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We report a novel amperometric glucose biosensor based on glucose oxidase (GOx) immobilized on a
carbon nanotube [CNTs)-poly(diallyldimethyl-ammonium chloride) (PDDA}-platinum nanoparticle
(PtNPs) modified carbon-paste electrode (CNTs-PDDA-PtNPs/CPE). The CNTs-PDDA-PtNPs composite
materials were characterized by TEM and electrochemical techniques. Cyclic voltammetric results reveal
direct electron transfer of the immobilized GOx, indicated by two quasi-reversible redox peaks at a
potential of 0.37 V (vs. Ag/AgCl) in phosphate buffered solution (PBS) (0.10 M, pH 7). The biosensor
provides good glucose oxidation activity and retention of GOx electrocatalytic activity due to CNTs-
PDDA-PtNPs enhancement of the redox response. The carbon paste electrode was installed as working
electrode in a flow through electrochemical cell of a flow injection (FI) system. Glucose was quantified
using amperometric measurements at 0.5 V vs, Ag/AgCl and PBS carrier (0.10 M, pH 7.0) at a flow rate of
1.0 mLmin~". The linear working ranges for glucose measurements were 0.1-3 mM (2=0995) and 5-
100 mM (r* =0.997), with corresponding sensitivities of 0.127 and 0.060 (pA s) mM ™', respectively. The
system provides good precision of 2,8% RS.D with a calculated detection limit (3 $/N) of 15 pM. The
proposed method was successfully applied to determination of glucose in food and pharmaceutical

samples with throughput of 200 samples h—".

@ 2015 Elsevier B.V. All rights reserved.

1. Introduction

Diabetes describes a group of metabolic diseases in which the
person has a blood glucose concentration greater than the normal
range of 4.4-6.6 mM, resulting from inadequate insulin produc-
tion, or ineffective response by the body's cells, or both [1,2].
Diabetes is considered to be one of the most serious health pro-
blems faced by society today. Consequently, methods for mon-
itoring glucose levels in blood for clinical and diagnostic purposes,
and of glucose concentration in pharmaceutical products and
beverages for industrial quality control, have attracted much

“Presented at the Flow Analysis XIll conference, Prague, Czech Republic (5-10
July 2015).
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0039-9140/e 2015 Elsevier BV, All rights reserved,

attention. Therefore, there is a need for the development of quick,
accurate, and precise methods for the determination of glucose.

Efforts to develop more sensitive and effective methods for the
analysis of glucose include colorimetric [3-6], chemiluminescent
|7.8], and electrochemical approaches [9-14|. These approaches
are all rely on detection of hydrogen peroxide, produced from a
glucose oxidation reaction catalyzed by glucose oxidase (GOx).
Electrochemical methods using amperometric detection by a bio-
sensor [9-13] are common because of inherent high sensitivity
and simplicity of instrumentation.

The two most challenging and important steps in the devel-
opment of a biosensor are immobilization of the enzymes and
establishment of electron transfer. There are two important lim-
itations to consider when immobilizing enzymes on a solid elec-
trode (i) poor electrical communication between the active site on
the enzyme and the electrode, and (ii) enzyme leaching [10,11,15].
To address these issues, a common approach is to immobilize the
enzyme using a film or binder that promotes electron transfer

Please cite this article as: M. Amatatongchai, et al., Talanta (2015), http://dx.doi.org/10.1016/j.talanta.2015.11.072
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Fig. 1. Preparation of glucose biosensors based on {a) CNTs-PDDA-PINPs-COx nanocomposites, and (b) CNTs-PDDA-PUNPs-COx carbon paste electrode.

[11,15]. Hybrid nanocomposite materials show promise for resol-
ving several bioanalytical problems, including specificity, stability,
and sensitivity [12,13].

