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ARTICLE INFO ABSTRACT

The need for flexible biosensors has increased because of their potential applications for point-of-care diagnosis
and wearable biosensors. However, flexible biosensors have low sensitivity due to the flexibility of the electrode,
and their fabrication involves complex processes. To overcome these limitations, a flexible electrochemical
enzyme biosensor was developed in this study by immobilizing an enzyme on the flexible polymer electrode
modified with a gold/MoS,/gold nanofilm. The fabrication process involved sputter deposition of gold, spin
coating of MoS,, and sputter deposition of gold on the flexible polymer electrode (commercially available
Kapton® polyimide film). The flexible glucose biosensor was made by immobilization of glucose oxidase on a
flexible electrode by using a chemical linker. The detection limit for glucose was estimated to be 10 nM, which
indicates more sensitivity as compared with a previously reported flexible glucose sensor. This sensitivity is due
to the facilitation of electron transfer by MoS,. The flexure extension of this biosensor was estimated at 3.48 mm,
which is much higher than that of the rigid sensor using a gold-coated silicon electrode (0.09 mm), according to
measurements with a micro-fatigue tester. The proposed flexible biosensor composed of the enzyme/gold/MoS,/
gold nanofilm on the polymer electrode can be used as a flexible sensing platform for developing wearable
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biosensing systems because of its high sensitivity, high flexibility, and simple fabrication process.

1. Introduction

Because of the fast development of wearable and wireless electronic
devices, there is much interest in the development of flexible electrodes
(Kang et al., 2015). Flexible polymers have potential applications in
point-of-care diagnosis systems ( > Wang et al., 2016a,b) and wearable
biosensing systems. Bendable polymers such as poly(ethylene ter-
ephthalate) are widely used to confer flexibility to the electrode (Zhao
et al., 2018). Flexible polymers, including Kapton® polyimide film, are
cheap and easy to acquire. A complex fabrication processes such as
photolithography or an intricate surface modification process has been
used to develop flexible conductive electrodes for biosensor applica-
tions (Wang et al., 2016a,b; Yang et al., 2017). The flexible biosensors
have low sensitivity due to the flexibility of the nonconductive polymer
electrode (Wang et al., 2016a,b). Simple surface modification techni-
ques and versatile metal nanoparticles can overcome these limitations.
To achieve flexibility with high sensitivity and a simple fabrication
process, sputter deposition can be introduced to easily modify the
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surface of the flexible polymer. Metallic nanomaterials can be used as
electron-transfer facilitators to impart conductivity to the non-
conductive polymer.

To increase the signal and the electron transfer rate, various mate-
rials have been used to develop biosensors (Zhu, 2017). Carbon nano-
tubes and graphene may be the most widely known nanomaterials used
in applications such as induction of stem cell differentiation and elec-
trochemical signal increment (Fenzl et al., 2016; Gardin et al., 2016).
Recently, metal dichalcogenides (TMDs) such as molybdenum disulfide
(MoS,) have been used for biological applications. TMDs have excellent
conductivity and can be used in biosensors, bioelectronics, and elec-
trochemical actuators (Wang et al., 2015; Wang et al, 2013; Acerce
et al., 2017). Our group also used MoS, to develop a highly sensitive
biosensor (Yoon et al., 2017a,b). Simultaneous use of MoS, and flexible
polymeric materials as the electrode creates a synergetic effect for the
fabrication of a flexible biosensor platform (Shafiee et al., 2015). Fur-
thermore, simultaneous sputter deposition and spin coating (Reimhult
et al., 2008; Tyona, 2013) of MoS, can lead to the formation of flexible
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conductive electrodes. This simple fabrication process for flexible bio-
sensor fabrication has not been reported yet.

