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Abstract The present study summarizes the designing of
a green transducer phase based on nano-cerium oxide
(CeO,) decorated reduced graphene oxide (RGO) rein-
forced chitosan nanocomposites as an effective enzyme
immobilizer and bio-sensing matrix for glucose analyte.
Also, it scrutinizes the biocompatibility and cell viability of
the synthesized nanohybrid with human fibroblastic mac-
rophage cell line. CeO, nanoparticles (NPs) were suc-
cessfully grown on graphene nanosheet in the presence of
cationic surfactant followed by facile hydrothermal treat-
ment. The eventual growth of synthesized CeO,
nanocrystals on the graphene layer was confirmed from
X-ray diffraction (XRD), transmission electron microscopy
(TEM) and Raman analysis. The biocompatibility of the
synthesized nanohybrid was also evident from the MTT
assay. Glucose oxidase (GOx) was employed on the green
polymer nanocomposites modified FTO electrode to fab-
ricate an enzymatic bioelectrode. The electroanalytical
response of the GOx/nano-CeO,/RGO/CS/FTO bioelec-
trode towards electrooxidation of glucose analyte was in-
vestigated by electrochemical impedance (EIS) and cyclic
voltammetry (CV) study. The resulting biosensor exhibited
a good electrochemical response to glucose within the
linear detection range of 0.05-6.5 mM with a low detection
limit of 2 pM and a sensitivity of 7.198 pA mM™ -2,
The bioelectrode also showed good shelf life (~ 10 Weeks)
and negligible interfering ability under controlled
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environment. The obtained results indicate that nano-CeQO»/
RGO nanohybrid based chitosan nanocomposites achieve a
biocompatible biosensing platform for effective enzyme
immobilization due to the excellent synergistic effects
between the CeO, nanoparticles and graphene sheet.
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Introduction

In the last few decades, the strategy of designing an ef-
fective biosensing transducer podium based on various
functional polymeric nanocomposites hold great potential
to provide an early detection of various metabolic body
disorders and diseases [1]. The implementation of a new
diagnostic tool, implantable electrochemical biosensor
from naturally occurring biopolymers-based green
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nanocomposites has received an utmost scientific recogni-
tion to scrutinize such serious metabolic disorder like
diabetes and obesity [2]. Among them diabetes mellitus
have been found to be a worldwide epidemic which is a
leading cause of mortality and several complications for
human health, such as diabetic retinopathy, neuropathy,
nephropathy, pulmonary dysfunction, and as well as some
coronary heart diseases [3]. In realization, glucose
biosensor research in diabetes management has recently
gained a considerable attention and it has been most in-
tensely investigated by fabricating a reliable bioelectronic
sensing device for glucose detection, with excellent
execution to achieve good response time, improved sensi-
tivity, better biocompatibility, transducer phase suitability
among the other enzyme biosensors [4, 5].

Recently graphene and graphene-based nanohybrids
have been appreciated for widespread application in several
research areas including electronics [6], Li-ion batteries [7],
fuel cells [8], supercapacitors [9], sensors [10], and
biosensors [11] due to its fascinating properties such as high
electrical conductivity and thermal conductivity, large
specific surface area, superb charge-carrying capacity and
definite flexibility [12—14]. Systematic distribution of metal
oxide NPs such as ZnO, TiO,, Co30,4, ZrO,, SnO, on the
graphene layer evolves a nanohybrid with large electroac-
tive surface area and enhanced charge transfer network,
promoting it a suitable matrix for the fabrication of trans-
ducer phase in biosensing device [15-22]. Among them,
CeQO, is one of the most prominent earth materials, which
has attracted considerable attention for various applications
owing to its high chemical stability, high oxygen storage
capacity, huge electroactive surface [23, 24]. The major
area of applications includes environmental science, cata-
lysis, fuel cells, solar cells, and biosensing array [25].
However, in solution phase, graphene based nanohybrid,
possess the tendency to form agglomerated clusters, which
could restrict the entrapment and bioactivity of the GOx
enzyme [26]. The lacuna has been well addressed through
reinforcing or incorporating these nanohybrids within
relevant polymers specially biopolymers [27] which gen-
erates a suitable microenvironment for enzyme immobi-
lization. Further, these composed green electrode material
with better efficacy are also said to be biocompatible and
non-toxic that fulfill the demand of maturation of transducer
phase in biosensing device. Chitosan, is a naturally abun-
dant cationic biopolymer that has drawn considerable at-
tention in the fabrication of the biosensing platform because
of its excellent film-forming ability, functionality, and
biocompatibility make it a promising candidate for immo-
bilization of bioactive molecules such as enzymes [28]. In
combination with graphene nanohybrids, chitosan
nanocomposites render a potential transducer platform to
construct an enzymatic biosensor.
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Many graphene-based nanohybrid systems have been
reported as a template for the transducer phase of sensing
device to electrochemically detect glucose [29, 30],
NADPH [31], cytochrome ¢ [32], neurohormone dopamine
[33, 34], and organophosphate pesticides (OPs), [35] etc.
Several biosensing platforms have been already identified
such as graphene/Cu nanoparticles [36], graphene/Pd [37],
reduced graphene oxide (RGO)-multiwalled carbon nan-
otube (MWCNTs) [11], and RGO/ZnO [38]. Moreover, Li
et al. synthesized CeO,-loaded graphene nanocomposites
with high specific capacitance and power density [39]. In
addition Bai et al. [40] also introduced a simple route to
prepare CeO,/graphene nanocomposite for efficient anode
material of lithium ion batteries. Very recently, Mahmoud
et al. fabricated gold-decorated graphene nanohybrid and
investigated its efficiency in glucose biosensing [41].