Platinum and platinum nanoparticles (PENPs) exhibit extra-
ordinary catalytic, conductivity, biocompatibility, and electro-
chemical properties [ 16,17]. There are many reports of applications
of these materials in the fields of catalysts, fuel cells, and bio-
sensors [ 16-20]. Hybrid materials incorporating Pt or PtNPs have
been widely used to immobilize enzymes in the fabrication of
biosensors because of their performance in glucose determination
by detection of hydrogen peroxide. Carbon nanotubes (CNTs)
synthesized on a Pt electrode [18] and Pt nanocluster-embedded
polypyrrole nanowires synthesized on a glassy carbon electrode
[19] are electrocatalytically active for glucose detection. While
such devices do provide sensitive glucose biosensors stability may
be a problem, and device fabrication or methods for modifying
electrodes can be relatively complex.

This paper describes a simple and effective method for con-
structing a glucose biosensor using hybrid materials composed of
CNTs and PINPs. CNTs are very hydrophobic and cannot be wetted
by liquids possessing a surface tension greater than approximately
100 or 200mN m " [21]. Thus, most metals or metal nano-
particles, including PtNPs, are unable to adhere to the CNT surface.
Using our simple and effective method for deposition of PENPs on
CNTs, PDDA, a positively charged polymer, is used to solubilize and
disperse negatively charged CNTs-COOH, enabling deposition of
PENPs onto CNT-PDDA. We constructed a biosensor using the
CNTs-PDDA-PtNPs composite to immobilize GOx, and used this to
fabricate the biocomposite-modified carbon paste electrode (CPE).
The CNTs-PDDA-PtNPs-GOx/CPE biosensor was applied for on-
line amperometric detection of glucose in a flow injection (Fl)
system, and was successful in the determination of glucose con-
tent in food and pharmaceutical samples. The sensor exhibits ex-
cellent sensitivity and selectivity with a rapid sample throughput
of 200 samples h~'.

2. Experimental
2.1. Chemicals and reagents

All solutions were prepared in deionized-distilled water (Water
Pro PS, USA). Ascorbic acid (CgHgOg). poly(diallyldimethylammo-
nium chloride) (PDDA, MW: 100,000-200,000, 20% wfw), po-
tassium iodide (K1), Nafion” 117 solution (~5%) and glucose oxi-
dase (GOx) from Aspergillus niger (E.C. 1.1.3.4: type X-S, 50 kU g™ ")
were purchased from Sigma-Aldrich (St. Louis, USA). Carboxylated
functionalized multiwall carbon nanotubes (CNTs-COOH, dia-
meter: 15 + 5 nm, length: 1-5 pm, purity: = 95%) were purchased
from Nanolab Inc. (MA, USA). Hydrogen hexachloroplatinate (1V)
(HaPtCls - xH,0, Pt=40%), hexadecyl trimethyl ammonium bro-
mide (CTAB) and graphite powder were purchased from Acros
Organic (Geel, Belgium). Poly(dimethylsiloxane) and PDMS
(Sylgard” 184) were purchased from Dow Corning (Wiesbaden,
Germany ).

22, Apparatus

2.2.1. Cyclic voltammetry

Cyclic voltammetric measurements were performed in batches
using an eDAQ potentiostat (model EA161, Australia) equipped
with e-corder 210 and e-Chem v2.0.13 software. The active surface
area of carbon paste electrode (CPE) was approximately
0.0134 cm? (inner diameter 0.2 cm). A self-assembled three-elec-
trode cell, comprising a CNTs-PDDA-PtNPs-GOx carbon paste
working electrode, an Ag/AgCl (sat.) reference electrode, and a
platinum wire counter electrode was used. Electrochemical mea-
surements were performed in phosphate buffered solution (PBS)
(0.1 M, pH 7) as the supporting-electrolyte.