In the development of the biosensor, glucose is an important target
molecule because excessively high concentration of glucose in the blood
can cause diabetes mellitus (Torimoto et al., 2013; Abikshyeet et al.,
2012). Diabetes mellitus can cause death and disability in humans
(Manson et al., 1991; Alberti and Zimmet, 1998; Tuomilehto et al.,
2001; Ray et al., 2009). Enzyme-based biosensors can detect glucose
accurately because of their rapid electrochemical responses (Rogers,
2006; Baghayeri et al., 2016; Ahammad et al., 2016; Zhao et al., 2017).
Glucose oxidase (GOx) is a protein that has glucose-sensing abilities
(Schuhmann et al., 1991; Wilson and Turner, 1992; Wu et al., 2015).
GOx can oxidize glucose to gluconic acid and hydrogen peroxide (Ferri
et al., 2011; Yoo and Lee, 2010; Chaichi and Ehsani, 2016). However,
enzyme-based biosensors have some limitations such as low electro-
chemical signal due to the low electron-transfer rate (Min et al., 2010).
By introduction of MoS,, the electrochemical signal from the enzyme
can be increased and it can be easily detected.

In this study, GOx/gold/MoS,/gold nanofilm on a polymer elec-
trode was fabricated for the first time to develop a glucose-detecting
biosensor with high sensitivity, selectivity, and flexibility. The nanofilm
on the polymer electrode was fabricated simply by sputter deposition of
gold and spin coating of MoS,. This gold/MoS,/gold nanofilm on the
polymer electrode increased the electrochemical signal and made the
biosensor flexible. The glucose-sensing biomolecule, GOx, was im-
mobilized on the gold/MoS,/gold nanofilm on the polymer electrode
through a chemical linker (Fig. 1). Fabrication of the nanofilm on the
polymer electrode was verified by scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDS) with EDS mapping.
Surface morphology was investigated by atomic force microscopy
(AFM). Cyclic voltammetry (CV) was used to confirm the immobiliza-
tion of GOx and to investigate the electrochemical properties of the
fabricated biosensors (Lee et al., 2019a). To estimate the glucose-sen-
sing property, amperometric I-T measurements were done by addition
of glucose. The flexibility of the fabricated biosensors was investigated
by using a micro-fatigue tester (E3000LT, Instron, UK).

2. Experimental details
2.1. Materials

N,N-Dimethyl formaldehyde (DMF) used for dissolving MoS, na-
noparticles (NPs) and acetone used for the polymer electrode washing
were purchased from Daejung Chemical (Korea). GOx from Aspergillus
niger and myoglobin (Mb) were acquired from Sigma-Aldrich (USA).
Phosphate-buffered saline (PBS) solution was prepared using PBS
powder obtained from Sigma-Aldrich (USA). D-Glucose was acquired
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from Junsei (Japan).

The chemical linker 6-mercaptohexanoic acid (6-MHA) was pur-
chased from Sigma-Aldrich, and hydrogen peroxide and sulfuric acid
for the piranha solution were purchased from Daejung Chemical
(Korea). Deionized (DI) water was prepared by using a Milli-Q system
(Millipore, USA). Sodium molybdate and hydrazine hydrate from
Sigma-Aldrich were used for MoS, NP synthesis. A gold-coated silicon
electrode composed of gold (50 nm), Cr (2 nm), and SiO, for the con-
trol-electrode preparation was fabricated by the National Nanofab
Center (Korea). L-Ascorbic acid (AA) and uric acid (UA) were purchased
from Sigma-Aldrich. The polymer (Kapton® polyimide film) electrode
(Kapton, PV9101, 50 um) was obtained from Dupont (USA). A gold
sputtering machine (108 Auto sputter coater, Cressington Scientific
Instruments, UK) was used. A spin coater (JS301) from Jaesung
Engineering (Korea) was used for MoS, NP spin coating. Human serum
was purchased from Sigma-Aldrich to detect glucose in an actual
sample.