A facile route to harness the excellent properties of
chitosan, graphene, and CeO, NPs for transducer phase in
glucose sensing applications is by integrating them into
nanocomposite materials. In this present work an attempt
has been undertaken toward the fabrication of nano-CeQO,/
RGO nanohybrid reinforced chitosan (CS) nanocomposite
matrix as an efficient biosensing platform in biosensor
device. Further, GOx enzyme has been effectively immo-
bilized onto the chitosan nanocomposite matrix and in-
vestigated  through  topographical  analysis.  The
electrochemical performance of the fabricated enzyme
bioelectrode was studied in detail using electrochemical
impedance spectroscopy (EIS), cyclic voltammetry (CV),
and differential pulse voltammetry (DPV). The fabricated
bioelectrode revealed high sensitivity, low detection limit,
and acceptable glucose detection range. The biocom-
patibility of the nanohybrid was also assessed through
MTT assay, which is highly required for the development
of transducer phase in biosensing device.

Experimental details
Materials

Graphite flakes (45 um), chitosan (viscosity average mol.
wt-190,000-310,000, DD 75-85 %), and glucose oxidase
(GOx) from Aspergillus niger (EC 1.1.3.4, Type X,
100,000-250,000 units/g, lyophilized powder) have been
purchased from M/s Sigma-Aldrich (USA). Ceric ammo-
nium nitrate (99 % pure) and p-glucose have been procured
from M/s TCI chemical Pvt. Ltd. (Chennai, India) and M/s
Sisco Research Laboratory Pvt. Ltd. (Mumbai, India), re-
spectively. Phosphate buffer saline (PBS 50 mM, pH 7.2)
with 0.1 (M) KCI was used as a supporting electrolyte. The
stock GOx solution was freshly prepared in PBS buffer,
and stored at 4 °C when not in use. A solution of D-(+)



Bioprocess Biosyst Eng

glucose was also prepared and kept for 24 h to mutarotate
at room temperature.

For electrode fabrication, fluorine-doped tin oxide
(FTO) glass plate (25 mm x 25 mm x 1.1 mm) of sur-
face resistivity ~ 15 ohm sq.”" was purchased from M/s
Shilpa Enterprises (Nagpur, India). The working surface
area has been assigned as 0.25 cm?. All other chemicals
and reagents like potassium permanganate (KMnQ,),
cetyltrimethylammonium bromide (CTAB), conc. H,SOy,
HCI etc., were of analytical grade.

Synthesis of nano-CeO,/RGO nanohybrid

The detailed synthesis of reduced graphene oxide (RGO)-
imprinted CeO, nanoparticle was adopted and synthesized
as per earlier described method with little modification
[20]. At first, GO was synthesized from graphite flakes
using hummers’ method [42]. Briefly, 3 g of graphite
powder was suspended in 80 ml concentrated H,SO, and
the solution was stirred for about 24 h in an ice water bath
(0 °C). Then, 9 g of KMnO, was added slowly in stirring
condition and the temperature was calibrated at 0 °C to
avoid sudden increment of reaction temperature. The so-
lution mixture was kept in stirring condition for about
1 day and then diluted gradually with 140 ml deionized
water. Again, 150 ml water was poured into the solution
and left for stirring of about 3 h. Thereafter, 3 % H,O, was
added dropwise into the solution and the significant color
change from brown to yellow-brown was noticed. The
resultant solution was filtered carefully and washed several
times with HC1 (3 %) and deionized water to neutralize the
pH. Finally, the obtained product was subjected to cen-
trifugation at 2000 rpm for 30 min repeatedly and the dark
brown sediment of GO was collected and dried at 50 °C
under vacuum.

