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Thiswork describes the string sensor for the simple and sensitive detection of glucosewhich is based on Prussian blue (PB)modified
graphite utilizing dipping. First, PB modified graphite (PB-G) strings are characterized by physical and electrochemical techniques
to optimize the PB-G layer thickness. Then, glucose oxidase (GOx) is immobilized on PB-G string electrode with biocompatible
chitosan overlayer (Chi/GOx/PB-G). The Chi/GOx/PB-G string electrode exhibits a sensitivity of 641.3𝜇A⋅mM−1⋅cm−2 to glucose
with a linear range of 0.03 to 1.0mM (𝑅2 = 0.9957) and a rapid response time (<3 s). Moreover, the Chi/GOx/PB-G string
electrodes are less sensitive to common interference materials such as ascorbic acid, uric acid, galactose, and acetaminophen than
to glucose. The Chi/GOx/PB-G string electrodes also show excellent reproducibility (<5% RSD). Therefore, our Chi/GOx/PB-G
string electrodes can be simple, robust, and reliable tools for glucose sensing which can avoid complicated and difficult multistep
fabrication processes. In addition, we expect that they have many potential applications in fields ranging from health care to food
analysis, in particular where single use is favorable.

1. Introduction

Current demands for point-of-care testing devices for clin-
ical diagnostics and on-site environmental monitoring have
attracted great attention in terms of developing flexible,
lightweight, low-cost, and wearable sensors [1, 2]. In particu-
lar, smart fabrics with biomonitoring functionality have a lot
of potential in health care, sports, and defence applications.
Although conductive metal wires and other rigid fibers have
been utilized for the wearable electronics, these materials do
not provide textiles with sufficient biological compatibility,
flexibility, durability, and mobile comfort as well as smart
biosensing [3].

Prussian blue (PB, Fe
4

[Fe(CN)
6

]
3

) has been widely used
as an “artificial peroxidase” in electrochemical sensors [4, 5].
PB itself has been recognized as the most advantageous low-
potential transducer for hydrogen peroxide over all known

systems [6]. PB can be applied to various electrodes including
graphite, glassy carbon, and gold electrode to avoid the
disturbance from interference species [7–9]. However, the
fabrication of sensors can require several steps and each
step might lead to variation in the sensor performance.
Although inkjet or screen printing is an attractive deposition
technology for the fabrication of PB modified sensor, it still
requires the film substrates and special instruments such
as inkjet or screen printer. Dipping technique is the most
convenient way of the processing of fabric, yarn, or string
because it is simple and of low cost and has rapid fabrication
process without needing special instrument.

In this work, we represent a new type of glucose sen-
sor fabricated by flexible binding string utilizing simple
dipping. A binding string was coated with PB modified
graphite (PB-G) ink. And the surface of the PB-G string was
immobilized by glucose oxidase (GOx) and a biocompatible
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chitosan membrane. This fabrication method is fast, simple,
robust, and of low cost to manufacture. We investigated the
performance of our PB-G string electrodes including their
sensitivity, selectivity, and reproducibility as a glucose sensor.

2. Materials and Methods

2.1. Materials. The black binding string composed of poly-
ester spun was purchased from a local stationary store. PB-G
ink (C2070424P2, 43% solid content with 48.7 ohms/square
resistivity) was purchased from GWENT (Mamhilad, Pon-
typool, UK). Acetic acid (C

2

H
4

O
2

), ascorbic acid (AA,
C
6

H
8

O
6

), acetaminophen (AAP, C
8

H
9

NO
2

), chitosan, D-
(+)-glucose (C

6

H
12

O
6

), galactose (C
6

H
12

O
6

), glutaraldehyde
(C
5

H
8

O
2

), GOx (180,200 units/g), human serum (4.89mM,
H4522) potassium ferricyanide (K

3

Fe(CN)
6

), and uric acid
(UA, C

5

H
4

N
4

O
3

) were obtained from Sigma-Aldrich (St.
Louis, Mo, USA). Potassium chloride (KCl) was obtained
from Junsei Chemical Co., Ltd. (Chuoku, Tokyo, Japan).
Bovine serum albumin (BSA) was obtained from Bovogen
(Melbourne, VIC, Australia). All aqueous solutions were pre-
pared using distilled water with a resistivity of 18.3MΩ cm−1.