2.2. Fabrication of the gold/MoS2/gold nanofilm on the polymer electrode

MoS, NPs were synthesized through a synthetic process previously
used by our group (Yoon et al, 2017a,b; Yoon et al., 2017a,b;
Mohammadniaei et al., 2018). The synthesized MoS, NPs were dis-
solved in DMF and sonicated for dispersion. To prepare the gold/MoS,/
gold nanofilm, the polymer electrode was sonicated for 30 min in
acetone to remove dust from the surface of the electrode. After cleaning
with acetone, the polymer electrode was washed with ethanol and DI
water and dried fully with N, gas. Gold was uniformly deposited on the
surface of the cleaned polymer electrode with a gold-sputtering ma-
chine. The synthesized MoS, NPs (100 pL of 10 mg/mL) were dissolved
in DMF and applied dropwise on the gold-deposited polymer electrode.
The electrode was spin-coated for 30 sat 3000 rpm to form the MoS,
layer. Gold was sputtered once more on the MoS, layer using the gold-
sputtering machine to form the gold/MoS,/gold nanofilm on the
polymer electrode. The gold/MoS,/gold nanofilm was characterized by
SEM, EDS, and AFM.

2.3. Immobilization of GOx on the gold/MoS2/gold nanofilm

The fabricated gold/MoS,/gold nanofilm on the polymer electrode
was washed with ethanol and DI water to make the surface clean for
immobilization of the GOx. The GOx was dissolved in PBS at 0.2 mg/mL
concentration. The chemical linker, 6-MHA, was prepared in ethanol
and immobilized on the surface of the nanofilm for 3hat 4 °C through
the gold-thiol interaction. Twenty microliters of dissolved GOx in PBS
was then applied dropwise to the nanofilm for 3hat 4 °C. The flexible
biosensor was fabricated by immobilization of GOx on the electrode
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Fig. 1. Schematic diagram of the fabrication of a flexible electrochemical glucose biosensor composed of a GOx/gold/MoS,/gold nanofilm on the polymer electrode.
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through electrostatic interaction between 6-MHA and the GOx. The
other electrodes were prepared to compare with this biosensor. To in-
vestigate the increments in the electrochemical signal, GOx was im-
mobilized on the polymer electrode with deposited gold only, the
conventional gold-coated silicon electrode, and the gold/MoS,/gold
nanofilm on the conventional gold-coated silicon electrode for com-
parison. To investigate the flexibility of the gold/MoS,/gold nanofilm
on the polymer electrode, gold-coated gold (50 nm)/Cr (2nm)/SiO,
electrode was used as the control. To clean this gold electrode, a pir-
anha solution was prepared using H,O, and H,SO, at 2:8 ratio. After
treatment with the piranha solution for 3 min, the gold electrode was
washed using ethanol and DI water sequentially, and then fully dried
with N, gas. During GOx immobilization on the nanofilm, GOx was
immobilized on the gold-coated silicon electrode. Immobilization of
GOx on the nanofilm was verified by CV through the redox signal de-
rived from GOx.

2.4. Surface investigation of the biosensor

The surface morphology of the GOx/gold/MoS,/gold nanofilm on
the polymer electrode was investigated by SEM (JSM-7100F, JEOL,
USA). Platinum was deposited on the surface of the prepared electrode
to study its morphology. The surface characteristics of the bare polymer
electrode and the gold-coated polymer electrode were studied. During
the SEM investigation, EDS analysis was done to confirm the elemental
components located on the electrode. After the SEM image of the sur-
face was acquired, the EDS mapping technique was used to verify the
components on the surface of the electrode at the SEM location. AFM
was also conducted to further study the surface (Lee et al., 2019b). To
verify the layer formation, the surface characteristics of the bare
polymer electrode, gold-coated polymer electrode, and gold/MoS,/gold
nanofilm on the polymer electrode were investigated and compared.