In the second step, a certain amount of GO was dis-
solved in 50 ml of deionized water followed by ultra-
sonication. Then, 0.01 (M) of ceric ammonium nitrate
containing CTAB surfactant (~0.10 g) was gradually
poured into the above-prepared solution with vigorous
magnetic stirring to form a highly dispersed solution
mixture. Simultaneously, 25 % aqueous ammonia solution
was added slowly and the mixture was kept under constant
stirring for about ~5-6 h. The pH of the solution was
adjusted to 10 and was maintained under continuous stir-
ring. Afterward, the obtained solution (50 ml) was trans-
ferred into a Teflon-lined jar and placed in stainless steel
tank to conduct the hydrothermal treatment at ~ 120 °C for
12 h. The resulting nano-CeO,/RGO suspension was fil-
tered carefully and washed several times with water. The
supernatant was discarded and the final product was dried
at 50 °C under vacuum followed by ultrasonication to
procure a fine powder.

Fabrication of GOx/nano-CeO,/RGO/CS/FTO
nanobioelectrode

FTO electrode was successively cleaned with 1:1 chromic
acid, ethanol, deionized water, and acetone and dried at
ambient temperature. Initially, 0.5 % chitosan solution was
prepared. Then 6 mg of pre-synthesized nano-CeO,/RGO
nanosheet was dissolved in 2 ml of 0.5 % chitosan solu-
tion. 10 pl aliquot was taken from the above-prepared
colloidal solution and cast on FTO electrode and left for
drying at controlled environment. The developed electrode
was totally immersed in GOx suspension (2 mg ml™")
dispersed in PBS buffer (50 mM, pH 7.2) for ~24 h at
4 °C to immobilize the enzyme completely. Subsequently,
the assembled bioelectrode was properly rinsed with
deionized water to remove any unbound GOx fragments
and stored in a controlled environment. For comparison
purpose other bioelectrodes were also prepared following
the above derived procedure. The stepwise fabrication
scheme has been illustrated in Scheme 1.

Characterization

The crystalline phase and size analysis of the synthesized
products have been carried out using wide angle X-ray
diffractometer (Shimadzu XRD-700L, X-Pert MPD, Japan)
equipped with Cu Ko radiation (4 = 0.1514 nm). The
products such as nano-CeO, and nano-CeO,/RGO
nanohybrid were scanned over the range of diffraction
angle 20 = 10°-70° with a scan speed of 5° min~'. The
surface topography of the modified electrodes has been
studied using an atomic force microscope (M/s Park Sci-
entific Instrument, XE-100, Korea) in non-contact mode
and a commercial probe was used at moderate pressure and
room temperature. The dimension and dispersion of the
synthesized products were investigated on JEM 1400
transmission electron microscope (TEM) (JEOL, Japan) at
an accelerated voltage of 80 kV. The samples were fully
dispersed in ethanol followed by ultrasonication and then it
was mounted on a copper TEM grid. The Raman spectra
were recorded at the room temperature using Micro-Raman
spectrometer (Model: inVia, M/s Renishaw Plc, UK; Sl
No-H33197) over the range of 1003500 cm ™. The argon
ion (Ar) laser (514 nm, 50 mW) has been used in the
analysis. To measure the surface hydrophilicity, contact
angle measurement was carried out using a sessile drop
method of contact angle measurement on Phoenix, SEO,
Korea. Deionized water was taken as liquid phase.

In vitro cellular biocompatibility assay

To check the cellular biocompatibility, mouse monocyte
macrophage cell line (Raw 264.7) was used for the cell
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were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, ATCC) supplemented with 10 % fetal bovine
serum (FBS, ATCC) and 1 % penicillin/streptomycin
(ATCC). The cell suspension was added into 25 cm? vials
and put into an incubator (37 °C, 5 % CO,) followed by
trypsinization.  Simultaneously, the cultured cells
(~2 x 10* cells per well) were seeded within 96 well
plate and again incubated in DMEM solution for MTT
assay. Seven concentrations (500-5 pug ml™') of nano-
CeO,/RGO nanohybrid was suspended in these 96 well
plates and incubated thereafter in an incubator (37 °C, 5 %
CO,) for 24 and 48 h, respectively.

Results and discussion
Characterization of the synthesized nanohybrid
X-ray diffraction analysis

Figure 1 illustrates the X-ray diffraction (XRD) patterns
and the crystal plane of synthesized products. According to
the XRD pattern of RGO, a new broad peak (002) appeared
in the range of 17.4°-18.1° and corresponding inter-planar
distance was obtained as ~(0.50 nm, which is attributed to
the introduction of oxygen-containing functional group and
the formation of a few layers of graphene nanosheet after
exfoliation. XRD spectrum of synthesized CeO, exhibits
several characteristic peaks at 28.6° (111), 33.2° (200),
47.3° (220), 56.5° (311), 68.7° (322), and 69.9° (400).
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Fig. 1 X-ray diffraction pattern of CeO, nanoparticles, RGO, and
nano-Ce0,/RGO nanohybrid