2.2. Preparation of PB-G String Electrode. The string elec-
trode was prepared utilizing a commercial black binding
string. Firstly, bare string was washed with distilled water
and dried at room temperature. And simple dipping was
performed by completely immersing the string into PB-G
ink five times for 5 seconds on each dipping. The string was
cured in a convection oven (BF-80N, Biofree, Seoul, Korea) at
100∘C for 20min to remove some solvents. After curing, the
conductive stringswere air-dried, and the electrical resistance
was measured. Resistance measurements were recorded by
multimeter probes (Fluke-115, Fluke, WA, USA) at opposite
extremities of a 1 cm PB-G string. To expose approximately
10mm of the string as a sensing part (3mm in diameter,
10mm in length), the remainder of the string length was
coated with blue insulating ink.

2.3. Enzyme Immobilization on PB-G String Electrode for the
Detection of Glucose. The PB-G string electrode was dipping
in 40 𝜇L GOx solution (40mg/mL containing 10mg/mL BSA
stabilizer) and dried under ambient conditions. Subsequently,
this surfacewas coveredwith 60 𝜇L of 1 wt% chitosan solution
in 0.1M acetic acid. Finally, the PB-G string electrode was
crosslinked with 20𝜇L of 2.5% glutaraldehyde. Following
these steps, the PB-G string electrodes covered with GOx
and chitosan membrane (Chi/GOx/PB-GS) were rinsed and
immersed in a 0.1M phosphate buffer solution (PBS, pH 7.4)
for 20min to remove monomeric residues from the electrode
surface as well as any nonbound enzyme. After thorough
washing, the Chi/GOx/PB-GS electrode was stored at 4∘C
before use.

2.4. Characterization and Electrochemical Measurement. The
morphology of the PB-G string electrode was characterized
using a field emission scanning electron microscope (FE-
SEM; S-4800, Hitachi, Tokyo, Japan). An energy dispersive
X-ray spectroscope (EDX; 7200-H, HORIBA, Northampton,

England) was used to examine the elemental composition of
PB-G string.

All electrochemical experiments were carried out in a
three-electrode system controlled by a Compactstat (Ivium
Technology, Eindhoven, Netherland). An Ag/AgCl (sat. KCl)
and a platinum wire were employed as reference and counter
electrode, respectively. A 0.5M KCl solution and 0.1M PBS
(pH 7.4) were utilized as supporting electrolytes in cyclic
voltammetry for PB characterization and chronoamperom-
etry for glucose detection, respectively.

3. Results and Discussion

We utilized dipping method because of its simplicity and
simple integration with existing processing steps. Figure 1(a)
shows the photograph and SEM image of bare binding string
which wasmade up of a network ofmany fiber strands.While
the surface of string after the first dipping possessed many
cracks, it was fully covered with PB-G without any defects
or cracks after the fifth dipping (Figure 1(b)). As shown in
Figure 1(c), the resistances of PB-G coated strings decreased
and reached a plateau as the dipping number increased. We
investigate the effect of the dipping number on the electro-
chemical property of PB-G string electrode. Cyclic voltam-
metry was performed in a 0.5M KCl solution at a scan rate
of 50mV s−1 in the potential range from −0.2 to +1.0 V. PB
is electrochemically reduced to form Prussian white (PW)
and the sharpness of PB/PW redox peaks in cyclic voltammo-
grams can be used as an indicator of the quality of PB layers
[6]. As shown in Figure 1(d), a pair of redox peaks can be seen
which are due to the oxidation and reduction of PB.This data
showed that peak current increasedwith the dipping number.
Therefore, the PB-G coating on string was more densely
packed after the fifth dipping, and the resistance as well as the
amounts of PBwas sufficient to act as an electrode for electro-
chemical sensing.

