OH stretching vibrations
and also the peak absorption band at around 1635 cm−1 which
belongs to carboxyl groups are definitely decreases demon-
strating the effective deoxygenation of GO via EG and Pt salts
[11, 30, 31].

TGAwas preformed from 50 to 700 °C at a heating rate of
5 °C /min under nitrogen flow and results are presented in
Fig 2b. TGA curve of GO shows that GO was thermally un-
stable and starts to lose mass upon heating below 100 °C due
to the adsorbed water. There is a significant drop in mass
around 215 °C which is assigned to the evolution of CO and
CO2 from GO caused by the destruction of oxygenated func-
tional groups [11]. On the other hand, as can clearly be seen
from the Figure, the weight loss at around 200 °C in the
graphene-Pt hybrid NP is much lower than GO. This is clearly
caused by the reduction of oxygenated functional groups due
to the presence of Pt [11].

Electrochemical characterizations of the biosensors

Performance of G.oxydans/GCPE biosensor was tested before
optimization studies to observe ifG. oxydans cells works prop-
erly. Thus cyclic voltammograms of G.oxydans/GCPE

Fig. 4 Cyclic voltammograms of
a) GO amount, b) graphene-Pt
hybrid NP amount optimizations
and corresponding optimization
graphics of c) GO amount, D)
graphene-Pt hybrid NP amount
for microbial biosensors.

Fig 3 Cyclic voltammograms of a)G.OxydansmodifiedGCPE in 50mM
pH: 6.5 PB, b)G. Oxydansmodified GCPE in 2 mMK3Fe(CN)6 including
PB, c) G. Oxydans free GCPE in 20 mM glucose and 2 mM K3Fe(CN)6
including PB d)G. Oxydansmodified GCPE in 20 mM glucose and 2 mM
K3Fe(CN)6 including PB (at 100 mV s1− scan rate)
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biosensor were recorded in PB, in 2 mM K3Fe (CN) 6 contain-
ing PB and 20 mM glucose and in 2 mMK3Fe (CN) 6 contain-
ing PB respectively. Also, the response of G. Oxydans free
GCPE was examined in PB including 20 mM glucose and
2 mM K3Fe (CN) 6 . Then all of the voltammograms are com-
pared in Fig. 3. As can clearly be seen from the Figure, when
glucose was added to the medium, increase in current together
with shift at peak potential has been observed. This demon-
strates that G.Oxydans works properly and uses glucose as
substrate according to the mechanism that was explained at
the beginning of the results and discussion part.

After obtaining the expected electrochemical signal, the
experimental conditions were optimized by using cyclic volt-
ammetry. In this concept, amount of G. oxydans onto the
biosensor response was examined (Fig. S1). 1.0, 2.0, 3.0,
4.0 and 5.0 μL of cells were added into the composite struc-
ture of GCPE and as a result, 3.0 μL was found as optimum
cell amount. Subsequently pH (Fig. S2A), working tempera-
ture (Fig. S2B) and incubation time (Fig. S2C) parameters
were also optimized by using plain (without any nanocompos-
ite) G.oxydans/GCPE microbial biosensor. The electrode was
renewed for every measurement. Since the best results were
obtained at pH 6.5, 25 °C and 10 s further studies were con-
ducted by utilizing these values. Detailed information was
given in Electronic Supplementary Material.

Comparison of nanostructure amounts

Optimum GO and graphene-Pt hybrid NP amounts were ex-
amined under the optimum working conditions. In this con-
cept 3.0 μL of G. oxydans cell was used in the electrode
preparation, then cyclic voltammograms were recorded after
10 s incubation time at 25 °C in 2.0 mM K3Fe(CN)6 and
20 mM glucose containing 10 mL 50 mM (pH 6.5) PB be-
tween −0.4 and 1.0 V potential range with 100 mV s1− scan
rate. In order to define optimum nanostructure amount,
G.oxydans/ GO /GCPE microbial biosensors were prepared
with addition of 0, 2, 3, 5, 6 and 7 μL GO suspensions (at
2 μg μL1− concentration) into the paste structure. As can be
seen from the Fig. 4A, up to 5 μL of GO addition, current

