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Abstract In this study, two enzyme electrodes based on
graphene (GR), Co3;0,4 nanoparticles and chitosan (CS) or
multi-walled carbon nanotubes (MWCNTs), Co;04 nanopar-
ticles, and CS, were fabricated as novel biosensing platforms
for galactose determination, and their performances were
compared. Galactose oxidase (GaOx) was immobilized onto
the electrode surfaces by crosslinking with glutaraldehyde.
Optimum working conditions of the biosensors were investi-
gated and the analytical performance of the biosensors was
compared with respect to detection limit, linearity, repeatabil-
ity, and stability. The MWCNTs-based galactose biosensor
provided about 1.6-fold higher sensitivity than its graphene
counterpart. Moreover, the linear working range and detection
limit of the MWCNTs-based galactose biosensor was superior
to the graphene-modified biosensor. The successful applica-
tion of the purposed biosensors for galactose biosensing in
human serum samples was also investigated.

Keywords Amperometry - Co;O4 nanoparticles - Galactose
biosensor - Graphene - Multi-walled carbon nanotubes

Introduction

Electrochemical biosensors based on nanomaterials including
metal or metal oxide nanoparticles, carbon nanotubes, and
graphene have recently been investigated intensively, due to
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the extraordinary chemical and physical properties of these
materials [1-3]. CNTs are fascinating materials for sensing
applications due to several properties like small dimensions,
high surface area, mechanical strength, high electrical conduc-
tivity, good biocompatibility, functional surface, and good
chemical stability [4]. Similarly to carbon nanotubes,
graphene two-dimensional layer of graphite with sp® carbon
atoms arranged in a hexagonal lattice has also demonstrated
attractive application in electrochemical biosensing because of
the unique properties including fast electron transfer kinetics,
excellent thermal conductivity, high specific surface area, and
good biocompatibility [5].

Many types of metal oxides, such as Fe;04, Al,03, Co304,
and TiO,, have been used to construct biosensors [3]. Among
them, Co;0,4 nanoparticles represent an excellent material
with low cost, wide availability, and excellent electrocatalytic
properties [6]. The use of metal oxide nanoparticles was re-
ported to improve the response time, linear range, detection
limit, reproducibility, and long-term stability of the biosensors
[7].

The nanocomposites combining different components are
expected to further improve the characteristics of each com-
ponent, leading to promising applications in electrochemical
biosensing. Up to now, various metal oxide—graphene or metal
oxide—carbon nanotube nanocomposites such as TiO,—
graphene [8], Fe;O4—graphene [9], ZnO—graphene [10],
Fe;0,—-MWCNTs [11], silver nanoparticles—CNTs [12], and
Co030,—MWCNTs [13] have been reported as the base for
biosensor construction.

The determination of galactose is important in food sci-
ence, human nutrition, fermentation industry, and medicine
[14]. Elevated levels of galactose in blood and urine can be
a symptom of galactosemia, galactosuria, and other metabolic
disorders [15, 16]. Galactosemia is a genetically inherited met-
abolic disorder characterized by an inability of the body to
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utilize galactose [17]. People with galactosemia have very
little or entirely lack enzymes that help to metabolize galac-
tose. Restriction of dietary galactose is the mainstay of treat-
ment. Milk and dairy products are the most common food
source of galactose, thus people with galactosemia should
avoid these foods [18]. When the blood level is more than
1.1 mM in neonatal infant, it becomes fatal galactosemia
[19]. If galactosemia is not treated, infants with this condition
may develop cataracts, liver diseases and kidney problems,
brain damage, and in some cases, even death [20].
Therefore, development of simple, accurate, low cost, rapid,
and practical methods is necessary to analyze galactose in
clinical laboratories.

Among the various methods available for determination of
galactose such as chromatography, fluorimetry, and spectro-
photometry [21-24], electrochemical biosensors are rapid,
economic, highly sensitive, and specific [25-27].

Galactose oxidase, a member of radical-coupled copper
oxidases family with broad substrate specificity, catalyzes
the conversion of galactose to hydrogen peroxide and
galactonic acid [28-30]. Enzymatically produced H,O, can
be detected electrochemically by amperometric electrodes, ei-
ther by measuring the anodic or cathodic response, due to the
oxidation or reduction of H,O, at the surface of the working
electrode, respectively. Different amperometric biosensors
have been reported for the detection of galactose [16, 17, 19,
26, 27, 31].