Similar diffraction pattern with minute differences in peak
intensities were also noticed in case of synthesized nano-
Ce0,/RGO nanohybrid. The diffraction was found to be
very close proximity to that of CeO, nanoparticles and it
was highly consistent with face-centered cubic fluorite
structure of CeQ,, indicating the successful imprint of
nano-CeO, on the layered surface of graphene nanosheet.
This aspect can also be justified by the fact that hy-
drothermal treatment leads to the formation of uniform
building blocks on RGO nanolayers which in turn fa-
cilitates the growth of CeO, nanoparticles. The average
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Fig. 2 Raman spectra of graphene oxide (GO), CeO, nanoparticles,
RGO, and nano-CeO,/RGO nanohybrid

crystalline domains of CeO, and nano-CeO,/RGO powder
was measured using the Scherrer’s formula d = 0.94/f
cosf where Z is the wavelength of X-ray (0.154 nm), f§ is
the half width maximum intensity, and 0 is the Bragg’s
angle. The average crystallite size of CeO, in nano-CeO,/
RGO nanohybrid was obtained as ~2.5 nm which was
relatively higher than the CeO, nanoparticles (~0.13 nm).
These results are quite similar to the findings reported by
other authors [43, 44].

Raman analysis

Figure 2 elucidates the Raman spectra of GO, RGO, CeO,
NPs, and the nano-CeO,/RGO nanohybrid. From the
spectra it can be seen that two well-defined peaks appeared
in the range of 1330-1592 cm ™', which correspond to the
D and G bands of graphene. In which D and G band sig-
nifies the k-point phonons of A, symmetry and E,, phonon
of the C sp® atoms, respectively [33]. The observed D/
G band intensity ratio of nano-CeO,/RGO nanohybrid
(~1.01) was higher than that of GO (~0.87), whereas
RGO nanosheet exhibited a D/G intensity ratio of (~0.92),
indicating the minor crystal defects present in nano-CeO,/
RGO nanohybrid relative to RGO nanosheet. Furthermore,
in case of nano-CeO,/RGO nanohybrid an additional peak
at ~460 cm™! was observed, which might be due to the
F,, symmetric stretching mode of the Ce-Og vibrational
unit thus confirming the successful growth of CeO, NPs on
the RGO nanosheet. Therefore, the obtained results are
consistent enough as per previous literature [20, 44].

Morphological studies

Morphologies of various synthesized nanohybrids were
investigated and characterized by TEM and AFM analyses.

As displayed in Fig. 3a nano-CeO,/RGO nanohybrid re-
veals the randomly dispersed hexagonal and some quasi-
spherical CeO, NPs fabric onto the wrinkled graphene
sheet which suggests a successful decoration of CeO,
NPs onto the graphene layer. It can be seen from
Fig. 3b, graphene exhibits typical folded structural ar-
rangement with relatively creased surface texture. The
average grain size of these NPs has been obtained as
~7-10 nm which is quite high as calculated from XRD
data, implying agglomerated CeO, NPs (Fig. 3c)
nanoclusters.

Further, the successful decoration of CeO, NPs on the
graphene nanosheet was also monitored by AFM analysis
(Fig. 3d). It exhibits a thicker graphene nanosheet
(~10 nm) which is supposed to be higher than the well-
known thickness of graphene sheet (~0.34 nm). This is
attributed to the presence of functionalized groups on both
sides of exfoliated graphene oxide (GO) as well as mar-
ginal defect introduced by successive oxidation process. It
further indicates that the successful decoration of CeO,
NPs on the graphene nanosheet results in the increase in
thickness of the nanohybrid.

In vitro cell biocompatibility assessment
of nano-Ce(OQ,/RGO nanohybrid

MTT assay was used to investigate the cell viability. It is
noticed that mitochondrial enzyme present in the cell has
been found to be capable of reducing MTT. The cell via-
bility and proliferation was scrutinized at 24 and 48 h after
cell seeding. From Fig. 4 it can be seen that with the de-
crease in nano-CeO,/RGO nanohybrid concentration from
500 to 5 pg ml~', the in vitro cell viability numbers in-
creased from 31.5 to 94.4 % (compared to cell control as
100 %).

As observed from Fig. 4, after 48 h incubation more
than ~95 % macrophage cells are alive in nano-CeO,/
RGO nanohybrid seeded culture media, indicating that the
cell survival and proliferation was not restricted by the
presence of nano-CeO,/RGO nanohybrid which was
ascribed to the engulfment of NPs by building a self-
defense barrier toward successive growth of cells. This
confirms the less toxic nature of nano-CeO,/RGO
nanohybrid, which assists the cell growth and maintains
the cell viability in the culture media [45-50]. These
assumptions are also supported by the microscopic images
as shown in Fig. 5. The cytoplasmic condensation of
macrophage cells was noticed at high concentration of
nanohybrids resulting in the inhibition of cell proliferation
to some extent. Furthermore, after prolonged incubation
(48 h), the viable macrophage cells with irregular cell
clumping caused confluent cell aggregation. However, no
such effects were visible with low nanohybrid-incubated
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Fig. 3 TEM micrograph of a CeO,-decorated RGO nanohybrid, b RGO, ¢ CeO, nanoparticles, d AFM topography of CeO,-decorated RGO

nanohybrid
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Fig. 4 Cell viability of macrophage cell line in MTT test cultured

with different concentration of nano-CeO,/RGO nanohybrid for 24
and 48 h
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cell culture media that proves that the less toxic nano-
CeO,/RGO nanohybrid can be efficiently utilized as a
biocompatible material in biosensing device.

