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In this study, cholesterol sensors consisting of a mixture of cholesterol oxidase (ChOx) and zinc oxide (ZnO)
nanoparticles (NPs) are constructed on plastic substrates and their sensing characteristics are examined in air. The
current of the ChOx-ZnO NP film decreases in magnitude as cholesterol molecules are adsorbed on the film, due to
the resulting increase in the number of electrons generated by the reaction between the cholesterol and the ChOx. The
cholesterol sensor shows a high sensitivity of 1.08 pA/mM and a wide detection range from 10 nM to 1 mM.
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1. INTRODUCTION

Recently inorganic materials have attracted considerable at-
tention in the fabrication of biosensors owing to their excellent
electrical properties and chemical stability [1-4]. Metal oxides
have been used in performance-enhanced biosensors [5-7].
Among the various metal oxides, zinc oxide (ZnO) is one of
the most suitable materials for biosensors because of its non-
toxicity, good biocompatibility, and electrocatalytic activity [8-
10]. On the other hand, most biosensor measurements have
been performed in aqua-based solutions. However, the mea-
surement process is more cumbersome than in air because
of environmental considerations such as salvation [11]. The
convenience associated with biosensor measurements could
expand the scope of their practical application. In contrast
to most organic semiconductor-based biosensors, inorganic
semiconductor-based biosensors permit the electrical proper-
ties to be measured in air. In this study, the performance was
evaluated for a cholesterol sensor made of a biocomposite
consisting of ZnO nanoparticles (NPs) having a size of 70 nm
and cholesterol oxidase (ChOx) in air. ZnO NPs have a higher
surface-to-volume ratio than other ZnO nanostructures. Thus,
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Fig. 1. Schematic of sensing mechanism for our cholesterol sensors
designed in this study. (a) A channel of the ChOx-ZnO NP film and (b)
extended the depletion regions after the cholesterol solution is added
to the ChOx-ZnO NP film channel.

ZnO NPs provide more adsorption sites for ChOx to react with
cholesterol.

Figure 1 shows a schematic of the sensing mechanism for
our cholesterol sensor designed in this study. The NPs are ad-
jacent to each other in the ChOx-ZnO NP film, as illustrated
in Fig. 1(a). The voltage applied across the two electrodes
causes a current to flow via electron tunneling through the
potential barriers between the NPs. The depletion region
at the surface of the film, produced from a mixture of ChOx
and ZnO NPs, is extended by the electrical field of electrons
generated by the reaction between ChOx and cholesterol as
follows [12].
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The current for the ChOx-ZnO NP film decreases proportion-
ally with the number of cholesterol molecules.

In this study, in order to confirm the availability of ZnO NPs
for convenient high-efficiency biosensors, we fabricate the cho-
lesterol sensor using ZnO NPs and investigate its sensing perfor-
mance via the electrical properties to be measured in air.

2. EXPERIMENTS

All reagents were purchased from Sigma-Aldrich. The solution
of ChOx was prepared in de-ionized water (1 mg/mL). The com-
mercial ZnO NPs, with an average diameter of about 70 nm, were
dispersed in methanol (0.05 g/mL). The solution of ChOx (10
pL) was mixed with ZnO NPs dispersed in methanol (50 pL). The
cholesterol sensors were fabricated on a polyethersulfone (PES)
plastic substrate. First, gold electrodes with a channel width of
50 um were deposited by thermal evaporation on the plastic
substrate and the mixture of ChOx and ZnO NPs was spin-coated
on the electrodes. Then, cholesterol dissolved in butanol was
spotted on the film made of the mixture of ChOx and ZnO NPs
by means of a nano-plotter (GeSiM; NP2.1E), specifically for low-
volume liquid handling. The cholesterol solutions were prepared
with concentrations ranging from 10 nM to 1 mM. In each case,
10 drops of the solution, each with a volume of 0.3 nL, were
dropped onto the film made of ChOx-ZnO NPs. The film made of
ChOx-ZnO NPs was characterized by FTIR spectroscopy (FTIR,
Varian 640-IR). The electrical properties of the cholesterol sensor
were measured in air at room temperature with an Agilent HP
4155C.

3. RESULTS AND DISCUSSION

Figure 2 shows the FTIR spectra of the (a) ZnO NPs, (b) the
ChOx, and (c) the mixture of ChOx and ZnO NP in the range of
500~4,000 cm™. The strong absorption at 524 cm™ indicates the
band stretching of Zn and O in ZnO and the characteristic am-
ide (1,542 and 1,654 cm™) and amino acid (2,850 and 2,919 cm’
) bands of the proteins of ChOx are shown in Figs. 2(a) and 2(b),
respectively [13,14]. The amide bands are assigned to the C-N
stretching and C=H stretching vibration modes and the amino
acid bands correspond to the C-H stretching in the methyl
group. The peak corresponding to the Zn-O stretching is shifted
to 551 cm™ in the mixture of ZnO and ChOx, as shown in Fig.
2(c), which is attributed to the electrostatic interactions between
ChOx and ZnO [15]. In the mixture of ZnO and ChOx, the C-O
(1,037 cm™) and N-H (3,286 cm™) stretching bands of the amide
are observed. These observations reveal good miscibility be-
tween the ChOx and the ZnO solutions.