A survey in the literature indicates that there are only a few
studies where the performance of CNTs and graphene-based
electrodes are compared for various biosensors [32—34], and
to the best of our knowledge, there is no comparison of
graphene and MWCNTs-based electrodes for the electro-
chemical biosensing of galactose. In this work, we fabricated
two effective galactose biosensors based on MWCNTs/
Co0304/CS and GR/Co0304/CS nanocomposite-modified
glassy carbon electrodes. The analytical performance of the
biosensors was compared with respect to detection limit, lin-
earity, and interference caused by potential interfering sub-
stances. The successful application of the purposed biosensors
for galactose biosensing in real samples was also described.

Materials and methods
Reagents

Galactose oxidase (from Dactylium dendroides), Co;04 nano-
particles (<50 nm particle size), potassium hexacyanoferrate
(IIT), potassium hexacyanoferrate (II), uric acid, galactose, do-
pamine, chitosan, methionine, urea, creatinine, ascorbic acid,
aspartic acid, nafion, and glutaraldehyde were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Glucose was supplied
from Fluka (Buchs, Switzerland). MWCNTs (outer diameter
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<8 nm and length 10-30 pum) were obtained from Cheap
Tubes Inc. (Brattleboro, USA). Graphene solution (DRP-
GPHSOL) (2 mg/mL) was obtained from Dropsense
(Llanera, Spain). High purity nitrogen gas was used for deaer-
ation. All other chemicals were of analytical grade and used
without further purification. Deionized water was used for
preparation of buffer and standard solutions.

Apparatus and measurements

All electrochemical studies were performed using [VIUM
electrochemical analyzer (Ivium Technologies, Netherlands).
The electrochemical measurements were based on a conven-
tional three-electrode system with a Ag/AgCl electrode (BAS
MEF 2052) as the reference electrode, a platinum wire electrode
(BAS MW 1034) as the counter electrode, and the modified
glassy carbon electrode (GCE, 3 mm diameter) as the working
electrode. Scanning electron microscopy (SEM) images were
obtained by using Carl Zeiss AG, EVO® 50 Series. The pH
values of the testing solutions were measured with ORION
Model 720A pH/ion meter and ORION combined pH elec-
trode (Thermo Scientific, USA). The cyclic voltammograms
of GCE and modified electrodes were recorded between
(=1.00)V—(+1.00)V in the presence of 5 mM K;[(Fe(CN)g],
5 mM Ky[(Fe(CN)], and 0.1 M KCI. All measurements were
carried out in a thermostated cell at 37 °C, containing 0.05 M
phosphate buffer solution (PBS pH 7.5) under stirring at an
applied potential of +0.70 V.

Biosensor preparation

The fabrication of Coz;0,/MWCNTs/CS modified galactose
biosensor was based on a simple method developed by our
group [35]. Prior to coating, GCEs were polished with
0.05 um alumina slurry, rinsed with deionized water, and
sonicated in ethanol and double-distillated water for 5 min,
respectively. Then, 0.025 g of CS was dissolved in 5.0 mL
of acetate buffer solution (0.10 M and pH of 5.0) via magnetic
stirring at room temperature for 4 h. Co;0,4 nanoparticles and
MWCNTs were dispersed into chitosan solution by stirring at
room temperature and the resulting mixture was ultrasonicated
for 4 h, until a homogenous black dispersion containing 1 mg/
mL MWCNTs and 1 mg/mL Co;04 nanoparticles was obtain-
ed. Furthermore, 10 uL of Co3;04/MWCNTs/CS solution was
cast onto the pre-cleaned surface of GCE and dried at room
temperature to construct the carbon nanotube-modified elec-
trode. Graphene-modified biosensor was prepared using the
following routes: (1) 5 uL of 2 mg/mL GR solution was cast
onto the pre-cleaned surface of GCE and dried at room tem-
perature. Co;04 nanoparticles were dispersed in CS solution
with 4 h of ultrasonication to achieve a 1 mg/mL concentra-
tion (Co304/CS). Five microliters of Co3;04/CS solution was
cast onto the GR-coated GCE and dried at room temperature.
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(2) Five microliters of 2 mg/mL GR solution was mixed
with 5 uL of CS solution containing 1 mg/mL Co0304, and
the resulting mixture was ultrasonicated for 4 h. This ho-
mogenous mixture was dropped onto the surface of GCE
and dried at room temperature to construct Co;04/GR/CS/
GCE. Then, 10 pL of GaOx solution (0.75 U/uL) was
then cast on the surface of the GR and MWCNTs-
modified electrodes. After being dried in refrigerator at
4 °C, GaOx/Co304/MWCNTs/CS/GCE, GaOx/Co304/
CS/GR/GCE(1), and GaOx/Co304/GR/CS/GCE(2) were
treated with 2.5 % glutaraldehyde vapour for 15 min for
the crosslinking of the enzymes. The biosensors were ful-
ly washed with ultrapure water and dried in air. Then,
7.5 uL of nafion solution (0.5 %) was drop-coated on
the enzyme electrode in order to prevent enzyme leakage.
The as-prepared galactose biosensors were stored at 4 °C
in a refrigerator when not in use. The stepwise fabrication
processes of the modified electrodes are shown in
Scheme 1.