Topographical and surface hydrophilicity studies
of chitosan-based modified electrodes

To confirm the successful enzyme entrapment on the
modified electrode, the AFM technique has been em-
ployed. As can be seen in Fig. 6anano-CeO,/RGO/CS/FTO
electrode reveals the porous, globular surface microstruc-
ture with mean surface roughness value (RMS) of
~ 100 nm. The observed value of RMS depicts the uniform
distribution of nanopores and granular structure on the
electrode surface, which is highly significant for biosensing
array in terms of charge transportation. Moreover, CeO,
NPs were securely distributed on the graphene layers,
creating some phase separation (Fig. 6a). Conversely, GOx
immobilization has led to comparatively smooth and even
surface texture, resulting in the decrease of surface
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Fig. 5 Light microscopy images (x20 magnification) of cell cultures
after 24 h incubation a control, b nano-CeO,/RGO nanohybrid
(500 pg ml™1), and ¢ nano-CeO,/RGO nanohybrid (5 pg ml™Y); after

48 h incubation d control, e nano-CeO,/RGO nanohybrid
Fig. 6 3D topographic images
of different FTO electrode (a)

a nano-CeO,/RGO/CS/FTO,
b GOx/nano-CeO,/RGO/CS/
FTO bioelectrode; 2D phase
morphology of ¢ nano-CeO,/
RGO/CS/FTO, d GOx/nano-
CeO,/RGO/CS/FTO
bioelectrode

(500 ug ml™"), and f nano-CeO,/RGO nanohybrid (5 pug ml™").
Arrows indicate nano-CeO,/RGO nanohybrids, cycle and rectangle
imply cell shrinking and irregular confluent cell aggregates,
respectively
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Fig. 7 Contact angle

measurement of a nano-CeO,/ (a)

RGO/CS/FTO, b GOx/nano- _ -
CeO0,/RGO/CS/FTO 9492 )
bioelectrode Wa=125.17 J/m

(b)
0=52.32°
Wa=111.89 J/m?

roughness value (RMS = 40.2 nm; Fig. 6b). Therefore, the
appearance of dense cloudy surface topography by dissi-
pating globular forms suggests that GOx was effectively
consumed on the nano-CeO,/RGO nanohybrids-modified
chitosan layer (Fig. 6¢c, d). Similar observation has been
also reported by the other researchers [51].

To evaluate the surface hydrophilicity contact angle
(CA) measurement was carried out with the nano-CeQO»/
RGO/CS/FTO and GOx/nano-CeO,/RGO/CS/FTO bio-
electrodes. The initial contact angle was derived immedi-
ately after water dropped on the electrode surface to
express the wettability and surface hydrophilicity of the
matrix in terms of surface tension (y) and work of adhesion
(W,).The work of adhesion can be estimated from the
Young—Dupre Eq. (1).

Wy = 7 (1 +cos0), (1)

where 0 is the contact angle between the water droplet and
the modified electrode surface. The nano-CeO,/RGO/CS/
FTO electrode (Fig. 7a) shows the lowest CA value of
44.92° revealing the hydrophilic nature of nano-CeO,/RGO
nanohybrid. This assists the spreading of water droplets on
the electrode surface resulting in the increase in work of
adhesion value to 125.17 J m~2. However the measured
CA increased to 52.32° after the glucose oxidase was im-
mobilized on the nano-CeO,/RGO/CS/FTO electrode
(Fig. 7b) surface indicating that these fabricated bioelec-
trode has relatively weaker affinity to the hydrophilic
moiety imparting hydrophobic in nature. Additionally, the
lower work of adhesion (~111.89 J m~2) of the bioelec-
trode restricts the wettability of the hydrophilic moiety on
the enzyme-linked electrode surface by reducing the sur-
face energy to some extent. Thus, it was confirmed that,
incorporation of nanohybrids forms a higher energy elec-
trode surface which could improve the hydrophilicity as
well as wettability.
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Fig. 8 Electrochemical impedance spectra of various modified
electrodes

Electrochemical studies
Electrochemical impedance spectroscopy

Figure 8 shows the Nyquist plot of EIS measurement that
was carried out on (a) nano-CeO,/CS/FTO, (b) bare FTO,
(¢) GOx/nano-CeO,/RGO/CS//FTO, and (d) nano-CeO»/
RGO/CS/FTO in PBS [50 mM, pH 7.2, 0.1 (M) KCl]
containing 2.5 mM [Fe(CN)6]*~"*~ within the frequency
range of 0.01-10° Hz at initial potential of 0.1 V and
amplitude of 10 mV. The Nyquist plot illustrates the
semicircle diameter at higher frequency analogs to the
charge transfer resistance (R ;) and the linear part of lower
frequency region corresponds to the diffusion-controlled
process of redox probe [52-54].