The current-voltage curves are exhibited in Fig. 3 for the ChOx-
ZnO NP film as a function of the cholesterol concentration. The
current in the ChOx-ZnO NP film decreases as the concentration
of the cholesterol solution increases, which is consistent with the
sensing mechanism demonstrated in Fig. 1. As indicated in the
equation for the reaction of ChOx and cholesterol, the electrons
are generated from the reaction. The number of the generated
electron is directly proportional to the concentration of choles-
terol. Thus, the current is reduced depending on the concentra-
tion of cholesterol added to the ChOx-ZnO NP film. The electric
field of electrons generated by the reaction between the cho-
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Fig. 2. FT-IR spectra of films made of (a) ZnO NPs, (b) ChOx, and (c)
the mixture of ChOx and ZnO NPs.
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Fig. 3. The current-voltage characteristics of the ChOx-ZnO NP film
cholesterol sensor as a function of the conc entrations of added cho-
lesterol.

lesterol molecules and ChOx causes the depletion region to be
extended.

As the concentration of cholesterol increases from 10 nM to 1
mM, the current decreases from 2.8 to 0.6 pA at 10 V. The detec-
tion range of our cholesterol sensor is wider than that of the cho-
lesterol sensors based on ZnO nanorods chemically grown on Ag
wires (1 uM to 10 mM) [16].

Figure 4 represents the plot of the current versus the concen-
tration of cholesterol at 10 V. At low concentrations of cholesterol
(10 nM to 1 pM), the magnitude of the current decreases linearly
with increasing cholesterol concentration, whereas it decreases
more gently at high concentrations above 1 pM. This phenome-
non can be attributed to the limited amount of ChOx responsive
to the cholesterol molecules. The linear detection range extends
from 10 nM to 1 pM, and the linear regression equation is estab-
lished as follows; y = -1.795 x + 2.879, where y is the current (uA)
and x is the cholesterol concentration. The correlation coefficient
(R) is estimated to be R = 0.965. Compared to prior cholesterol
sensors based on ZnO, our sensor is superior in the detection
range (10 nM to 1 mM) and the sensitivity (270 pA-mM'l-cm'z).
The sensitivity is higher than the cholesterol sensors based on Al
doped ZnO thin film (173 pA-mM™".cm?, representing perhaps
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Fig. 4. Current as a function of the concentration of added choles-
terol. The linear detection range is marked by a dashed line.

the highest known sensitivity [17]. The detection range of our
cholesterol sensor is wider than the cholesterol sensors based on
the solution-gate field effect transistor consisting of ZnO nanoro-
ds (1 uM to 45 mM) [18]. Moreover, considering a recent study
on the cholesterol sensors using ZnO nanotubes in which the
sensitivity is 79.4 pA-mM™.cm™ and the detection range is from
1 pM to 15 mM [19]. Thus, the sensing performance of our cho-
lesterol sensor is superior to other cholesterol sensors based on
ZnO. The high surface-to-volume ratio of ZnO NPs, used as the
channel material, provides the excellent sensing performance of
our cholesterol sensor.

In comparison to emerging cholesterol sensors using chitosan,
our cholesterol sensor has a high sensitivity (1.08 pA/mM) and a
low detection limit (10 nM). More recently, a cholesterol sensor
made of chitosan nanofibers and gold NPs showed a selectivity
of 1.02 pA/pM and detection limit of 0.5 uM [20]. Consequently,
the characteristics of our cholesterol sensor measured in air are
superior to those of the other sensors measured in aqua-based
solutions [21,22].

4. CONCLUSIONS

In the study, we fabricated cholesterol sensors made of a mix-
ture of ChOx and ZnO NPs on a plastic substrate and examined
their sensing capabilities in air at room temperature. The current
of the ChOx-ZnO NP film decreases as cholesterol molecules are
adsorbed on the film. The presence of electrons, generated from
the reaction between cholesterol and ChOx, reduces the current
of the ChOx-ZnO NP film by widening its depletion region after
a cholesterol solution is dropped on the film. These cholesterol
sensors exhibited high sensitivity (1.08 pA/mM) and a wide de-
tection range extending from 10 nM to 1 mM. These new choles-
terol sensors offer the potential of fabricating high-performance
biosensors for convenient operation in air.
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