Results and discussion

Morphologies and electrochemical characteristics
of modified electrodes

The surface morphology of modified GCE was investigated
by SEM. Figure 1 presents the SEM images of (a) Co30,4/
MWCNTs/CS, (b) GaOx/Co;04/MWCNTSs/CS, (¢) GR, (d)
Co504/ CS/GR, and () GaOx/C030,4/CS/GR modified GCE
surfaces.

In Fig. 1, image a shows that the MWCNTs and Co3;0,4
nanoparticles are uniformly dispersed in the chitosan network.

Scheme 1 Stepwise fabrication a
processes of a GR and b
MWCNTs-modified electrodes

/CS

GR, 3%‘? MWCNT, § GaOx, © Co:0,,

. Co;0/MWCNT

The porous morphology of the resulting film is suitable for the
immobilization of enzymes. The surface morphology of GR/
GCE (image c), shows wrinkled shapes of graphene. SEM
image shown in Fig. 1d further confirms the effective distri-
bution of Co304 nanoparticles on GR. The surfaces of
GaOx/MWCNTs/Co3;04/CS/GCE (image b) and
GaOx/Co304/CS/GR/GCE (image ¢) show globular struc-
tures on the composites indicating that enzymes were success-
fully immobilized on the surface of the nanocomposites. The
SEM images of MWCNTs/CS/GCE and Co30,/CS/GCE was
reported before by our group [35].

Electrochemical properties of the modified electrodes were
characterized by CV measurements. Figure 2 shows the CVs
of bare GCE and modified electrodes. CVs were performed in
0.10 M KCI solution containing 5 mM potassium ferro/
ferricyanide as a model reversible redox couple. A pair of
redox peaks corresponding to the redox reaction of ferro/
ferricyanide was observed at the bare GCE (curve a). When
the electrode was further modified with graphene (curve b) or
MWCNTSs/CS film (curve c¢), the peak currents both increased
while the peak-to-peak separation decreased, which indicated
that the introducing of MWCNTSs or graphene can increase the
active surface area of electrode and facile the electron transfer
between redox probe and electrode. Compared to GR/GCE,
the electrode modified with MWCNTs had larger peak cur-
rents, mainly due to the higher specific area of MWCNTs. The
magnitude of current response for Co;0,/MWCNTs/CS/GCE
(curve d) and Co504/CS/GR/GCE (curve e) increases in com-
parison to that of bare GCE, GR/GCE, and MWCNTs/CS/
GCE. This may be attributed to the presence of Co30,4 nano-
particles with increased electron mobility at the electrode sur-
face resulting in enhanced electron transfer [4, 5] and syner-
gistic action of the Co;0,4 nanoparticles with graphene [36] or
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GA vapour
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Fig. 1 SEM images of a
MWCNTs/Co;04/CS/GCE, b
GaOx'MWCNTs/Co304/CS/
GCE, ¢ GR/GCE, d Co;04/CS/
GR/GCE, and e GaOx/Co304/
CS/GR/GCE

MWCNTs [35]. Moreover, the peak currents obtained with
Co0304/MWCNTs/CS/GCE and Co304/CS/GR/GCE were
close to each other. CVs of Co304/CS/GR/GCE(1) and
Co304/GR/CS/GCE(2) were recorded to compare different
electrode fabrication methods for graphene-based electrodes.
The peak current obtained with Co30,/GR/CS/GCE(2) was
lower than that of the C0304/CS/GR/GCE(1). Thus, Co304/
GR/CS/GCE(2) was used for further studies.