The Nyquist plot noticed for bare FTO electrode exhib-
ited a large semicircle with an electron transfer resistance
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(R.y) of 1085 Q. Incorporation of CeO, NPs within the
chitosan matrix, the R, was decreased to 810 Q indicating
an increase in the electron transfer process at modified
electrode surface due to the presence of conducting CeO,
NPs. In case of nano-CeO,/RGO/CS/FTO electrode, the R
value was further decreased to 175 Q which is ascribed to
the fact that CeO, nanoparticles decorated reduced gra-
phene oxide nanosheet facilitates the mobility of electron
transfer between the redox probe of [Fe(CN)6]3 ~/*~ and the
electrode surface. However, immobilization of glucose
oxidase (GOx) enzyme led to the increase in semicircle
diameter of 387 Q. This result can be attributed to the fact
that nano-CeO,/RGO/CS nanocomposites offer a suitable
microenvironment on which GOx enzyme, was effectively
assembled, resulting in obvious increment of charge trans-
fer resistance.

Cyclic voltammetry

To evaluate the possible synergistic effects between CeO,
NPs and RGO nanosheet, the CV response of [FC(CN)6]3 -/
4~ at the FTO electrode surface and the other modified
electrodes were recorded (Fig. 9a). For a comparative
purpose, the CV analysis was also performed with these
modified electrodes as controls (Fig. 9b). nano-CeO,/RGO/
CS//FTO electrode shows the distinct redox behavior at
0.51 V (E,,) and its corresponding anodic peak current was
obtained at 1.15 x 10~* A. This highest value of current
response was primarily due to the anchoring of cerium
oxide nanoparticles on the RGO nanosheet which accel-
erates the tunneling of electrons that promotes increased
electron transportation through the chitosan layer. Further,
the significant reduction of anodic peak current response

—e—nano-Ce0,/RGO/CSIFTO
—e—GOx/nano-Ce0,/RGO/CS/FTO

(a)

1.5x10 4

—A—nano-Ce0,/CS/FTO
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1.5x10 -
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was observed in the case of CeO, NPs-modified electrode
(7.16 x 107> A) which is possibly due to the fact that only
CeO, NPs could not amplify the peak current response to a
greater extent. However, the magnitude of current response
for GOx-modified nano-CeO,/RGO/CS//FTO bioelectrode
decreased to 1.03 x 107* A, suggesting that effective
immobilization of GOx on the nanobiofilm generates an
insulating layer which restricts the facile electron transfer
between the redox probe and the electrode surface.

Electrochemical response study

The electrochemical response of proposed fabricated bio-
electrode GOx/nano-CeO,/RGO/CS/FTO has been inves-
tigated using the amperometric DPV technique at a fixed
scan rate of 50 mV s~' in PBS buffer (50 mM, 0.1
(M) KCI). Figure 10a shows the typical DPV response
curves with different concentration of glucose. It can be
observed that a well-defined oxidation peak at 0.38 V was
attributed to the redox property of CeO,-decorated RGO
nanohybrid. The result was also ascribed to the intercala-
tion of the surfactant on the RGO nanosheet which refines
the hydrophilicity of the electrode surface. Therefore,
CeO, nanoparticles effectively interacts with the surfac-
tant-modified RGO nanosheet resulting in a facile electron
channeling network, which in turn is responsible for the
generation of the oxidation peak at 0.38 V [55].
Simultaneously, the fascinating redox property of CeO,-
anchored graphene nanohybrid also governs the electro-
catalytic activity, which exhibits the removal of oxygen
atoms from CeO, lattice unit generating two non-s-
toichiometric oxides CeO, and Ce,O; that can reversibly

(b)

4]
1610 GOx/ nano-Ce0,/RGOICSIFTO
——nano-Ce0,/RGO/CS/FTO
1.0x 101 ——nano-Ce0,/CSIFTO
< 50x10°4
3
c
[
=
- =
3 0.0
-5.0x10° 1
-1.0x 10 1

T T T T T T

T T
02 00 02 04 06 08 10 12
EIV Vs. Ag/AgCl

Fig. 9 Cyclic voltammetry studies of various modified electrodes in a 2.5 mM [Fe(CN)6]37/47 containing PBS buffer [pH 7.2, 0.1 (M) KCl],

b blank media PBS buffer (pH 7.2) as control
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Fig. 10 a Typical amperometric differential pulse voltammetry curve
of GOx/nano-CeO,/RGO/CS/FTO bioelectrode with various glucose
concentrations in air-saturated 0.1 (M) PBS buffer. The concentration

alter their oxidation state and exist as Ce*"/Ce*" redox
couple under reducing condition [56]. In addition the
evolution of H,O, and its possible interaction with CeO,
result in its reduction. Hence, an additional small peak
appeared at ~—0.03 V might be due to the oxidation of
H,O, molecule and its possible biochemical reaction was
also represented in Scheme 2 [57].