2.5. Investigation of electrochemical properties and glucose-sensing
performance of the fabricated biosensor

Electrochemical investigation of the prepared GOx/gold/MoS,/gold
nanofilm was performed through an electrochemical technique using a
CHI-660A machine (CH Instruments, Inc., USA) (Lee et al., 2010).
Electrochemical investigation was done using a conventional three-
electrode system with a PBS solution used as the electrolyte. The pre-
pared GOx/gold/MoS,/gold nanofilm on the polymer electrode was
used as the working electrode. The silver/silver chloride (Ag/AgCl)
double-junction reference electrode was used as the reference elec-
trode, and the platinum (Pt) wire electrode was used as the counter
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electrode. The parameters for CV measurement were as follows: quiet
time of 2, sampling interval of 1 mV/s, scan rate of 50 mV/s, and a
sensitivity of 5 X 10~ * (A/V). The applied voltage range was 600 mV to
—800mV. To confirm the electrochemical signal increment, the GOx/
gold-coated silicon electrode, the GOx/gold-coated polymer electrode,
and the GOx/gold/MoS,/gold nanofilm on the conventional gold-
coated silicon electrode were fabricated for comparison. After CV
measurement, the glucose-sensing property of the prepared GOx/gold/
MoS,/gold nanofilm was estimated by using the amperometric I-T
technique. Upon addition of glucose to the electrolyte, the GOx could
oxidize the glucose to gluconic acid and hydrogen peroxide. The elec-
trochemical mechanism of glucose oxidation may be depicted as fol-
lows:

glucose + GOx — gluconic acid + hydrogen peroxide 1)
hydrogen peroxide — 2e~ + O, + 2H" (2)

During amperometric I-T measurements, an initial potential of
—1.0V, a sampling interval of 0.1, and a sensitivity of 5 x 107° (A/
V) were applied as parameters. During the electrochemical investiga-
tion, we performed the experiments using the gold-coated silicon
electrode with about 50 mm? area (The vertical length: 10 mm and the
horizontal length: 5mm), and using the gold-deposited polymer elec-
trode and the gold/MoS,/gold nanofilm on the polymer electrode with
about 50 mm? area (The vertical length: 2.5mm and the horizontal
length: 20 mm) to match the active surface area of prepared electrodes.

2.6. Flexibility test of the fabricated biosensor

The flexibility of the fabricated biosensor was tested using a micro-
fatigue tester machine. As shown in Fig. S6a, the electrode was fastened
to the machine. The tip located on the upper side was then lowered to
apply force to the electrode. By applying force at the center of the
electrode, the electrode was bent to insert it into the gap on the bottom
fixture. The flexibility of the electrode could be estimated by measuring
the flexure extension due to the force applied. Therefore, rigid silicon
electrodes could break since the electrode would not be able to achieve
high flexure extension. The flexibility of the fabricated biosensor was
investigated and compared with that of a conventional silicon elec-
trode.

Gold-deposited
polymer electrode

Gold/MoS,/gold
nanofilm

Fig. 2. SEM images of (a) the polymer electrode, (b) the gold-coated polymer electrode, and (c) the gold/MoS,/gold nanofilm on the polymer electrode. EDS mapping
results for the gold/MoS,/gold nanofilm on the polymer electrode: (d) merged image, (e) gold, (f) Mo, and (g) S.
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3. Results and discussion
3.1. Verification of the gold/MoS2/gold nanofilm formation