CV was performed on the GR/GCE, MWCNTs/CS/GCE,
Co3;04/MWCNTs/CS/GCE, and Co;04/CS/GR/GCE at vary-
ing scan rates (10-300 mV s ') in 0.1 M KCI containing
5 mM potassium ferro/ferricyanide. The CV of Co30,/
MWCNTs/CS/GCE is shown in Fig. 2b. The cathodic (ip.)
and (ip,) anodic peak current plotted against the square root of
the scan rate was linear (Fig. 2 inset), confirming the revers-
ible redox reaction of the Fe(CN)¢> "*~ on the modified elec-
trodes. The effective surface area of the GCE, GR/GCE,
MWCNTs/CS/GCE, Co304,/MWCNTs/CS/GCE, and
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Co0304/CS/GR/GCE was estimated according to the
Randles-Sevcik equation and referred to as “Eq. (1)” [37]:

s 3/2 1/2 1/2
1,=2.69%x107*n/ AD/ v/ C (1)

where Ip is the peak current of the redox reaction of
[Fe(CN)s]* ™ (A), n is the number of electrons participating
in the redox reaction (1), 4 is the effective surface area (cm?),
D is the diffusion coefficient (7.6 x 10° cm” s " at 25 °C), v is
the scan rate (V s '), and C is the concentration of [Fe(CN)6]3
A (5 mM). The effective surface area of the GCE, GR/GCE,
MWCNTs/CS/GCE, Co304/CS/GCE, Co;04/MWCNTs/CS/
GCE, and Co0504/CS/GR/GCE was 0.071, 0.099, 0.132,
0.106, 0.188, and 0.198 cm?, respectively. In comparison with
the bare GCE, the effective surface area of the GR, Co3;0,4/CS,
and MWCNTs/CS modified electrodes was increased by
about 1.3, 1.49, and 1.85 times, respectively. These results
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Fig. 2 A Cyclic voltammograms 175
of a GCE, b GR/GCE, ¢
MWCNTs/CS/GCE, d Co304/
CS/MWCNTs/GCE, and e
C0304/CS/GR/GCE at 50 mV s
B Cyclic voltammograms of the
C030,/MWCNTs/CS/GCE at
scan rates of 10, 20, 50, 75, 100,
200, and 300 mV s ina 0.1 M
KClI solution containing 5 mM
Fe(CN)s>"*Inset: Peak currents
as a function of scan rate for the
determination of the effective
working surface area
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were expected, as MWCNTs, Cos;0,4 nanoparticles and GR
facilitate enhanced electron transfer for the redox process of
Fe(CN)63 e [4, 5, 35], thus increasing the effective surface
area available for signal transduction. The effective surface
areas of the Co;04/MWCNTs/CS/GCE and Co3;04/CS/GR/
GCE are higher than that of GR/GCE and MWCNTs/CS/
GCE electrodes, suggesting that Co30,4 nanoparticle modifi-
cation leads to a higher electroactive area.

Optimization of experimental parameters

GaOx catalyzes the formation of H,O, from galactose and
enzymatically produced H,O, can be detected electrochemi-
cally by its oxidation. Thus, the electrochemical oxidation of
H,0, at bare GCE, MWCNTs/CS/GCE, Co;04/MWCNTs/
CS/GCE, GR/GCE, and Co5;0,/CS/GR/GCE electrodes was
investigated by plotting calibration graphs. H,O, sensitivity of
the Co3;04/MWCNTs/CS/GCE (16.01 pA/mM cm?) and
Co050,4/CS/GR/GCE (9.03 pA/mM cm?) were found to be
much higher than that of bare GCE (1.12 pA/mM cm?),
MWCNTs/CS/GCE (16.13 pA/mM c¢m?), and GR/GCE
(9.89 pA/mM cm?) at +0.70 V. It can be concluded that both
Co0304/MWCNTs/CS/GCE and Co304/CS/GR/GCE pro-
motes the electrooxidation of H,O,. Therefore, these elec-
trodes can be used as effective platforms for the construction
of galactose biosensors.

