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A B S T R A C T

In this work, an ultra-sensing photoelectrochemical (PEC) glucose biosensor has been constructed from the bio-
derived nitrogen-doped carbon sheets (NDC) wrapped titanium dioxide nanoparticles (NDC-TiO2 NPs) followed
by the covalent immobilization of glucose oxidase (GODx) on them (designated as a GODx/NDC-TiO2NPs/ITO
biosensor). Initially, the TiO2 NPs was synthesized by sol-gel method and then NDC-TiO2 NPs was synthesized
utilizing a green source of Prunus persica (peach fruit) through a simple hydrothermal process. The synthesized
NDC-TiO2 NPs composite was characterized by FESEM, HRTEM, Raman spectroscopy, XRD, ATR-FTIR spec-
troscopy and XPS to determine composition and phase purity. These fabricated GODx/NDC-TiO2NPs/ITO bio-
sensor exhibited a good charge separation, highly enhanced and stable photocurrent responses with switching
PEC behavior under the light (λ > 400 nm). As a result, GODx/NDC-TiO2NPs/ITO PEC glucose sensor exhibits a
good photocurrent response to detection of glucose concentrations (0.05–10 μM) with an ultra-low detection
limit of 13 nM under optimized PEC experimental conditions. Also, the PEC glucose sensor revealed a high
selectivity, good stability, long time durability, and capability to analyze the glucose levels in real human serum.
Also, the further development of this work may provide new insights into preparing other bio-derived carbon
nanostructure-based photocatalysts for PEC applications.

1. Introduction

Recently, photoelectrochemical (PEC) biosensing have gained con-
siderable attention among the other biosensing methods due to their
promising performances such as high sensitivity, negligible background
current and the clear separation of the detection signals from the ex-
citation source (Zhao et al., 2014; Devadoss et al., 2015). The PEC
measurement is an intensely developing technique and this possesses
the wide advantages on highly sensitive biosensors due to the low
background current responses from the combination of electrochemical
and coupling light excitation. Moreover, compared with all-optical
detection methods, such as fluorescence, expensive optical imaging
devices and require complex and sophisticated image recognition
software, the cost-effective electrochemical instrumentation makes the

PEC method is a rapid, simple and economical for successful biosensor
applications (Bettazzi et al., 2018; Nallal et al., 2017). Considerable
research interest in PEC biosensor is increasing in the detection of
various specific targets in bio-system such as antigens, enzymes, en-
zyme substrates, nucleic acids, proteins and chemicals due to the rise of
novel photo-electrochemically active species and detection schemes
(Ibrahim et al., 2018). The characteristic of PEC biosensing interface is
generally composed of photo-electroactive materials and biological
receptors. Photo-electroactive materials served as the energy transducer
layer to generate photocurrents (j(photo)) upon illumination. Besides,
this transducer layer offers suitable supports for immobilization of
biological receptors and these receptors can selectively recognize and
capture target analytes. Therefore, the fabrication of the transducer
layer has been of great importance for the PEC applications. Recently,
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the photo-electroactive nanomaterials have been considered as an ul-
timate choice for the fabrication of the PEC sensing interface
(Muthuchamy et al., 2017; Gopalan et al., 2017). In general, various
semiconducting nanoparticles have been widely used in the PEC sensor
and which showed superior sensing performance due to their efficient
multiple charge-carrier generations and size-tunable optical and elec-
tronic properties, particularly, the semiconducting nanostructures play
a significant role in PEC biosensors due to its good electrical and optical
properties, superior physicochemical stability, earth-abundance, and
cost efficiency. However, the PEC efficiency of pristine semiconductors
is still limited due to the high recombination rate of photogenerated
electron-hole pairs (e- and h+), the relative optical band gap and grain
boundaries (Zhao et al., 2018; Dai et al., 2015).