As represented in the inset of Fig. 10a, the linear re-
gression equation can be expressed as I (A) = 6.0309 x
107 + 1.7997 x 107°x Cglucose (MM) with a correlation
coefficient of 0.983 (inset of Fig. 10). The increase in peak
current response was observed after the addition of glucose
analyte within the range of 0.05-6.5 mM. This could be
ascribed to the electrocatalytic activity of the GOx/nano-
Ce0O,/RGO/CS/FTO-modified bioelectrode which assists in
glucose monitoring. The oxygen consumption increased
linearly with the increase in glucose concentration, indi-
cating that with each successive addition of glucose analyte
into O,-saturated buffer which requires more oxygen for
oxidation results in the linear enhancement of current re-
sponses [58].

Scheme 2 The possible
biochemical reaction pathway at
GOx/nano-CeO,/RGO/CS/FTO
bioelectrode

[Fe(CN)s]*

@ Springer

GOx/nano-Ce0,-RGO
/CS/FI'O bioelectrode

[Fe(CN)s]*

Gluconic aci
Glucose (GOx), 5
red

(b)

Y=13662.54xglu conc.(mM")+3899.63
R’ =0.9841

-2

1/current density (A" cm™@)
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8.0x10°
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of glucose b 0.05 mM, ¢ 1.5 mM, d 2.5 mM, e 3.5 mM, f 4.5 mM,
g 5.5 mM, h 6.5 mM. Inset is the corresponding calibration curve;
b the calibrated Lineweaver—Burk plot for the bioelectrode

Meanwhile the attained sensitivity of proposed bio-
electrode has been estimated to be 7.198 pA mM ™'
cm ™2, which is quite suitable and higher than the
previously reported graphene-based biosensor for glu-
cose detection (Table 1). The improved sensitivity was
attributed to the fact that CeO,-decorated RGO
nanohybrid reinforced chitosan matrix provides en-
hanced electroactive surface which could facilitate the
tunneling of electrons thus enhancing the sensitivity.
Furthermore the secure distribution of CeO, nanoparti-
cles on the RGO nanosheet renders large electroactive
surface for the entrapment of enzyme biomolecules and
efficiently accelerates the electron transfer reaction be-
tween the bioelectrode and the glucose analyte mole-
cules leading to improved sensitivity in terms of current
response [59]. Besides that, the preferable electrocat-
alytic property of the nano-CeO,/RGO nanohybrid can
be assigned due to the excellent synergistic coupling
between redox-active CeO, NPs and highly conducting
RGO nanosheet which induced the sensing performance
of the bioelectrode as compared with other biosensor.

TR —>

|eusis [e21wayo0aP3|3

2H*+O (nanohybrid),;

=
e
H,0, (nanohybrid), 4

|eusis |e21WayY201323|3
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Table 1 Comparison of the Electrode material

Linear range (mM) Sensitivity (LA mM~! cm_z) References

electroanalytical parameters of
the GOx/nano-CeO,/RGO/CS/
FTO bioelectrode with other
GOx-based bioelectrodes

PDDA GOx/Aw/CNT*
GOx/Pt/FCNA/GCE®

Nafion/GOx/Ag/Pdop® @CNT/GCE

RGO/Ag/GOx

GOD/CeO, NRs
GOD-chitosan-BCNi
GOD/mesoporous TiO,
GOD/porous carbon-silica
ERGO/CS/ZrO,/GOD
SRGO/SmHCF/GCE*
GOx/nano-CeO,/RGO/CS/FTO

0.5-5.0 2.5 [65]
0.5-8 6.0 [66]
0.05-1.1 3.1 [67]
0.5-12.5 3.84 [68]
- 0.165 [69]
- 35 [70]
- 39 [71]
- 1.8 [72]
0.2-1.6 7.6 [73]
50-250 uM 0.430 [55]
0.05-6.5 7.198 Present work

? Poly (diallyldimethylammonium chloride)