Fig. 6 A Cyclic voltammograms
of G.oxydans/graphene-Pt hybrid
NP/GCPE, B Cyclic
voltammograms of G.oxydans/
GO/GCPE microbial biosensor,
C Analytical ranges of a)
G.oxydans/graphene-Pt hybrid
NP/GCPE, b) G.oxydans/GO/
GCPE microbial biosensor,
D Linear ranges of a) G.oxydans/
graphene-Pt hybrid NP/GCPE, b)
G.oxydans/GO/GCPE microbial
biosensor

Fig. 5 Cyclic voltammograms of a) G.oxydans/GCPE, b) G.oxydans/
GO /GCPE c) G.oxydans/graphene-Pt NP/GCPE microbial biosensors.
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response increases but above this value biosensor response
decreases sharply. Also for the graphene-Pt hybrid NP amount
optimizations, the same steps were followed with G.oxydans/
graphene-Pt NP/GCPE microbial biosensors, thus 0, 1, 1.5, 2,
2.5, 3, and 4 μL nanocomposite suspensions (at 2 μg μL1−

concentrations) were introduced into the electrode structure.
For this study, maximum current value was obtained at 2 μL
(Fig. 4B). Since the best current values were obtained with
5 μL GO and 2 μL graphene-Pt hybrid NP suspensions, these
amounts were used for further experiments.

Effects of nanostructure addition into microbial biosensor

Figure 5 exhibits the comparison of the effects of GO and
graphene-Pt hybrid NP onto G.oxydans biosensor’s response.
Measurements were recorded under optimum conditions as
stated above. Current differences between nanostructure mod-
ified and plain biosensors show that graphene-Pt hybrid NP
modification was more effective at the response enhancement
of the developed microbial glucose biosensor (Fig. 5) (current
values for G.oxydans/graphene-Pt NP/GCPE; 36.90 μA, for
G.oxydans/ GO /GCPE; 31.04 μA, for G.oxydans/GCPE mi-
crobial biosensor; 27.80 μA). We believe that this is due to the
introduction of Pt into graphene structure.

Analytical characteristics

After determination of GO and graphene-Pt hybrid NP opti-
mum amounts, linear ranges of microbial biosensors were ex-
amined for varying glucose concentrations for each modifica-
tion respectively.G.oxydans/ GO /GCPE showed a linear range
1–75 μMwith equation of y=100.10x+30.78 (R2=0.990) and
analytical range of 1–100 μM (Fig. 6Cb-Db). G.oxydans/
graphene-Pt hybrid NP/GCPE showed two linear ranges as
0.3-1 and 1–10 μM and analytical range was 1–50 μM for this
electrode (Fig. 6Ca-Da). Also linear range calibration equations
of G.oxydans/graphene-Pt hybrid NP/GCPE were obtained as
y=5261.50x+33.84 and y=279.34x+38.89 (R2 values were
0.965 and 0.989 respectively). Measurements were recorded

under optimum conditions in 2.0 mM K3Fe (CN) 6 containing
50 mM pH: 6.5 PB between −0.4 and 1.0 V potential range
with 100 mV s1− scan rate. RSD value of G.oxydans/GO/
GCPE was calculated as 0.14 % (n=3) while for G.oxydans/
graphene-Pt hybrid NP/GCPE biosensor the value is 0.21 %
(n=3). On the other hand, G.oxydans/graphene-Pt hybrid NP/
GCPE has better LOD (3 s/m) and LOQ (10 s/m) values com-
pared to G.oxydans/GO/GCPE (LOD: 0.015±0.002 μM and
LOQ: 0.049±0.002μM forG.oxydans/graphene-Pt hybrid NP/
GCPE and LOD 1.062±0.030 μM, and LOQ 3.541±
0.030 μM for G.oxydans/GO/GCPE respectively (n=3)).

Analytical characteristics of the developed electrochemical
microbial biosensors were also compared with previous
G. Oxydans based glucose biosensor studies in terms of linear
ranges and LOD values (Table 1). According to the Table,
developed method has the smallest LOD value and linear
range in μM levels cofirming the sensitivity of G.oxydans/
graphene-Pt hybrid NP/GCPE and G.oxydans/GO/GCPE mi-
crobial biosensors.