22.2. Simple flow injection system with glucose biosensor

Fig. 2 shows the FI system for amperometric detection of glu-
cose using the glucose biosensor. The system consisted of a Shi-
madzu pump (model LC-10AD, Japan), a Rheodyn injector (model
7725, USA) fitted with 20 L sample loop, and the electrochemical
detector (ECD). An eDAQ potentiostat (EA161), equipped with an
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Fig. 2. FI manifold for glucose detection using the CNTs-PDDA-PINPs-GOx/CPE, which served as working electrode (WE) in the flow-through cell. Optimal conditions:

potential, 0.50 V (vs. Ag/AgCl); carrier, 0.1 M PBS (pH 7); flow rate, 1.0 mL min™".

e-corder 210, Chart v5.5.11 software and an in-house three-elec-
trode thin-layer flow cell were used for amperometric measure-
ments. A silicone rubber gasket (flow channel=0.1 x 0.6 cm) pro-
vided a spacer in the ECD, between the base of the cell and the
working electrode. The analyte solution was passed through an
inlet passage in the base and along a channel in the gasket con-
tacting the biosensor, then to the outlet. The CNTs-PDDA-PtNPs—
GOx carbon paste served as the working electrode, Ag[/AgCl as the
reference electrode, and a stainless steel tube as the counter
electrode. The electrode area was ca. 0.06 cm”. The inset in Fig 2
shows details of the in-house three-electrode thin-layer flow cell
assembled in electrochemical detector cell (ECD). Analysis of glu-
cose was compared with values using a glucose meter (Accu
Check” Active, Roche Diagnostics GmbH, Germany).

2.3. Preparation of the glucose biosensor electrode

2.3.1. Preparation of PINPs

A literature method for the synthesis of platinum nanoparticles
(PENPs) [22] was adopted. Briefly, a Pt seed solution was prepared
by mixing HaPtCls (1 mL, 10 mM) with hexadecyl trimethyl am-
monium bromide (CTAB) solution (20 mL, 12.5 mM) and heating to
95 °C for 5 min on a stirrer-hot plate with continuous stirring for
5 min. Ascorbic acid (160 pL, 100 mM) was then added to the so-
lution and stirring continued as the solution cooled to room
temperature. The solution was stored in darkness at 4 °C.

PtNPs were prepared by adding Pt seed solution 80 uL and
HaPtClg (125 pL, 10 mM) to an aqueous CTAB solution (5 mL,
100 mM) containing KI (5puL, 1 mM). Freshly prepared ascorbic
acid (50 pL, 100 mM) was then added to the mixture. The resulting
solution was maintained at 50 °C for approximately 8 h and then
centrifuged to remove any residual solution. Finally, the nano-
particles were dispersed in 1 mL water and the resulting solution
sonicated for 5 min before use.

2.3.2. Preparation of CNTs-PDDA

The method for functionalization multiwall carbon nanotubes
with PDDA (CNTs-PDDA) described by Cui et al. [23] and Amata-
tonghai et al. [24] was employed. Briefly, carboxylated carbon
nanotubes (CNTs-COOH) were functionalized with PDDA by dis-
persion of 10 mg CNTs—COOH in 20 mL of a 0.25% aqueous PDDA
solution containing 0.5 M NaCl, with ultrasonic stirring for 30 min.

The resulting dispersion was centrifuged and washed with water
three times to remove residual PDDA. Finally, 12.5 mg of the pro-
duct was used as an electrocatalyst in the electrode fabrication.

2.3.3. Preparation of CNTs—PDDA-PtNPs-GOx carbon paste electrode

The carbon paste electrode (CPE) was prepared by thoroughly
mixing graphite powder (0.750 g), PDMS (0.007 &), CNTs-PDDA
(0.0125 g), and PtNPs (37.5 pL) to a homogenous consistency using
a mortar and pestle. The composite material was then heated to
G0 “C for 30 min. Immobilization of GOx was carried out by
dropping 40 uL of GOx solution (200 mg mL ') in 0.1 M PBS at pH
7 onto the composite. Mineral oil (30 uL) was then added and
thoroughly mixed. Fig. 1a illustrates the CNTs-PDDA-PtNPs-GOx
composite preparation procedure. Graphite was added to form a
carbon paste electrode,

For the cyclic voltammetry study, electrodes were built by
packing the paste inside a glass tube (inner diameter 0.2 cm,
length 7.5 cm) with a copper wire for electrical contact (Fig. 1b).
The copper wire was fixed in the glass tube by epoxy resin. The
CNTs-PDDA-PtNPs-COx electrode surface was polished with
weighing paper until a smooth surface was achieved. The surface
of the electrode was finally covered with Nafion” by drop casting
of 0.5% Nafion" solution (10 uL) onto the well-polished electrode
surface. Finally, the electrode was dried at room temperature and
then stored at 4 °C in a refrigerator until required for use.

