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Abstract

The potentiometric cholesterol biosensor based on graphene nanosheets has been successfully miniaturized.
Homogeneous exfoliation of the mono- and double-layered graphene nanosheets on copper wire is achieved
by drop casting the graphene nanosheets suspended in N-methyl-pyrrolidone solution. The process of physical
adsorption has been utilized to immobilize the cholesterol oxidase onto graphene nanosheets. Morphological, cross-
sectional and structural crystallinity of the nanosheets have been investigated using atomic force microscope and
transmission electron microscope. Ultraviolet-visible absorption and Fourier transform infrared spectrometers have
been used to confirm the presence of the graphene nanosheets and their conjugation with cholesterol oxidase. The
presented potentiometric biosensor renders effective selectivity and sensitivity (~82 mV/decade) for the detection of
cholesterol biomolecules in 1 x 107 M to 1 x 10 M logarithmic range and quick output response within ~ 4 sec. The
stability and reusability of the biosensor have also been investigated for the above mentioned range of cholesterol
concentrations. Additionally, the functioning of presented biosensor is studied for the ranges of the temperature of

15-70 °C and pH values (4-9).

Keywords: Graphene nanosheets; Cholesterol; Potentiometric; Bio-
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Introduction

Graphene nanomaterials have engrossed tremendous attentions
not only in the field of basic research but also in technological applica-
tions owing to its unique physicochemical dimensions such as, good
sensing ability, excellent mechanical, thermal and electrical properties
[1-5]. Development of the biosensors can potentially be an interesting
application of graphene nanosheets in order to utilize their tremen-
dously large surface area to volume ratio as a dominating and promis-
ing parameter [6,7]. The unique thin structure of graphene nanosheets
with an excellent capability for the rapid signal communication further
endorses their potential for such practical applications. Among the
diverse analytical procedures for the detection of bio-molecules, an
enzymatic electrochemical biosensing technique has been aroused as
an important alternative to the non-enzymatic biosensing technique
which generally requires expert manpower, costly chemicals and lon-
ger duration for the execution of the experiments. Preparation of en-
zymatic biosensors could be achieved through the immobilization of
diverse types of enzymes onto the biocompatible matrices depending
on the target molecules. The encapsulation of the surface of matrix by
the bio-molecules ensures the stability, rapid charge-signaling commu-
nication and quick electrochemical response among target molecules
and the matrix.

Cholesterol holds a significant character and crucial functioning in
a number of biomolecules present in the animal cells [8,9]. However,
the controlled level of the cholesterol in the blood is a highly important
parameter for the prevalence of the major life threatening diseases [10-
12]. This is a strong motivation towards the fabrication of robust, facile,
cheap and invasive cholesterol biosensors possessing good sensitivity,
electrical conductivity and thermal stability which could be exploited
for the clinical routine diagnosis of cholesterol concentrations. The in-
corporation of the biocompatible surface of graphene nanosheets with
enzyme utilizing cholesterol as substrate could lead to the development
of miniaturized biosensing devices that could generate extremely useful
micro-environment for the detection of cholesterol molecules. How-
ever, the development of a comprehensive and optimized electrochemi-

cal cholesterol biosensor possessing good sensitivity along with a stable
output response is still a long term challenge. Here, we present a facile
manner for the miniaturization of a cholesterol biosensor through the
conjugation of graphene nanosheets and cholesterol oxidase. Highly
stable output response has been extracted along with good linear sensi-
tivity curve over a large dynamic range from 1 x 10°M to 1 x 10~ M at
neutral working pH value. Additionally, the biosensor not only reveals
excellent reproducibility and repeatability at room temperature but also
demonstrates good shelf life while storing in appropriate environmen-
tal conditions, providing a firm ground to its potential for practical ap-
plications.