Typically, glucose biosensors utilize enzyme such as GOx.
As GOx based amperometric detection of glucose commonly
requires a relatively high potential (>+0.65V) to measure the
hydrogen peroxide product, it is subject to be disturbed from
various electroactive interferences. PB has been referred to as
an “artificial peroxidase” [14]. It is electrochemically reduced
to form Prussian white (PW), which is capable of catalyzing
the reduction of hydrogen peroxide at low potentials (around
0V versus Ag/AgCl). This characteristic allows it to work
well in the presence of a wide range of interferences [15]. In
addition, biopolymer chitosan is a kind of matrix for enzyme
immobilization with attractive properties that include excel-
lent film-forming ability, high permeability toward water,
good adhesion, and biocompatibility [16]. Therefore, we
constructed the Chi/GOx/PB-GS electrode for the detection
of glucose, as shown in Figure 2(a). Figure 2(b) represents the
mechanism of the catalytic H

2

O
2

reduction mediated by PB.
To investigate the effect of glucose concentration,wemea-

sured the current response of the Chi/GOx/PB-GS electrode
to successive injection of glucose in 0.1M PBS solution
(pH 7.4) at an applied potential of −0.05V versus Ag/
AgCl. Figure 3(a) shows the amperometric response of the
Chi/GOx/PB-GS electrode through successive addition of
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Figure 1: (a) Photographs of bare black binding string and (b) SEM images of bare string before and after one and five dipping cycles with the
Prussian blue modified graphite (PB-G). (c) Change in electrical resistance of PB-G coated string according to number of dipping cycles. (d)
Cyclic voltammograms of the PB-G coated string electrodes after one and five dipping cycles in 0.5MKCl solution at a scan rate of 50mV s−1.
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Figure 2: (a) Schematic illustration of the Prussian blue modified graphite string electrode coated with glucose oxidase and chitosan
biopolymer for the detection of glucose (Chi/GOx/PB-GS). (b) The mechanisms of the catalytic hydrogen peroxide reduction mediated by
PB in Chi/GOx/PB-GS electrode.
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Figure 3: (a) Amperometric response of the string-based glucose biosensor toward successive addition of glucose from 30𝜇M to 3mM in
0.1.M PBS solution (pH 7.4) at −0.05V. (b) The calibration curve (current versus concentration) of glucose.

Table 1: Comparison of the analytical performance characteristics of the string-based glucose biosensor with other Prussian blue modified
electrode.

Electrode PB modification
method

Sensitivity
(𝜇A⋅mM−1⋅cm−2)

Linear range
(mM)

LOD
(𝜇M)

Response time
(sec) References

Chi/GOx/PB-G
string electrode Dipping 641.3 0.03∼1.0 10 <3 This work

GOx/Chi-PB/Chi-Au
electrode Electrodeposition — 0.002∼0.4 0.4 <10 [10]

GO-
GCE/PB/GOx/Chitosan Electropolymerization 408.7 0.005∼1.2 0.12 <5 [11]

GOx/PB-FCNF/GCE Chemical process and
casting 35.94 0.02∼12 50 5 [12]

GOx/Ferri-COs-
SPCEs Drop-coating 0.677

(𝜇A⋅mM−1) ∼33.3 1380 <20 [13]
∗PB: Prussian blue;GOx: glucose oxidase; Chi: chitosan;GO: graphene oxide;GCE: glassy carbon electrode; PB-FCNF: Prussian blue nanostructures/carboxylic
group-functionalized carbon nanofiber nanocomposites; Ferri-COs: hexacyanoferrate (III) mixed with chitosan oligomers; SPCE: screen printed carbon
electrode.