® Flower-like carbon nanosheet aggregation

¢ Polydopamine

4 Samarium hexacyanoferrate

A response plateau in the calibration curve in Michae-
lis-Menten kinetic mechanism was employed to evaluate
the enzyme substrate affinity (K3EP) using Lineweaver—
Burk plot given below:

l/lss = 1/Imax + Km/lmax-cglucose7

where I is the steady-state current response obtained after
adding the substrate, C is the bulk concentration of the
substrate, and I,.x is the maximum current density ob-
served under the saturated substrate concentration. The
apparent Michaelis—Menten constant (K,,) was calculated
from the slope of the calibration plot of steady-state current
response (1/Iss) versus analyte (glucose) concentration (1/
Colucose)- As observed from the linear calibration curve
(Fig. 10b), the maximum current density (I,.x) was de-
termined as 2.56 x 107 A™' cm™2 from the intercept of
the linear regression equation (y = 13,662.54 x glu conc.
(mM™") + 3899.63, R? = 0.9841). Putting the value of
Ihax in the slope of above-mentioned equation, the K,
value was calculated and obtained as 3.5 mM implying that
the GOx/nano-CeO,/RGO/CS/FTO bioelectrode reveals
higher electrocatalytic activity toward the determination of
glucose. In addition, the lower value of K, indicates that
the fabricated chitosan nanocomposite matrix is highly
suitable for effective enzyme immobilization as compared
with other functionalized matrices [60, 61]. Moreover the
low value of K, (3.5 mM) also signifies the high enzy-
matic affinity and good biocompatibility of the GOx en-
zyme for its substrate glucose.

Additionally, the obtained linear detection range of the
bioelectrode highlights the entire range of glucose con-
centrations found in the whole blood (3.5-5.3 mM), serum
(2.5-5.3 mM), and urine (0.1-0.8 mM). The limit of de-
tection (LOD) was also quantified to be 2 uM using the

formula, LOD = 3SD/S, where S, is the standard de-
viation of ten blank measurements and S is the sensitivity
[62] (S/N = 3). This can also be associated with pH-re-
sponsive behavior of the bioelectrode. The response time of
the bioelectrode has been estimated to be about 10 s, which
shows rapid electron transportation across the nano-CeO,/
RGO/CS/FTO electrode.

Storage stability of the bioelectrode

The storage stability and shelf life of GOx/nano-CeO,/
RGO/CS/FTO bioelectrode was measured after an interval
of 1 week and it has been continued to an additional
10 weeks. It was noted that the bioelectrode retained about
80.2 % of the entrapped GOx enzyme bioactivity even
after 5 weeks when it was properly conditioned at 4 °C in a
controlled and dry environment, whereas the magnitude of
current response significantly decreased to 70.2 % in about
10 weeks. However, after 30 days of storage period the
biosensor maintained ~89.5 % of its initial current re-
sponse, which was much better than the earlier report [63].
These results reflect that the proposed biosensor had good
long-term storage stability without any significant drift.

Selectivity in terms of interference study

For purpose of evaluating the selectivity of the biosensor,
the impact of interferences on the response of GOx/nano-
CeO,/RGO/CS/FTO bioelectrode has been performed us-
ing cyclic voltammetry technique in a freshly prepared
PBS [50 mM, pH 7.2] with 0.1 (M) KClI as a supporting
electrolyte (Fig. 11). The selectivity of the bioelectrode has
been monitored at their physiological concentrations such as
urea (1 mM), lactic acid (LA) (1 mM), cholesterol (5 mM),
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Fig. 11 Effect of interferents on GOx/nano-CeO,/RGO/CS/FTO
bioelectrode for glucose detection

ascorbic acid (AA) (0.05 mM), and glucose (Glu) (5 mM).
The discrepancy in the magnitude of current response was
examined in PBS buffer by injecting required amount of
interfering substance in equal proportion with that of glu-
cose analyte. Hence, it has been observed that the peak
current density of the constructed bioelectrode was not
remarkably influenced by the interferents implying no
variation in peak current response. However, only ascorbic
acid, lactic acid, and urea showed marginally reduced
current value. The value of current response decreases by
about 14, 7, and 4 % upon the addition of AA, urea, and
LA, respectively which confirms that the bioelectrode is
highly selective. These phenomena are in good accordance
with the previous report [63, 64].

Conclusion

In summary, we have proposed the construction of a green
biocompatible transducer platform based on nano-CeO,/
RGO nanohybrid reinforced chitosan nanocomposites
electrode material for glucose monitoring. The resulting
bioelectrode nano-CeO,/RGO/CS/FTO provides a suitable
microenvironment for effective immobilization of GOx
enzyme and exhibits improved electrocatalytic activity
toward glucose detection. The synergistic effect of CeO,
NPs and RGO nanosheet may promote the electrochemical
performance of fabricated bioelectrode which in turn leads
to high sensitivity, wide detection range, and low detection
limit efficient for glucose assessment. Furthermore, the
composed nano-CeO,/RGO nanohybrid-based chitosan
nanocomposites was exploited as a promising biosensing
platform in terms of biocompatibility, electrocatalytic
sensitivity, and response time for the determination of
glucose, which could also be extended in future to the

@ Springer

miniaturization of MEMS and ISFT-based biosensors
blending with micro-electronic technology for real-time
monitoring process in the diagnostic area.
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