On the other hand, the traditional nanomaterial (e.g. polymer hy-
drogels; functionalized conducting polymers) based biosensors with
high porosity will provide a high loading of nanoparticles without
major aggregation and these materials enable the electrolytes in the
host-guest interface. However, those polymer hydrogels show the poor
conductivity in electrochemistry. This drawback was overcome by the
highly conductive carbon nanostructured materials (e.g. graphene (Gr)
and carbon nanotubes (CNT)) due to their remarkable large surface
area even after tightly packing of various guest nanomaterials on the
surface of the host framework (Gopalan et al., 2018; Hao et al., 2017;
Komathi et al., 2016). Moreover, the introduction of heteroatoms such
as nitrogen into the framework of Gr and its derived nanomaterials can
significantly improve the conductivity and enhance the PEC perfor-
mance (Chen et al., 2013). But generally, the preparation of Gr is done
using an expensive process and results in the expulsion of toxic waste
during their synthesis. Hence, scientist trusts the bio-derived Gr-like
carbon sheets as a host material to hold the guest species of the active
nanoparticles suitable for PEC biosensor. The bio-derived Gr-like
carbon sheets are eco-friendly as well as various functional groups in-
cluding nitrogen-containing components present on their surface en-
hance the electrochemical properties towards PEC biosensor and so on
(Santhiago et al., 2018; Atchudan et al., 2018a). To the best of our
knowledge, bio-derived nitrogen-doped carbon sheets wrapped tita-
nium dioxide nanoparticles has not been utilized in PEC biosensor re-
search until now. Herein, a novel and ultrasensitive nitrogen-doped
carbon sheets (NDC) wrapped titanium dioxide nanoparticles (NDC-
TiO2 NPs) nanocomposite was prepared via the simple hydrothermal
method. Also, the strong interactions between TiO2 NPs and the NDC
sheet were confirmed by various physicochemical techniques including
X-ray photoelectron spectroscopy (XPS), Attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR) and High-resolu-
tion transmission electron microscopy (HRTEM).

Glucose (Glu) is a major source of energy for cell metabolism and
regulation, also it has a main role in the process of natural cell growth.
Moreover, if Glu level is an excess or deficiency in a body might effect
on cell functions. A few recent studies focused to determine the high
concentration of Glu in diagnosing system. However, on the other hand,
still existing a big challenge to monitor the accuracy level of Glu, most
importantly in the low-level Glu detection due to lack of improvements
in sensor fabrication (Vashist, 2012). To overcome this ultra-low de-
tection of Glu, herein, PEC Glu biosensor has been developed by the
functionalization of glucose oxidase (GODx) on the surface of NDC-TiO2
NPs coated indium tin oxide (ITO) electrode (designated as a GODx/
NDC-TiO2NPs/ITO biosensor). The plausible mechanism was system-
atically investigated to find the enhancement of PEC as a Glu biosensor
under the light. This proposed PEC biosensor exhibited good PEC per-
formances towards ultradetection of Glu biomolecules with a low de-
tection range of 13 nM and a wide linear range (0.05–10 μM). In ad-
dition, fabricated GODx/NDC-TiO2NPs/ITO biosensor was utilized for
determination of Glu levels in real human blood serum system. Overall,
the PEC result indicated that the GODx/NDC-TiO2NPs/ITO biosensor is
a promising material for developing high-performance PEC biosensor

for the biomedical, health care, food industry, and environmental
analysis.

2. Experimental

2.1. Materials

The peach fruit was collected from the Kyungpook National
University Campus, Daegu, Republic of Korea. Titanium (IV) isoprop-
oxide, anhydrous ethanol, aqueous ammonia, 3-aminopropyltriethox-
ysilane (3-APTES), glucose, glutaraldehyde, human serum (from human
male AB plasma, USA origin, sterile-filtered), 5% Nafion, GODx (from
Aspergillus niger; E.C 1.1.3.4, 151 U mg−1, U: enzyme units); phos-
phate buffer solutions (PBS) and sulfuric acid were purchased from
Sigma-Aldrich and were used as received. The double distilled (DD)
water was used throughout this study.

2.2. Synthesis of the bare TiO2 NPs and NDC-TiO2 NPs

The bare TiO2 NPs were synthesized by a simple sol-gel method as
per our previously reported work (Atchudan et al., 2017). The NDC-
TiO2 NPs was synthesized through a hydrothermal method. Typically,
30mL of peach juice, 200mg of TiO2 NPs and 1mL of aqueous am-
monia were taken into a Teflon-lined stainless steel autoclave. The
mixture was subsequently heated at 180 °C for 12 h and then cooled to
room temperature. The resultant mixture was filtered and washed with
DD water. The residue was dried at 70 °C for 12 h. The obtained
brownish-black powder denoted as NDC-TiO2 NPs. Schematic illustra-
tion of the synthesis procedure is clearly seen in Fig. S1.