SEM results for the bare polymer electrode, the gold-coated polymer
electrode, and the gold/MoS,/gold nanofilm on the polymer electrode
are shown in Fig. 2. Fig. 2a shows regular grains on the surface of the
bare polymer electrode. The surface of the gold-deposited polymer
electrode (Fig. 2b) had small grains patterned regularly by the gold
sputtered on the surface of the polymer electrode. The gold/MoS,/gold
nanofilm (Fig. 2c) showed the spin-coated MoS, NPs covered with gold.
The size range of the spin-coated MoS, NPs was about 100 nm-20 nm.
EDS analysis of all acquired SEM images are shown in Fig. S1. Carbon
(C), nitrogen (N), and oxygen (O) in the EDS results were detected in
the polymer electrode. The gold-coated polymer electrode contained C,
N, O, and additional gold due to gold sputtering. EDS analysis of the
gold/MoS,/gold nanofilm showed additional molybdenum (Mo) and
sulfur (S) at 1:2 ratio, which verified the existence of spin-coated MoS,
NPs. The amount of gold was twice that in the gold-deposited polymer
electrode because of the second gold layer on the spin-coated MoS,
layer. In addition, to verify the fabrication steps of the gold/MoS,/gold
nanofilm on the polymer electrode in detail, EDS mapping results of the
polymer electrode and the gold-deposited polymer electrode were
compared, as shown in Fig. S2. From EDS mapping results, the gold
deposition on the polymer electrode was verified due to the existence of
gold element on the electrode, and Pt was derived from the metal
coating for EDS sample preparation. Fig. 2d and g shows the EDS
mapping images of the prepared electrode. Gold was all over the sur-
face, as shown in Fig. 2e. The elements Mo and S existed on the location
of the spin-coated MoS, NPs (Fig. 2f and g). The EDS mapping analysis
of the other location is provided in Fig. S3. SEM and EDS analysis
verified the fabrication of the gold/MoS,/gold nanofilm on the polymer
electrode.

3.2. Surface morphology of the gold/MoS/gold nanofilm

Fig. 3 displays the morphological results for the polymer electrode,
the gold-deposited polymer electrode, and the gold/MoS,/gold nano-
film on the polymer electrode obtained by AFM. The following para-
meters for AFM operation were applied: scan size of 500 nm, scan rate
of 0.999 Hz, aspect ratio of 1:1, integral gain of 0.2, proportional gain of
0.4, and amplitude set point of 0.252 V. Fig. 3a shows the AFM results
for the polymer electrode. The surface morphology of the polymer
electrode was almost flat, with some grains similar to those in the SEM
analysis. The gold-deposited polymer electrode shown in Fig. 3b had
some small grains with lower height, similar to the grains detected by
SEM. However, because of the limited resolution of AFM, the size of the
grains seemed bigger than the grains obtained from SEM. The surface
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Fig. 4. Cyclic voltammograms of (a) GOx on the gold-coated silicon electrode,
GOx on the gold/MoS,/gold nanofilm on the gold-coated silicon electrode, GOx
on the gold-coated polymer electrode, and GOx/gold/MoS,/gold nanofilm on
the polymer electrode. (b) Reduction peak currents of GOx on the gold-coated
silicon electrode, GOx on the gold/MoS,/gold nanofilm on the gold-coated si-
licon electrode, GOx on the gold-deposited polymer electrode, and GOx/gold/
MoS./gold nanofilm on the polymer electrode. Error bars indicate the standard
deviations of five different measurements.

morphology of the gold/MoS,/gold nanofilm showed the apparent
shape of nanoparticles with diameters around tens of nanometers, si-
milar to results seen in the SEM images. Vertical investigation was
performed using AFM (Fig. S4). According to the vertical results, the
height of the polymer electrode was around 0.8 nm, that of the gold-
deposited polymer electrode was 3.6 nm, and that of the gold/MoS,/
gold nanofilm was 13.2 nm. These show the apparent height difference
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Fig. 3. AFM images of (a) the polymer electrode, (b) the gold-deposited polymer electrode, and (c) the gold/MoS,/gold nanofilm on the polymer electrode.
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of the control electrodes. Using the AFM and vertical investigation, we
investigated the surface morphology of the gold/MoS,/gold nanofilm
on the polymer electrode.