2.4. Application to real samples

We used three types of commercially available products: en-
ergy drinks, honey, and glucose injection solution, for method
validation. Energy drinks (A, B, and C) contained glucose at 2.1, 4.0,
and 8.0% wjv, respectively. Honey samples D and E were not la-
beled with glucose concentrations. Intravenous glucose solutions
(F-H) contained glucose at 50% wfv. Samples (A-H) were de-
termined using the developed amperometric biosensor in a flow
injection system. Samples were diluted by a factor of 100-1000
with PBS before analysis. We compared our amperometric results
with measurements obtained from a commercial glucose meter
[25].
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3. Results and discussion
3.1. Characterization of hybrid composite

CNTs are very hydrophobic and cannot be wetted by liquid with
surface tension greater than 100-200 mNm~" [21]. Thus, most
metals do not adhere to carbon nanotubes. Our strategy for the
deposition of PtNPs on CNTs is simple and effective; PDDA, a po-
sitively charged polymer, was firstly used to solubilize and dis-
perse negatively charged CNTs-COOH, followed by end capping
with negatively charged PINPs. In this way, we found that it is
possible to deposit PINPs on CNTs-PDDA. The morphology of the
nanocomposites and hybrid nanocomposites were examined by
transmission electron microscopy (TEM). Fig. 3 shows TEM images
of (A} the typical curved, layered structure of graphite, (B) a
homogenous dispersion of PtNPs, (C) CNTs-PDDA-PINPs, and
(D) morphology of the CNTs-PDDA-PINPs-GOx-Graphite com-
posite. PtNPs were prepared by reduction of Pt** by ascorbic acid
and potassium iodide in the presence of CTAB, as a stabilizing
agent [22]. In our work, the average diameter of synthesized PtNPs
was 12.7 + 2.7 nm (count=100). The TEM image in Fig. 3C shows a
typical deposition of PINPs as a single bundle; PINPs are well
dispersed within the CNTs-PDDA nanocomposites, and tend to
deposit along the CNTs tubes. The PtNPs are better dispersed on
the CMTs-PDDA matrix, and are smaller than the unmodified
PtNPs (Fig. 3B). A thin layer of GOx covers the CNTs-PDDA-PINPs-
Graphite surface (Fig. 3D). When CNTs-PDDA-PINPs are compos-
ited with GOx and graphite, the positively charged PDDA interacts
with the negatively charged CNT surface, resulting in electrostatic
attraction between PINPs and GOx, and the composite surface.

1200 nm C

3.2, Cyclic voltammetry of glicose

The electrochemical behaviors of glucose with the carbon-paste
electrodes containing immobilized GOx were investigated by
cyclic voltammetry using glucose as the redox marker. Fig. 4
(A} shows cyclic voltammograms for (a) PtNPs-GOx/CPE,
(b} CNTs-PDDA-GOX/CPE, and (c) CNTs-PDDA-PtNPs-GOx/CPE.
The carbon paste electrodes with PtNPs and CNTs-PDDA both
display a pair of redox peaks (see Fig. 4A (a) and (b)). This suggests
that both PtNPs and CNTs-PDDA are electroactive. However, the
electrode with only PtNPs produced very small current. The elec-
trode modified with CNTs-PDDA is more sensitive. The highest
signal for glucose is observed for the CNTs-PDDA-PtNPs-GOx
carbon paste electrode. Thus, the introduction of PtNPs on to the
CNTs-PDDA composite enhanced the redox response. Therefore
the carbon paste biosensor containing CNTs-PDDA-PtNPs-GOx
was selected for glucose determination.