GaOx was immobilized onto Co;0,/MWCNTs/CS/GCE
and Co304/CS/GR/GCE by crosslinking with glutaraldehyde
to construct the galactose biosensors. To investigate the effect
of the enzyme amount on the biosensor response, different
enzyme amounts were used in the biosensor construction.
For this purpose, enzyme electrodes containing GaOx be-
tween 3 and 12 U were prepared and the amperometric re-
sponses of the biosensors in 0.05 mol L™ phosphate buffer
solution containing 0.2 mM galactose were measured. The
current difference increased from 3 to 7.5 U and then de-
creased afterwards with both biosensors. As the maximum

0.9 3 9 15 21 27
Scan rate'’2 (V12 -112)

current difference was achieved with 7.5 U, this enzyme
amount was used for further experiments. The increase in
the amount of GaOx on the enzyme electrodes resulted in
the increase in the active site of the enzyme electrodes, and
the sensitivity of the biosensors hence increased. The immo-
bilization of a higher amount of GaOx did not improve bio-
sensor response. The current decrease at higher enzyme load-
ings may be attributed to the limited diffusion of the substrate
to the matrix due to the large amount of immobilized enzyme
[38].

The applied potential strongly affects the amperometric
response of a biosensor. We have investigated the effect of
the applied potential on the amperometric response of the
purposed biosensors to galactose. The response of
GaOx/Co3;0,/MWCNTs/CS/GCE and GaOx/Co304/CS/GR/
GCE to constant galactose concentration (0.2 mM) was deter-
mined at different working potentials between (+0.50) and
(+0.70) V. The maximum current difference was obtained at
+0.70 V. Therefore, +0.70 V was selected for the amperomet-
ric experiments.

The electron transfer mechanism of the presented biosen-
sors is based on the formation of H,O, from galactose by
GaOx enzyme immobilized in the Co;O4/MWCNTs/CS and
Co0504/CS/GR nanocomposites and its oxidation at an applied
potential of +0.70 V and referred to as “reaction (2) and (3)”.

Galactose + O, 99 Galactonic acid + H,0, (2)
H,0, "B Vout +2¢ 10, (3)

The response current of the biosensors are directly propor-
tional to galactose concentration.

The pH value of the electrolyte is important for the perfor-
mance of the biosensor because the activity of the enzyme is
affected greatly by pH [39]. Figure 3a shows the amperomet-
ric responses of GaOx/Co03;04/MWCNTs/CS/GCE and
GaOx/Co0504/CS/GR/GCE at different pH values with the
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Fig. 3 The effect of buffer pH a
(A) and temperature (B) on the 08 0.1
responses of a GaOx/MWCNTs/ (@) (b)
Co;04/CS/GCE and b
GaOx/Co;04/CS/GR/GCE
(0.05 M PBS, +0.70 V) 0.6}
3 1
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presence of the same concentration of galactose. It can be seen
that the response current increases with pH value ranging from
6.0 to 7.5, after reaching its maximum at pH 7.5, then it de-
creases as pH increases further. In order to achieve the maxi-
mum sensitivity, pH 7.5 PBS was selected as the electrolyte in
subsequent experiments. This optimum value is also compat-
ible with the pH range (7.0-7.3) reported for the free GaOx
[30, 40, 41]. This study indicates that the immobilization pro-
cedure has no significant effect on the optimum pH of GaOx.
A comparison of the optimum pH with the previously reported
values is presented in Table 1.

Temperature has a great effect on enzyme activity, and
it is important to investigate the temperature dependence
of the response of the biosensor. The temperature influ-
ence on the responses of GaOx/Co3;04/MWCNTs/CS/
GCE and GaOx/Co304/CS/GR/GCE was tested between
25 and 50 °C at pH 7.5 (Fig. 3b). With an increasing
temperature from 25 to 40 °C, the activity of immobilized
enzymes increased, leading to the increasing amperomet-
ric response. When the temperature was higher than
40 °C, the amperometric response decreased. The de-
crease after 40 °C is thought to be caused by the denatur-
ation of the enzyme. This result is very convenient with
the results reported in the literature for galactose biosen-
sors based on Langmuir—Blodgett film [18], polyacryloni-
trile thin film-modified platin electrode [42], and single-
walled carbon nanotubes-modified GCE [26]. Although
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Temperature, °C

Temperature (°C)

best current response obtained at 40 °C galactose mea-
surements were performed at body temperature (37 °C)
at which the response was about 90 % of the maximum
biosensor response. This value is also convenient with the
optimum temperature (32 °C) of the free GaOx [29, 30].