glucose. When adding glucose to the PBS solution, the
Chi/GOx/PB-GS electrode quickly produced a steady state
current within 3 s.The response of the Chi/GOx/PB-GS elec-
trode was linear with respect to glucose concentration up to
1mM (𝑅2 = 0.9957), with a detection limit of 10 𝜇M (𝑆/𝑁 =
3) and a detection sensitivity of 641.3 𝜇A⋅mM−1⋅cm−2, as
shown in Figure 3(b). The performance of our Chi/GOx/PB-
GS electrode is compared to that of other Prussian blue
modified electrode for glucose detection in Table 1. Our
electrode exhibits good performance in terms of sensitivity,
response time, and linear range.

The selectivity of ourChi/GOx/PB-GS electrodewas eval-
uated by the presence of physiological levels of the relevant
electroactive constituents of blood including ascorbic acid,
uric acid, galactose, and acetaminophen. The physiological
level of glucose in normal serum is 3∼8mM and the levels of
these interfering species are no more than 0.1mM. As shown

in Figure 4(a), the interference currents by AA, UA, GA, and
AAP were negligible, unlike the strong response by glucose.
The current response by interference species was less than
3% compared to the response of glucose. The high selectivity
of Chi/GOx/PB-GS electrode was attributed to the low oper-
ating potential by PB. Figure 4(b) represents the reusability
of Chi/GOx/PB-GS electrode from the current response of
0.1mM glucose in 0.1M PBS solution (pH 7.4). The relative
standard deviation (RSD) was 7.3% for ten repeated deter-
minations of 0.1mM glucose. The stability of Chi/GOx/PB-
GS electrode was also investigated by measuring the current
response to 0.03mM glucose under 4∘C storage conditions.
As shown in Figure 4(c), there was no significant change
in the current response of every test for five days. The
reproducibility of the Chi/GOx/PB-GS electrode was also
investigated by evaluating the amperometric response to
0.1mM glucose in a 0.1M PBS solution (pH 7.4) utilizing
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Figure 4: (a) Amperometric response of the string-based glucose biosensor after addition of 5mM glucose and 0.1mM of each interfering
species including ascorbic acid (AA), uric acid (UA), galactose (GA), and acetaminophen (AAP) in 0.1M PBS (pH 7.4). (b) Reusability test
of the string-based glucose biosensor using a response to 0.1mM glucose in 0.1M PBS (pH 7.4) solution. (c) Stability test of the string-based
glucose biosensor by measuring the current response to 0.03mM glucose after 4∘C storage for 5 days.

six electrodes on different fabrication dates. As a result, the
Chi/GOx/PB-GS electrode was highly reproducible (RSD
4.5%).

To investigate the feasibility of the biosensor for prac-
tical applications, the sensor was applied to the detection
of glucose in human serum. The recovery of glucose was
determined by standard addition method with addition of
pure glucose to the solutions containing the serum samples
[17]. The concentration of glucose in human serum sample
and the recovery results were summarized in Table 2. As
shown in Table 2, the results showed that our string-based
glucose sensor gave recoveries in the range of 89–106%.
Therefore theChi/GOx/PB-GS electrode could be suitable for
real sample analysis.

4. Conclusion

We have demonstrated a simple and facile glucose sensor
based on PB modified graphite string. It can be fabricated

Table 2: Determination of glucose in human serum sample and the
recovery test using glucose biosensor.

Samples Concentration (mM)
Added
glucose
(mM)

Recovery
(%)

1 4.89
0.3 106
0.5 94
1.0 95

2 4.89
0.3 103
0.5 89
1.0 98

through a fast and simple dipping process.The Chi/GOx/PB-
GS electrode exhibited good sensitivity and selectivity, stable
reproducibility, reusability, and a rapid response for glucose
detection.This work successfully demonstrated the feasibility



6 Journal of Sensors

of Chi/GOx/PB-GS electrode. Therefore, as-prepared Chi/
GOx/PB-GS electrode keeps a good balance between high
sensor performance and low cost and simple fabrication.
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