The CNTs-PDDA-PINPs-GOX/CPE produces a hydrogen per-
oxide oxidation peak of approximately 0.37 V (Fig. 4A(c)). The re-
action mechanism may be a two-step process [1,26,27]: (1) glu-
cose is catalyzed to gluconic acid and hydrogen peroxide by GOx in
the presence of oxygen; (2) oxidation of hydrogen peroxide occurs
at a positive applied potential, of around 0.37 V, and the carbon
paste electrode detects the oxidation current:

Ghrcose oxidase
-

Glucose + 05 gluconic acid + H;0, (4]

H,0, &0, + 2H* 4 267 @

Fig. 4B (inset) shows the relationship between peak current

200 nm

Fig. 3. TEM images of (A) graphite, (B) PtNPs, (C) CNTs=PDDA-PINPs, and {D) CNTs=PDDA=PINPs-GOx-Graphite.
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Fig. 4. (A) CV plots obtained from 2 mM glucose in 0.1 M PBS (pH 7) on (a) PtNPs-
GOx[CPE, (b) CNTs-PDDA-GOx/CPE, and (c) CNTs-PDDA-PINPs-GOX/CPE; scan
rate: 005 Vs ' (B) CV plots of glucose in 0.1 M PBS (pH 7) at the CNTs-PDDA-
PINPs-GOx/CPE, with various glucose concentrations in the range of 1-5 mM; scan
rate, 0.05 Vs~ (ithe inset figure shows the linear calibration curve),

(pA) and glucose concentration in the range 1-5mM. A linear
calibration (r*=0997) was obtained with a slope of
247 pA mM ', CNTs=PDDA-PINPs-GOx/CPE provided an oxida-
tion peak, in response to glucose addition at a potential of 0.37 V
(vs. Ag/AgCl) in PBS (0.10 M, pH 7). This is the oxidation peak for
hydrogen peroxide, a product of the enzymatic reaction. From
these results, we conclude that the CNTs-PDDA-PtNPs-GOx/CPE is
suitable for the quantitation of glucose.

Cyclic voltammograms of a glucose solution at the CNTs-
PDDA-PtNPs-GOx/CPE in 0.1 M PBS (pH 7) at various scan rates
were taken (data not shown) to investigate electrode responses to
this analyte. Anodic and cathodic peak currents (pA) increase lin-
early with the square root of the scan rate (V' s7'2) over the scan
range of 0.005-0.250 Vs~ ', Linear regression analysis provides r*
values of 0.999 for oxidation and 0.997 for reduction reactions,
indicating a diffusion controlled quasi-reversible electrochemical
process.

The apparent Michaelis-Menten constant (Kjf*), a reflection of
enzymatic affinity, was calculated according to the Linear-Burk
equation [28=30].

11 Kyf?
[ 3

max

Where I, is the steady-state current after the addition of sub-
strate; lyge 15 the maximum current measured under saturated
substrate conditions and C is the bulk concentration of the sub-
strate. The Kgffvalue for the CNTs-PDDA-PINPs-GOx/CPE was
calculated to be 0.25 mM, indicating that our biosensor was a high
affinity of the GOx immobilization for H;0; electroanalytical de-
termination. The Kif* found here was smaller than such Kjf*value
of 1.5 mM for the system of GOx immobilized onto Au electrode
modified with chitosan-bovine serum albumin cryogel in-
corporated with CNTs-ferrocene [29] and also smaller than
0.60 mM [30] and 0.48 mM [31] for GOx immobilized onto glassy
carbon electrodes modified with graphenefpolyaniline/gold na-
noparticles nanocomposite [30] and palladium nanoparticles
supported on CNTs functionalized with metformin [31]. This result
indicates that our biosensor provides good GOx activity and re-
tention of GOx electrocatalytic activity.