Analytical performance of the biosensors

Figure 4 shows the calibration curves and typical current-time
responses (inset) at (a) GaOx/Co;04/MWCNTs/CS/GCE and
(b) GaOx/C0504/CS/GR/GCE for successive addition of ga-
lactose. The linear response range of the GaOx/Co30,/
MWCNTs/CS/GCE biosensor to galactose concentration
was from 9.0 x 10 to 1.0 x 10> M with a correlation coeffi-
cient of 0.9973. The detection limit based on a signal-to-noise
ratio (S/N) of 3 was estimated to be 2.2 x 10"® M, which is
lower than that of laponite clay film-modified Pt electrode
(1.0x10°® M) [14], ZnO nanorods-modified glass substrate
(1.0x107> M) [16], and poly(glycidylmethacrylate-co-
vinylferrocene)-modified Pt electrode (1.0 x 10™ M) [43].
The sensitivity of the GaOx/Co3;0,/MWCNTs/CS/GCE was
estimated to be 10.39 pA/mM cm?. GaOx/Co304/CS/GR/
GCE showed linear responses to galactose at concentrations
of 9.0x107°-6.0x 10™* M with a correlation coefficient of
0.9968. The detection limit of the biosensor was 3.0x 107°
M (S/N=3), higher than that of GaOx/Co;0,/MWCNTs/CS/
GCE. This detection limit is lower than that of cobalt
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iron oxide and copper oxide resulting from the fabrication
process of the MWCNTs were reported in the literature [49,
50]. The presence of these metal impurities embedded inside
the MWCNTs that act like catalytic centers may cause the
electrocatalysis which is responsible from the increased sen-
sitivity of the MWCNTs-based galactose biosensor. (ii) It was
reported that the modification of chitosan by bifunctional
cross-linking reagent glutaraldehyde is widely used to form
films, microcapsules, or hydrogels that are insoluble in water
and immobilize enzymes or other proteins in their structure. In
this type of immobilization, glutaraldehyde establishes inter-
molecular cross-links with amino groups of the enzyme and
those of this polymer [51, 52]. The amount of chitosan used in
the preparation of GaOx/Co;04/MWCNTs/CS/GCE is higher
than its graphene counterpart. This higher chitosan amount
may result in higher enzyme loading which is responsible
for the enhanced sensitivity.

The apparent Michaelis—Menten constant (K,,%7), a reflec-
tion of enzymatic affinity, can be calculated by use of the
Lineweaver—Burk equation, and this equation is given as
“Eq. (4)™:

app
1_ 1 Ku xé (4)

g Imax Imax

where i, is the steady-state current after addition of substrate,
Imae 18 the maximum current measured under saturated sub-
strate conditions, and C is the bulk concentration of the sub-
strate [53]. The lower K, value means that the immobilized
galactose oxidase possesses higher affinity to galactose. The
K" value was calculated to be 0.66 mM for GaOx/Co304/
MWCNTs/CS/GCE and 1.16 mM for GaOx/Co;04/CS/GR/
GCE which are lower than that for most previous galactose
biosensors [41-46] indicating increased affinity of galactose
oxidase toward galactose after immobilization on Co;04/CS/
GR/GCE and Co;04/MWCNTs/CS/GCE surfaces.

The repeatability, reproducibility, and stability of our pro-
posed biosensors have also been studied. Five calibration
curves were plotted by the use of the same electrode sequen-
tially. The relative standard deviation (RSD) of the sensitivi-
ties was 3.6 % for GaOx/Co3;04/MWCNTs/CS/GCE and
1.7 % for GaOx/Co30,4/CS/GR/GCE. Five electrodes were
prepared utilizing the same method to check the reproducibil-
ity of the biosensor. To detect the same concentration range of
galactose, the result revealed a RSD of 3.2, and 2.3 % for
Ga0x/Co304/MWCNTs/CS/GCE and GaOx/Co304/CS/GR/
GCE, respectively. This demonstrated the excellent repeatabil-
ity and reliable reproducibility of the biosensors. The long-
term stability of our fabricated biosensors was investigated
by examining their current response during storage in a refrig-
erator at 4 °C. After storage of 1 month, GaOx/Co30,/
MWCNTSs/CS/GCE lost 40 % of its original sensitivity and
Ga0x/Co304/CS/GR/GCE lost 55 % of its original sensitivity.