Materials and Methods

Cholesterol powder (sigma), triton X-100 (Sigma Aldrich) and
phosphate buffered saline tablet (Medicago) have been purchased and
utilized for the preparation of solutions for measurements. Cholesterol
oxidase (Sigma Aldrich) is used after further dilution with tris-HCl
buffer solution (1 x 1072 M) with the concentration of 500 U/ml. Ho-
mogeneous dispersion of graphene nanosheets (~0.4 mg/ml) has been
obtained in N-methyl-pyrrolidone (NMP) throught mild sonication for
180 hours and centrifugation at 700 rpm for 2 h [13,14]. This suspen-
sion has been poured onto a copper wire (d= 0.25 mm) on glass fiber
filter and evaporation of the organic solvent has been carried out using
a fan heater. This copper wire has been utilized to establish the connec-
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tion for the extraction of voltage signals for the calibration curve. Thus,
a simplistic approach of drop wise dispersion of graphene suspended
NMP solution has been utilized to scatter the graphene nanosheets on
the copper wire. The extended sonication time results in a good fraction
of monolayer sheets (Figure 1a) but with smaller lateral size. Prepara-
tion of the potentiometric cholesterol biosensor has been finalized by
encapsulation of the cholesterol oxidase onto copper wire containing
graphene nanosheets under the process of physical adsorption. Con-
sidering the insoluble nature of the cholesterol powder in water, pre-
prepared stock solution in phosphate buffered solution containing 1%
of triton X-100 has been used as solvent to dissolve the cholesterol pow-
der in order to prepare the cholesterol electrolyte solutions with the
concentrations ranging from 1 x 10° M to 1 x 10~ M.

Results and Discussion

The presence and thin lateral surface morphology of graphene
nanosheets have been verified primarily by atomic force microscopy
(AFM) after drop casting them on a relatively flat SiO,/Si substrate.
Cross-sectional thickness of the nanosheets has been observed in the
range from slightly less than Inm up to few nm but long sonication
time (180 h) results in a decent fraction of monolayer sheets but with
smaller lateral sizes as shown in Figure 1a. Nanosheets having the cross-
sectional height of ~1 nm, ~1.5 nm and ~2 nm are generally assigned to
the single, double and triple layered graphene nanosheets, respectively
[14-16]. Monolayer graphene is assumed to be ~1 nm which could
be probably due to different attraction forces between AFM tips and
graphene as compared to the substrate and/or imperfect interface be-
tween the graphene and the substrate. The sample preparation for the
transmission electron microscopy (TEM) is an imperative way in order
to get enough material on the sample holder which has been achieved
through the simple drop casting of the graphene nanosheets suspended
solution onto the holey carbon grid. A fan heater is utilized to dry the
holey carbon grid containing graphene nanosheets. The bright-field low
resolution TEM results corroborate with AFM measurements, depict-
ing thin lateral dimensions of graphene nanosheets from its transparent
image, Figure 1b; selected area electron diffraction (SAED) pattern re-

Figure 1: (a) AFM image of graphene nanosheets depicting the cross-
sectional thickness. (b) The low resolution TEM image of almost transpar-
ent nanosheet. Insert shows hexagonal skeleton carbon ring arrangement
of carbon atoms. (c) High resolution TEM illustrates good crystal quality of
nanosheet.

veals the good crystalline quality of graphene nanosheets with a regular
arrangement of hexagonal atomic packing of carbon, insert of Figure
1b. High resolution TEM illustrates crystal growth orientation of the
graphene nanosheets with distinct layers of the carbon, Figure 1c. Addi-
tionally, the calculated diffraction intensity ratio corroborates with the
previously reported results related to mono-layer graphene nanosheets
[16].