The stability repeatability and reproducibility of electrode
measurements were investigated. We investigated the stability of
the CNTs-PDDA-PtNPs-GOx/CPE, by measuring the cyclic vol-
tammetric current responses to 2 mM glucose at various intervals.
The electrode retained 84% of its initial current response after
repeated use for one week, and retained 82% response after two
weeks; the CPE was stored in a refrigerator at 4 °C when not in
use. The relative standard deviation (RSD) in the peak current
response to glucose at three different electrodes was 4.7%, de-
monstrating acceptable repeatability. The reproducibility of one
CNTs-PDDA-PtNPs-GOx/CPE electrode was demonstrated by a R.S.
D of 2.9% for ten successive additions of 0.5 mM glucose.

3.3. Amperometric detection in the FI system

3.3.1. Optimization of detection potential and flow rate

The proposed amperometric method for determination of
glucose uses the oxidation response at the CNTs-PDDA-PtNPs—
GOx/CPE electrode. The detection potential has a strong influence
on electrode sensitivity toward an analyte. We performed an op-
timization using an FI manifold (Fig. 2) to find the oxidation po-
tential at which the electrode is most sensitive. CNTs-PDDA-
PtNPs-GOx/CPE amperometric responses to the 1 mM standard
glucose solution various potentials were tested using the FI system
(Fig. 5A). Over the range 0.0-1.0V (versus Ag/AgCl), the response
increases with increasing detection potential between 0 and 0,5V,
There is a sharp decrease in the peak current response to further
increases in potential. The maximum peak current occurs at a
potential of 0.5 V. Thus, we chose a detection potential of 0.5 V for
the FIA experiments,

To achieve satisfactory sensitivity and sample throughput, we
optimized the effect of flow rate, based on injection of 20 pL of
standard glucose solution. Fig. 5B shows that the response de-
creases with increasing flow rate, from 0.4 to 20 mLmin" ",
Greater flow rates generally result in a decreased signal response
because of the shorter reaction time between the electrode and
analyte, This behavior is in accordance with previous enzyme-
based flow-injection assay studies [29,32,33|. However, increasing
flow rate increases sample throughput. We selected a flow rate of
1.0mLmin~" to compromise between sensitivity and sample
throughput (200 samples h~").

3.3.2. Analytical features

We analyzed the glucose analytical performance of the Fl am-
perometric detection method with the developed biosensor. To
obtain a calibration curve, various concentrations of glucose
standard, from 0.1 to 100 mM were injected into the flow system
(Fig. 2). Fig. 6 shows representative signal profiles for multiple
injections and the calibration curve. Linear concentration depen-
dence occurs over the range 0.1-100 mM. At concentrations less

Please cite this article as: M. Amatatongchai, et al., Talanta (2015), http://dx.doi.org/10.1016/j.talanta.2015.11.072




[ M. Amatatongchai et al. / Talonia @ (REEE) BER-00E

>

Current (nA)

400 4
2004
04

00 02 04 06 08 10
Potential ( V vs. Ag/AgCl)

B 3 350 _~
— =
w
° — [0
g, € ® E
9 -
H o - 50 2
=z s
g ° 200 2
Al L =
e, =)
®. .o [150 3
-—
100 =

0

0.4 0.8 1.2 L6 2.0
=1
Flow rate (mL min™)
Fig. 5. Effects of (A) detection potential on current response of glucose, and

(B) flow rate on current signal and sample throughput at the CNTs=PDDA-PLNPs/
CPE in the FI system,

10 .
B
Z 4
81: FR|
—_ o
- & M 40 & B0 180 120 iy
3- 6 Concentration (mM)
- L0
5 z o8
- LTS
2 411
(3 = 0.2
o0 - .
2 | o 1 z 3 4
Concentration (mM) |,
as 1 S0 %
0 T T T v T T
0 300 600 900 1200 1500
Time (s)

Fig. 6. Typical FI response obtained from injected glucose standards. The inset
shows a linear relationship between the signal current and glucose concentration,
Conditions: operating potential: +0.5 V versus Ag/AzCl; carrier solution: PBS pH 7;
flow rate 1.0 mL min '

than 3 mM, the glucose peak oxidation current varies linearly with
concentration, The plot has its greatest slope at low concentra-
tions. The regression equation is given by: y=0.127x+0.255
(*=0.995), where y and x are the areas of peak current (pA s) and
glucose concentration {(mM), respectively. At high glucose con-
centrations, over the range of 5-100 mM, the slope of the plot
indicates reduced linear sensitivity of 0.060 (pAs) mM ™" with a
linear correlation of 0.997. The calculated detection limit (3 5/N) is

0.015 mM. The system provides impressively good precision (% R.S.
D=28) for 20 L injections (n=15) of 1 mM glucose, Sample
throughput is 200 samples h~'.