@ Springer

In order to assess the analytical performance of the pro-
posed biosensors, the characteristics in terms of linear work-
ing range, detection limit, stability, and K, were compared
with earlier galactose biosensors (Table 1). It can be found
that the GaOx/Co30,/MWCNTs/CS/GCE and GaOx/Co30.,/
CS/GR/GCE biosensors exhibited a wider linear range and
very low detection limit in the detection of galactose.
Moreover, the presented biosensors have favorable analytical
performance which might be attributed to the excellent con-
ductivity of Co;04,/MWCNTs/CS and Co3;04/CS/GR
nanocomposites.

The analytical characteristic of presented biosensors was
also compared with some other techniques developed for ga-
lactose determination. Chavez-Servin et al. [54] reported a
high-performance liquid chromatography (HPLC) method
with refractive index (RI) detection for the determination of
galactose. The linear working range of this method was re-
ported as 2.8 x 10 °~5.0 x 10> M and detection limit was re-
ported as 3.3x10°* M. Ning et al. [55] measured plasma
galactose concentration by gas chromatography/mass spec-
trometry. The method was reported to be linear from
1x1077 to 1x 107> M for galactose with a detection limit of
1x 1077 M. Henderson et al. [24] developed a fluorometric
method for galactose determination in blood or plasma and
the linear working range of this method was found as
1.1x10°=5x 107> M. A spectrophotometric method was re-
ported by Kurtz et al. [22] for enzymatic determination of
galactose with a working range 8 x 10°-2x 10> M. These
methods generally show higher detection limits and narrower
linear working ranges for galactose than the electrochemical
biosensors. Moreover, such methods of detection are often
complicated, expensive, time-consuming, and require experi-
enced personnel. The presented biosensors show better char-
acteristics (Table 1) than the other methods.

The effects of several possible interfering substances on the
Ga0x/Co;04/MWCNTs/CS/GCE and GaOx/Co30,4/CS/GR/
GCE were investigated at +0.70 V versus Ag/AgCl in pH 7.5
phosphate buffer. Ascorbic acid, urea, glucose, uric acid, cre-
atinine, aspartic acid, and methionine were used to evaluate
the selectivity of the purposed biosensors. Amperometric re-
sponses were obtained by injection of 0.01 mM galactose and
interfering species of different concentration. The concentra-
tions of the interfering substances and galactose were 100-fold
lower than their physiological concentrations [56] since dilut-
ed serum samples were used for the real sample analysis. The
interference was determined as the percentage of the current
signal, obtained for detecting 0.01 mM galactose, which was
contributed by the addition of a particular interfering sub-
stance. The interference (%) at the GaOx/Co3;0,/MWCNTs/
CS/GCE and GaOx/Co0304/CS/GR/GCE to the addition of
interfering substances in 0.05 M phosphate buffer solution
(pH 7.5) are shown in Table 2. Creatinine, urea, methionine,
and aspartic acid did not cause any considerable interference
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Table 2 Results of interference experiments on the current response of 0.01 mM galactose on (a) GaOx/MWCNTs/Co;0,/CS/GCE and (b) GaOx/

Co304/CS/GR/GCE (n=3)

Interference substances Physiological concentration Concentration” (mM) Interference (%) Interference (%)
in serum (mM) (a) (b)

Glucose 4 0.04 1

Ascorbic acid 0.2 0.002 1 2

Creatinine 0.1 0.001 - -

Urea 0.8 0.008 - -

Methionine 5%107° 5x1077 - -

Aspartic acid 0.01 0.0001 - -

Uric acid 0.2 0.002 20 27

 Concentrations of interference substances in aqueous media

to the detection of 0.01 mM galactose by GaOx/Co3;0,4/
MWCNTs/CS/GCE and GaOx/Co;04/CS/GR/GCE while
ascorbic acid and glucose caused less than 4 % interference.
However, uric acid caused 20 and 27 % interference on the
responses of GaOx/Co3;04/MWCNTs/CS/GCE and GaOx/
Co0504/CS/GR/GCE, respectively. This effect can be attribut-
ed to the high working potential. The serum samples of pa-
tients with galactosemia should be diluted to obtain reliable
results with biosensors due to elevated levels of galactose. The
interference effect of uric acid can be minimized by sample
dilution or using standard addition method. It can be conclud-
ed that the GaOx/Co304/MWCNTSs/CS modified electrode
exhibited slightly better selectivity than the GaOx/Co;04/
CS/GR modified electrode.