3.3. Electrochemical properties of the fabricated biosensor

Immobilization of GOx on the gold/MoS,/gold nanofilm was ver-
ified by the detection of the derived redox peaks due to GOx im-
mobilization on the gold/MoS,/gold nanofilm using CV. The electro-
chemical signal increment due to the gold/MoS,/gold nanofilm was
confirmed by CV using metalloprotein (Mb) and compared with the
redox peaks of Mb on the gold-deposited polymer electrode (Fig. S5) to
confirm the general application with other biomolecules. Fig. 4a shows
the cyclic voltammograms of GOx on the gold-coated silicon electrode,
GOx on the gold/MoS,/gold nanofilm on the gold-coated silicon elec-
trode, GOx on the gold-coated polymer electrode, and GOx/gold/MoS,/
gold nanofilm on the polymer electrode. GOx on the gold-coated
polymer electrode then showed an electrochemical signal higher than
that of the GOx on the conventionally used gold-coated silicon elec-
trode. GOx on the gold-coated polymer electrode caused a 137.0 pA
reduction of the peak current at around —500mV, which was much
higher than the reduction peak current (47.0 pA) of the GOx on the
gold-coated silicon electrode. This result indicates that the capacitance

effect of the polymer induced the increment of the overall spacing gap
between the reduction line (upper line) and the oxidation line (below
line), and the deposited gold on the polymer electrode induced the
increment of the redox peak currents. This shows that the gold-coated
polymer electrode was more suitable for electrochemical investigation
as compared with the gold-coated silicon electrode. Furthermore, redox
peaks of the GOx/gold/MoS,/gold nanofilm on the polymer electrode
showed a higher signal compared with those of GOx on the gold-de-
posited polymer electrode and GOx on the gold/MoS,/gold nanofilm on
the gold-coated silicon electrode. The reduction peak current of the
GOx/gold/MoS,/gold nanofilm on the polymer electrode was 323.0 A,
which was much higher than that of the reduction peak current values
of GOx on gold-coated polymer electrode (137.0 pA) and GOx on gold/
MoS,/gold nanofilm on the gold-coated silicon electrode (106.0 pA).
The reproducibility of redox peaks of the GOx/gold/MoS,/gold nano-
film on the polymer electrode was confirmed by CV using various
prepared samples. As shown in Fig. 4b, the average reduction peak
current of the GOx/gold/MoS,/gold nanofilm was 389.9 yA from five
different measurements. This result indicates the apparent increase in
the electrochemical signal as compared with the average reduction
peak currents of GOx on the gold-coated polymer electrode (125.8 pA),
GOx on the gold/MoS,/gold nanofilm on the gold-coated silicon elec-
trode (96.4 pA), and GOx on the gold-coated silicon electrode (39.7 pA).
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3.4. Flexibility of the prepared biosensor

The flexibility test on the gold/MoS,/gold nanofilm was done using
a fatigue-test machine. Fig. 5 shows the flexibility results for the con-
ventional gold-coated silicon electrode, the gold-coated polymer elec-
trode, and the gold/MoS,/gold nanofilm on the polymer electrode. The
graph shows the flexure strength values for the flexure extension values
of the gold-coated silicon, gold-coated polymer, and the gold/MoS,/
gold nanofilm on the polymer electrode. The flexure extension value of
the conventional gold-coated silicon electrode was only 0.0938 mm
upon application of a 307.4 MPa force. However, the flexure extension
values for the gold-deposited polymer and the gold/MoS,/gold nano-
film on the polymer electrode were 3.36 mm and 3.48 mm, respectively,
upon application of around 12 MPa force, higher than that the for this
rigid electrode. Even though the same initial force was applied to the
three electrodes on the machine, the higher force was applied to the
gold-coated silicon electrode because of the high rigidity of the silicon.
On the other hand, only a small amount of initial force was actually
applied to the gold-coated polymer and the gold/MoS,/gold nanofilm
on the polymer electrode by bending these electrodes into gaps with
high flexure extension values because of the flexibility of these elec-
trodes. The gold/MoS,/gold nanofilm showed that the excellent flex-
ibility derived from the polymer could be utilized as an appropriate
platform for the development of a wearable biosensing system. After the
gold/MoS,/gold nanofilm on the polymer electrode was bent, the
electrode after bending was investigated by CV to estimate the influ-
ence of the bending on the electrochemical performance of the prepared
flexible biosensor. According to the electrochemical results, the
bending did not affect the electrochemical performance of this flexible
biosensor, as shown in Fig. S6b, which shows the averaged reduction
peak current after bending (383.7 pA) from five different measure-
ments. This was comparable to 389.9 pA for the GOx/gold/MoS,/gold
nanofilm on the polymer electrode before bending. In addition, the
GOx/gold/MoS,/gold nanofilm on the polymer electrode after bending
was observed by EDS mapping analysis to verify the stable im-
mobilization of the gold/MoS,/gold nanofilm on the polymer electrode
(Fig. S6c¢). This result shows that the gold/MoS»/gold nanofilm on the
polymer electrode retained its components after bending similar to the
EDS mapping results of the gold/MoS,/gold nanofilm on the polymer
electrode before bending (Fig. 2) because bending did not hugely affect
the nanoscale layers.