Table 1 provides a comparison of the analytical characteristics
of our glucose biosensor with related modified electrodes from the
literature. The analytical characteristics of our sensor are com-
parable to, or better than, those reported for other glucose bio-
sensor designs. Additionally, the applied potential for our sensor is
lower [27], or comparable to, those in previous reports
[30,31,34,35|, providing reduced the risk of interference from
sample constituents. Moreover, the use of the CNTs-PDDA-PtNPs-
GOx/CPE electrode offers a lower limit of detection [34,37] and
wider range of linearity compared with previously reported
modified electrodes. The CNTs-PDDA-PtNPs-COx[CPE offers a
simple preparation procedure and handling and storage of the
biosensor is uncomplicated. Our approach to fabricate the am-
perometric glucose biosensor by immobilizing GOx on the CNTs-
PDDA-PtNI's modified carbon paste electrode resulted in high
electrode stability and improved biosensor performance toward
glucose detection,

34. Interferences

To assess the selectivity of the proposed method, we in-
vestigated possible interference with glucose detection from
competing ions and compounds, such as ascorbic acid, carbonic
acid, fructose, maltose, sucrose, and sodium chloride, which are
always present in energy drinks. We studied the effects of foreign
species on the Fl signals obtained from standard 1 mM glucose.
The tolerance limit was taken as the amount of substance needed
to cause a signal alteration of greater than + 5%, Table 2 sum-
marizes the results. Different sugars (maltose, fructose, and su-
crose) and anions (CI” and CO5%") produce very low interference
signals at molar concentration of 25 mM or greater (50 mM) with
respect to glucose. Only ascorbic acid, at molar concentration of
5mM or greater interfered with the glucose measurement, re-
sulting in an increase in the amperometric signal. However, be-
cause samples were diluted between 100 and 1000 times prior to
analysis, the presence of these foreign species is assumed not to be
problematic, and these effects should not compromise electrode
performance.

3.5, Application to real samples

We applied the developed biosensor and flow injection method
to the determination of glucose in samples (Fig. 2) including en-
ergy drinks, honey, and pharmaceutical products. The results
compare well with measurements obtained from a commercially
available glucose meter (Fig.7). The measurements obtained from
the two methods are not significantly different at 99% confidence,
by the paired r-test (fopservea=2.5613, leririear=3.4995) [25]. Ad-
ditionally, our results are in good agreement with the nutritional
analysis provided by the manufacturer for each product (Fig.7).
These results indicate that our glucose biosensor is suitable for the
determination of glucose in these samples.

4. Conclusion

This work describes a novel glucose biosensor based on the
CNTs-PDDA-PtNPs-GOx/CPE for on-line amperometric detection
of glucose in a flow-injection system. The biosensor is a bio-
composite-modified carbon paste electrode, fabricated using a
CNTs-PDDA-PtNPs composite to immobilize glucose oxidase. The
composite materials were formed by coating negatively charged
carboxylated CNTs with positively charged PDDA, followed by
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Table 1

Comparison of amperometric detection performance of the proposed glucose bi with pi sly reported GOx based glucose biosensor performances.
Electrode type Structure of biosensor Egpp (V) Linear range Detection limit References