Analysis of real samples

The level of galactose in normal human plasma samples is too
low to be detected. However, it would be determinable for

diagnosing galactosemia in infants with an abnormal galac-
tose level. First human serum sample from healthy individuals
was analyzed with chromatographic method to investigate the
galactose level. The results of this method demonstrated that
the galactose level in the analyzed serum sample was below
the detection limit of the method. Therefore, the serum sample
was spiked with three different concentrations of standard
galactose solution and these spiked serum samples were
assayed to demonstrate the practical use of GaOx/Co3;0,/
MWCNTs/CS/GCE and GaOx/Co0304/CS/GR/GCE. The
spiked serum sample was diluted 250 times with 0.05 M pH
7.5 phosphate buffer without any other pretreatment process
before its analyses with the presented biosensors. Standard
addition method was used to determine the galactose content
in spiked serum sample. In this method, additions of standard
galactose solution were made to each spiked serum sample,
and a multiple addition calibration curve was obtained. It was
shown that the calibration curve is linear and galactose con-
centration in spiked serum sample was calculated from this

Table 3 The result of the

recovery studies of standard GaOx/Co;04/MWCNTs/CS/GCE GaOx/Co;04/GR/CS/GCE

additions to human serum

samples obtained with two Galactose added  Galactose found ~ Recovery, %  Galactose added  Galactose found ~ Recovery, %

galactose biosensors (mg L™)? (mgL™) (mg L™')* (mg L™
14.16 14.28+0.16 100.9+1.1 14.16 14.20+0.01 100.3+0.1
34.98 34.94+0.69 99.9+2.0 34.98 3433+0.27 98.1+0.8
58.67 57.39+1.96 97.8+3.3 58.67 58.75+2.30 100.1+3.9
84.98 78.98+1.40 93.3+1.6 84.98 81.02+3.30 93.3+3.9

R%pmean: 98.043.3

R% e 980432

Galactose analysis in human serum sample was performed by METU Central Laboratory, Molecular Biology-
Biotechnology Research and Development Center, Chromatography and Fermentation Laboratory, Ankara,
Turkey, with VARIAN ProStar HPLC via VARIAN Metacarb 8§7H Processing Method (MetaCarb 87H
Column, 300 x 7,8 mm; PN:A5210, VARIAN). The galactose level was found below the detection limit of the

method

# The amount of standard additions were made according to the linear working ranges of the biosensors. Results
are the mean value of three measurements (n=3)

@ Springer
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calibration curve. The related data are given in Table 3. Table
shows that a mean recovery value of about 100 % was obtain-
ed (N=3) and #s/YN was about 3 % for the spiked serum
samples with both biosensors. From these recovery values, it
is concluded that proposed biosensors can be used for the
determination of galactose in serum samples with a good
recovery.

Conclusions

The C0304/CS/GR and Co;04/MWCNTs/CS nanocompos-
ites had been successfully coated onto GCE to fabricate the
presented galactose biosensors. GaOx was immobilized onto
the composite films by crosslinking. Because of the synergis-
tic effects between the MWCNTs or GR and Co;0,4 nanopar-
ticles, both biosensors showed good performance in the merits
of low detection limit, good repeatability, wide linear working
range, and short response time. The results of the presented
study indicated that the GaOx/Co;04/MWCNTs/CS modified
electrode exhibited higher sensitivity, lower detection limit,
wider linear working range, lower K7, slightly better selec-
tivity, and higher storage stability for galactose detection than
the GaOx/Co0504/CS/GR modified electrode. It can be con-
cluded that Co3;04/CS/GR and Co3;0,/MWCNTSs/CS nano-
composites have great potential in the fabrication of biosen-
sors for the detection of different species.
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