3.5. Amperometric response of the fabricated biosensor by glucose addition

The glucose-sensing experiment using the amperometric I-T tech-
nique was conducted to estimate the glucose-sensing performance of
the fabricated biosensor. The conventional three-electrode system was
applied to perform glucose sensing. The amperometric-response curve
of the biosensor was obtained by addition of 10 uL of 10 mM glucose
(100 nM) in 5 mL of the PBS solution to the biosensor. Fig. 6 shows the
amperometric response curve of the GOx/gold/MoS,/gold nanofilm
upon addition of glucose (Fig. 6a), which increased steeply and reached
a stable state with uniform increments. Furthermore, it shows the ap-
parent increase in amperometric response relative to GOx on the gold/
MoS,/gold nanofilm on the gold-coated silicon electrode similar to the
results in CV analysis. Fig. 6b shows the linear response graph of the
biosensor upon addition of glucose from 500 nM to 10nM. This bio-
sensor had a detection limit of 10 nM. Table S1 shows a comparison of
detection limits for biosensors. To verify the selectivity of the biosensor,
AA and UA with glucose were added. The fabricated biosensor dis-
played an appreciable amperometric response (Fig. 6¢) as compared
with the others and only a small noise current upon the addition of
glucose. To verify the sensing of glucose by this biosensor in an actual
sample, the glucose prepared in human serum (100 nM amounts) was
added (Fig. 6d). According to the amperometric response, this biosensor
could detect only glucose in the human serum, and it did not show any
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amperometric responses when it was added to the serum without glu-
cose.

4. Conclusions

In this study, a flexible electrochemical biosensor composed of
GOx/gold/MoS,/gold nanofilm on a polymer electrode was developed
for the first time to detect glucose with electrochemical signal en-
hancement and flexibility. To achieve this, sputter deposition of gold
and spin coating of MoS, were performed as part of a simple fabrication
process. The fabricated biosensor showed an increased electrochemical
signal, with a 389.9 yA average reduction peak current as compared
with the result of the GOx on the gold-deposited polymer electrode
(125.8 pA). This biosensor also showed an increased amperometric
glucose-sensing performance with 10 nM detection limit, which sug-
gested more sensitivity than that of previously reported flexible glucose
sensor, and could detect glucose dissolved in the human serum. Due to
the flexible polymer electrode used as substrate, this biosensor showed
flexibility greater than that of the rigid sensor using a conventional
gold-coated silicon electrode (0.09 mm), with a flexure extension of
3.48 nm. However, optimization of layer depth should be required in
the future work to apply for practical wearable biosensors. In conclu-
sion, the proposed flexible glucose biosensor composed of an enzyme/
gold/MoS,/gold nanofilm on the polymer electrode can be utilized as a
flexible sensing platform to develop a wearable biosensing system in the
future.
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