Fourier transform infrared (FTIR) spectroscopic measurements
have been executed on as-synthesized graphene and conjugated gra-
phene nanosheets with cholesterol oxidase, shown in Figure 2a. An
infrared reflection-absorption spectroscopy (IRAS) setup was used,
where the angle of incidence was ~82°. Aluminum films on Si substrates
have been used as substrates for the above-mentioned samples and used
as a reference. The double peak around 2350 cm™ is due to residual CO,
in the measurement chamber and can appear as both positive and neg-
ative depending on the measurement procedure. The FTIR spectrum
of as-grown graphene nanosheets has a prominent peak in the region
1600-1700 cm™! with the centre at ~1678 cm™! which could be assigned
to the ring vibration of the whole carbon skeleton [17,18]. The two ab-
sorption bands at 1549 and 1411 cm™ can be attributed to the asym-
metric and symmetric stretching vibrations, respectively, of carboxylate
groups COO", attached to the graphene nanosheets [19,20]. In addi-
tion, the existence of the small shoulder at 1721 cm™ can be related to
the C=0 stretching of carboxylic species. The peak at ~2918 cm™ corre-
sponds to the CH stretching vibrations while the broad feature around
3244 cm can be attributed to O-H stretching vibrations of COOH and
adsorbed H,O. Taken together, these vibrations provide an evidence of
the successful exfoliation of graphene sheets. In the spectrum of the
conjugated graphene nanosheets with cholesterol oxidase, we observe
that the peaks at 1549 and 1405 cm™ have been increased in intensity provid-
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Figure 2: Measured results from as-grown graphene nanosheets and
conjugated with cholesterol oxidase (a) FTIR and (b) Absorption spectra.
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ing evidence for a higher density of carboxylic groups [20]. Two signifi-
cant peaks at 1666 and 1549 cm! correspond well to the amide I and
II bands of proteins and peak at ~1452 cm™ can be ascribed to C=C
stretching. The peaks between 2850 and 3000 cm correspond to CH
stretching vibrations, whereas the broad peak at 3282 cm™ is assigned
to OH stretching vibrations [21,22]. Taken together, all these features
support the successful conjunction of graphene nanosheets with cho-
lesterol oxidase.

Figure 2b demonstrates ultraviolet-visible (UV-Vis) absorption
spectra for both pre- and post-conjugated graphene nanosheets with
cholesterol oxidase by utilizing N-methyl-pyrrolidone as a reference
solution. The UV-Vis absorption spectrum from as-grown graphene
nanosheets reveals a sharp absorbance peak at 261 nm, however, a rela-
tively broader and red shifted absorption peak at 266 nm with higher
intensity compared to prior peak has been observed from the post-
conjugated graphene nanosheets. This broadness and enhancement in
the intensity of the absorption peak could be assigned to the increment
in the size of post-conjugated graphene nanosheets. Both absorption
peaks centered at around 261 nm (4.749 eV) and 265 nm (4.677 eV)
illustrate that the graphene nanosheets correspond to the excitation of
n-plasmon of graphitic structure [23-25].

A schematic sketch in Figure 3a provides a clear understanding
about all the constituents and their sequential arrangements for the
miniaturization of the proposed potentiometric cholesterol biosen-
sor. Additionally, the possible mechanism of the chemical reaction in
the surrounding surface of the conjugated graphene sheets can also be
seen. However, the conventional experimental setup for two electrode
system, a working electrode containing graphene matrix and a refer-
ence electrode, shown in Figure 3b is used for electrochemical mea-
surements.

According to the literature [26-28], cholesterol oxidase, exhibits
excellent specificities for steroid during chemical modification with an
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Figure 3: Schematic sketches of (a) the arrangement of the constituents of
the potentiometric cholesterol biosensor and (b) experimental setup of two
electrode system. (c) Calibration curve for different cholesterol concentra-
tions.

essential requirement of the presence of a 33-hydroxyl group, holds a
bi-functional role in the reaction mechanism among cholesterol assay
and matrix where it is assumed to be work as catalyst and responsible
for initialization of reaction through oxidation of cholesterol molecules
into A5-3-ketosteroid as product along with hydrogen peroxide as first
step (Equation 1).

Cholesterol + 0, —%% 5 A® —3 — ketosteriod + H,0, (1)

However, the unstable nature of A5-3-ketosteroid leads to an imme-
diate process of the isomerisation to produce a stable A4-3-ketosteroid
as a result of an intra-molecular shift of protons from the 4 to 6 ar-
rangement [29] (Equation 2).