(vs Ag/AgCl) (mM} M

Pt GRA=-PANI/CS +0.69 0.00-1.48 277 |27), Batch
Au CNTs[C5=-B5A=Fc +0.18 0.01-30 10 |129], FIA
GCE GRAJPANI/Au —0.52 0.6 |30], Batch
GCE Pd@Met/FCNTs 047 14 |31]. Batch
GCE CNTS/GO -0.40 28 [34]. Batch
GCE PUGRAICS —0.40 06 |35, Batch
SPCE Feq04@AufMnOy +0.38 130 |36]: FIA
CILPE GaHFe/Nafion -0.325 50 |37]. Batch
CILPE GaHFe/BSA-Glu =020 30 |37]. Batch
CPE CNTs-PDDA-PLNPs +0.50 15 This work

5.0-100

Pt=platinum electrode.
lassy carbon electrode.
creen-printed carbon electrode,
arbon ienic liquid paste electrode,
CPE =carbon paste electrode.

graphene, PANI = polys

ne, C5= chitosan, CNTs = carbon nanctubes, BSA= bovine serum albumin, Fe=

ferrocene, Pd@Met/[CNTs = palladium nanoparticles supported

on CNTs functionalized with metformin, GO=graphene oxide, Pt=electrodeposited platinum, -GRA=lunctional graphene sheet, GaHFe =gallium hexacyanoferrate, SBA-

15=hexagonal mesoporous silica, PDDA= poly(diallyldimethyl

Table 2

Interference effects of foreign substances on
the Fl signal obtained from replicate injections
(n=3) of glucose standard (1 mM).

Foreign speciesfadded as Results’ (mM)

ClfMNacl 50
CO5* [H0, 25
Maltose/CyzHys 0y, 50
Fructose /CgH 1205 25
Sucrose|CyzHaa0, 25
Ascorbic acid/CsHgOg 5

* Greater than a + 5% change in the signal
is classified as interference.

electrostatic capping with negatively charged PtNPs. We im-
mobilized GOx by chemisorption on CNTs-PDDA-PtNPs-Graphite,
to produce a biosensor that exploits the electrochemical properties
of GOx. CNTs-PDDA-PtNPs-GOx/CPE was used for sensitive de-
tection of hydrogen peroxide, the product of the enzymatic reac-
tion between glucose and GOx. Therefore, detection of hydrogen
peroxide oxidation peak produced from the GOx reaction can be
used to indirectly determination of glucose concentration. Glucose
was quantified using amperometric measurements at the CNTs-

hloride), PINPs=platinum nanoparticles, Eqp,=applied potential.

PDDA-PtNPs-GOx/CPE electrode in an in-house assembled flow
cell (at +0.5V) of flow injection system. The proposed biosensor
exhibits two wide linear ranges (0.1-3 mM and 5-100 mM), has a
low detection limit (15 pM), acceptable reproducibility (%R.S.
D=238), and rapid sample throughput (200 samples h™'). The
method was successfully applied to glucose determination in en-
ergy drinks, honey, and intravenous glucose solutions.
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An amperometric flow injection analysis of glucose using
a biosensor based on CNT-PDDA-PtNPs-modified carbon
paste electrode
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2 Ubon ratchathani University, Chemistry, Ubon ratchathani University, Thailand
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A new approach is presented for sensitive measurement of glucose in beverages based on simple
flow injection system with amperometric glucose biosensor. The sensor was fabricated using
a carbon paste electrode (CPE) modified with carbon nanotubes (CNTs)-poly (diallyldimethyl-
ammonium chloride) (PDDA)-platinum nanoparticles (PtNPs) nanocomposites. Incorporation of
glucose oxidase (GOx) to this electrode matrix improves the sensitivity. Results show that direct
electron transfer of the immobilized GOx occurs as indicated by a couple of quasi-reversibleredox
peaks with potential of 0.37 V (vs Ag/AgCl) in 0.10 M pH 7.0 phosphate buffer. Results from
amperometric flow injection experiment indicated that the glucose biosensor with the CNTs-PDDA-
PtNPs-modified CPE was very sensitive and stable. Interferences from ascorbic acid and/or carbonic
acid were minimized by coating the electrode surface with a thin Nafion film. Potential use of
this biosensor for in quantification of glucose in fruit juices, glucose syrup and soft drink will be
discussed.
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