Sample application

G.oxydans/graphene-Pt NP/GCPE microbial biosensor was
applied to the glucose determination in the synthetic plasma
sample solution. The current values were measured for three
times for each solution and the average current values and
recovery values were given in Table 2. As it is described in
the experimental section, glucose solutions were prepared

Table 2 Current responses of G.oxydans/graphene-Pt hybrid NP/
GCPE microbial biosensor for 1 and 2 μM glucose standard solutions
prepared in synthetic serum solution and PB.

Glucose in PB Glucose in
synthetic serum

Recovery
value(%)

Current values/μA
(for 1 μM )

37.7 38.4 101.8

Current values/μA
(for 2 μM )

34.3 35.8 104.4

Table 1 Comparison of analytical characteristics of G.oxydans/graphene-Pt hybrid NP/GCPE and G.oxydans/GO/GCPE microbial biosensors with
previous G. Oxydans based glucose biosensor studies.

Electrode type Applied method Linear range LOD Reference

G.Oxydans/thiol-functionalized
Fc/AuNP/Gold electrode

Amperometry 0.5 to 10 mM 0.17 mM [32]

G.Oxydans/PANI/PDDS/Ag/Graphite electrode Cyclic voltammetry 0.1–3.0 mM – [33]

G. oxydans/HKCN/graphite electrode Flow injection analysis 0.1–7.5 mM – [34]

G. oxydans/CHIT–Fc/GCE Flow injection analysis 1.5 to 25.0 mM 0.797 mM [35]

G.oxydans/GO/GCPE Cyclic voltammetry 1–75 μM 1.062±0.030 μM Present study

G.oxydans/graphene-Pt hybrid NP/GCPE Cyclic voltammetry 0.3–1 and 1–10 μM
(two linear ranges)

0.015±0.002 μM Present study
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both in synthetic plasma solutions and in PB individually at
the concentrations of 1 and 2 μM.Then results were compared
and recovery values were calculated (Table 2). From the re-
sults it is obvious that developed biosensor can be ap-
plied to complicated sample solution without observing any
matrix effect.

Selectivity

Selectivity of the G.oxydans/graphene-Pt hybrid NP/GCPE
microbial biosensor was examined with glucose in the pres-
ence of fructose and galactose as possible interferent agents.
Measurements were carried out in the same concentration and
increasing concentrations like 5, 7, 10 and 100 folds of
interferents (Table S1). Electrode was renewed before all mea-
surements. From the results it can be concluded that devel-
oped biosensor can be used in the presence up to 100 fold
amounts of these sugars with current difference of 13.60 %.
We also examined the selectivity of the G.oxydans/graphene-
Pt hybrid NP/GCPE microbial biosensor in the presence of L-
ascorbic acid and dopamine in the same amount and increas-
ing concentrations like 2, 5, 10, 50 and 100 folds of
interferents (Table S2). Results showed that G.oxydans/
graphene-Pt NP/GCPE microbial biosensor can work up to
100 folds of these interferents with 12.07% current difference.

Storage stability

Storage stability of microbial biosensor was examined for dif-
ferent periods of time. G.oxydans/graphene-Pt hybrid NP/
GCPE microbial biosensor was stored at +4 °C in pH 6.5 PB
for 1 day, 1 week and 1 month. After these periods, the recov-
ery values were calculated as 99.6, 102 and 97.5 % respective-
ly. These values show that developed G.oxydans biosensor is
very stable and can be used for long period of time.

Conclusions

Unique properties of graphene nanostructures were employed
in this study as usage of GO and graphene-Pt hybrid NP in
microbial biosensor where G.oxydans was used as whole cell
in the GCPE. GO and graphene-Pt hybrid NP addition into
biosensor structure resulted with higher current responses.
Actually both of graphene nanostructure enhanced the sensi-
tivity of whole cell biosensor but as we looked to analytical
characteristic values, graphene-Pt hybrid NP addition made
the best contribution (LOD values are 0.015±0.002 μM and
1.062±0.03 μM for graphene-Pt hybrid NP and GO). Also for
sample application, acceptable recovery values were obtained
demonstrating the applicability of the developed biosensor.
Considering obtained current values for selectivity and stabil-
ity studies of G.oxydans/graphene-Pt NP/GCPE microbial

biosensor, it can be concluded that developed system is selec-
tive and stable enough. So further studies will continue in our
lab for the adaptation of this favorable system to G.oxydans
based microbial biofuel cells.
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