[Isomerisaion

A’ —3—ketosteriod —2_y A* 3 — ketosteriod )

The above mentioned chemical reactions could be the responsible
for the generation of the potential in the nearest region of the cholester-
ol biosensor. Figure 3c illustrates the measured results of electrochemi-
cal response showing good biosensing ability against the wide logarith-
mic range of the cholesterol concentrations from 1 x 10°Mto 1 x 107?
M. The electrochemical response of the cholesterol biosensor has been
measured as the potential difference between working electrode and
the reference electrode as shown above. Due to the largest surface area
to volume ratio among all the known nanomaterials, graphene based
cholesterol biosensor depicts an excellent sensitivity slope curve with
the value of ~82 mV per decade confirming the enhancement in the
potential value near the surface of cholesterol biosensor as the concen-
tration of the cholesterol increases. Reproducibility and repeatability
have been investigated with three repeated experiments from a single
biosensor as shown in Figure 4a and it has been observed that the cho-
lesterol biosensor reveals excellent reusability with negligible change
in the measured EMF values. Phosphate buffered saline (PBS) solution
(pH 7.4) is used to wash away the residuals from the surface of the bio-
sensor before all the measured values.
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Figure 4: (a) Calibration curve with repeated experiments. (b) Stability curve
for the potentiometric cholesterol biosensor at 100 uM concentration.
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Figure 5: (a) EMF calibration curves at (a) different pH values of phosphate
buffer solution with 100 pM concentration and (b) different ambient tempera-

tures ranging from 15 to 70°C.

The stability and output response of the fabricated cholesterol bio-
sensor have been investigated for the 100 uM concentration of the cho-
lesterol electrolyte solution and a quick stable output response is ob-
tained within ~4 sec, Figure 4b. This stable response could be assigned
to the large surface area to volume ratio of graphene nanosheets which
provide an easily accessible channel for the signal communications be-
tween the cholesterol assay and graphene matrix. In addition, the stor-
age stability of the biosensor is investigated with a the series of repeated
experiments for 1 month on a daily basis and it has been observed that
the sensitivity slope curve of the cholesterol biosensor holds more than
95% of the original slope curve. The developed cholesterol biosensor
depicted negligible impact from some other metabolites present in the
cholesterol electrolyte solution such as glucose, sodium pyruvate etc. In
addition, it has been investigated that the immersed area of the choles-
terol biosensor and volume of the electrolyte solution do not influence
the measured results apparently. The influence of the proteolytic com-
ponents of the buffer solution on EMF values is investigated over the
pH range of 4 to 9 at 100 uM solution. The measured results in Figure 5a
indicate that the cholesterol biosensor provides highest EMF response
in the pH range of 7 to 8. However, the EMF values rapidly decrease
outside this pH range as a colleted effect on the several properties such
as ionic distributions and optimum pH of the enzyme. The presented
results have shown good consistency with the recommended pH value
for cholesterol oxidase and the measured optimize range can be highly
useful in order to prolong the shelf life of biosensor. The performance
of cholesterol biosensor has been studied over various ambient tem-
peratures ranging from 15-70 °C by considering the susceptible nature
of cholesterol oxidase with elevated temperature conditions, Figure 5b.
The optimum temperature range for the calibration curve has been
found from 20-40 °C, however, the best suitable temperature is at ambi-

ent room temperature. The activation temperature range for cholesterol
biosensor is much different compared to “free” state activation of cho-
lesterol oxidase which could be related to the impact of its conjugation
with graphene nanosheets [30]. The degradation of the EMF response
beyond the temperature range (20-40 °C) could be the influence of the
decrease in mobility of cholesterol molecules in the solution when tem-
perature decrease from 20 °C, however, cholesterol oxidase and/or cho-
lesterol molecules can be degraded rapidly as the temperature exceeds
from 40 °C.

Conclusions

In conclusion, graphene nanosheets have been successfully exfo-
liated onto thin copper wire and exploited for the miniaturization of
the potentiometric cholesterol biosensor through physical adsorption
in order to conjugate with cholesterol oxidase. The morphological as-
pects and crystalline quality of graphene nanosheets have been studied
through AFM and TEM measurements. The UV-Vis and FTIR spec-
troscopies have been utilized to study the pre- and post-conjugated sur-
faces of graphene nanosheets. The presented potentiometric cholesterol
biosensor reveals good reproducibility, reusability and selectivity along
with high sensitivity of ~82 mV/decade over a wide logarithmic range
of cholesterol concentrations ranging from 1 x 10°M to 1 x 10~ M.
Additionally, the biosensor exhibits an excellent output stability with a
response time of ~4 sec and relatively long shelf life has been attained.
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