2.3. Fabrication of GODx/NDC-TiO2NPs/ITO biosensor

Prior to the fabrication of NDC-TiO2NPs/ITO biosensor, the indium
tin oxide (ITO) substrates were pre-treated by ultrasonication process in
ethanol, acetone and followed by distilled water. Subsequently, dried
under nitrogen (N2) stream. Initially, about 5mg of NDC-TiO2NPs were
dispersed in about 3:3:1 (v/v) in distilled water, isopropyl alcohol and
Nafion (5% in ethanol) under the ultrasonication for 1 h. About 6 μL of
the above-dispersed slurry was drop-cast on the surface of a pre-treated
ITO electrode (area= 0.25 cm2 and catalyst loading= 171.5 µg cm−2)
and dried in air. After that, NDC-TiO2NPs/ITO electrode silanized using
3-APTES. NDC-TiO2NPs/ITO electrode was incubated in a solution
containing 3-APTES (1mL), 5% anhydrous ethanol (5mL), 28% am-
monia (0.25mL) and dried in an oven at 120 °C for 1 h. Further, the
silanized NDC-TiO2NPs/ITO electrode was incubated with glutar-
aldehyde solution at 37 °C for 2 h to link the aldehyde groups on the
NDC-TiO2NPs/ITO surface (via glutaraldehyde/silane linkage chem-
istry). Finally, the NDC-TiO2NPs/ITO electrode was incubated with
GODx (1mgmL−1 in 0.1M PBS at pH 7) at 4 °C for 24 h and designated
as a GODx/NDC-TiO2NPs/ITO biosensor. For the long period stability
and durability analysis, the fabricated NDC-TiO2NPs/ITO biosensor was
stored in 0.1M PBS at pH 7 and 4 °C for use.

2.4. PEC glucose measurements

PEC measurements were performed using CHI 760D potentiostat CH
instrument. An aqueous solution of 0.1M PBS (pH 7) was used as the
electrolyte. The NDC-TiO2NPs coated ITO surface area was exposed to
the electrolyte and then soaked in the aqueous 0.1M PBS (pH 7). Also,
the uncoated ITO electrode surface area was sealed using epoxy for
insulation. The light was illuminated on the front side of the NDC-
TiO2NPs/ITO biosensor using a conventional three-electrode set-up,
NDC-TiO2NPs/ITO biosensor (working electrode), Ag/AgCl(sat. KCl) (re-
ference electrode), and platinum wire (counter electrode) in an analyst
solution through a quartz window. Both, cyclic voltammetry (CV) and
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linear sweep voltammetry (LSV) measurements were performed at a
scan rate of 20mV s−1. The electrochemical impedance spectroscopy
(EIS, Nyquist plots) was recorded in an AC potential range between
100 kHz and 10 Hz with an amplitude of 10mV. The photo-
chronoamperomatric measurements were performed on the constant
applied potential of 0.40 V. A 300W xenon lamp system (model 66184,
Oriel Instrument) with an optical filter (λ > 400 nm) was used as a
light source and installed 10 cm away from the PEC cell.

3. Results and discussion

3.1. Characterization of the synthesized bare TiO2 NPs and NDC-TiO2 NPs

FESEM was used to observe the surface morphology of the synthe-
sized materials. Fig. S2 shows the FESEM images with energy-dispersive
X-ray (EDX) spectrum of the synthesized bare TiO2 NPs. The aggregated
nanoparticles are vividly seen in Fig. S2(a-d). Further, the elemental

Fig. 1. (a) FESEM image, and the corresponding elemental mapping of (b) carbon, (c) oxygen, (d) nitrogen, (e) Titanium and (f) EDX spectrum of the synthesized
NDC-TiO2 NPs. (g)-(j) HRTEM images with different magnification and (k) XRD pattern of the synthesized NDC-TiO2 NPs.
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compositions (Ti and O) of TiO2 NPs was confirmed by EDX spectrum
(Fig. S2(e)). The peak above 2 keV corresponds to the Si which is ori-
ginated from the si-wafer. Beyond this absence of impurities are ob-
served in the spectrum which supports the high purity of the synthe-
sized TiO2 NPs. As shown in Fig. 1(a), the synthesized NDC-TiO2 NPs
presented nanoparticles embedded in the carbon sheets. The composi-
tion of elements was confirmed by the EDX mapping analysis. It can be
seen that the elements such as C, O, N and Ti are uniformly distributed
in the composite (Fig. 1(b-e)). This result provides evidence for the
presence of Ti on the surface of the N-doped carbon sheets. Further, the
elemental composition also evident by EDX spectral analysis (Fig. 1(f)).
The morphology of the synthesized NDC-TiO2 NPs was further in-
vestigated by HRTEM. As shown in Fig. 1(g-j), the TiO2 NPs are (dark
particles, Fig. 1(g)) distributed on the N-doped carbon sheets. The
densely bound TiO2 NPs are around 5 ± 2 nm with high crystalline in

nature. The lattice fringes are clearly seen with a lattice spacing of
about 0.35 nm which is related to the (101) plane of anatase TiO2
(Fig. 1(j)).

XRD is one of the most common techniques used to study the
properties of the materials. Fig. 1(k) shows the diffraction pattern of the
synthesized NDC-TiO2 NPs, all the characteristic signals of TiO2 were
observed at the 2θ of 25.1, 36.2, 37.9, 47.9, 54.1, 62.9, 68.6, 70.3, 75.5,
and 82.6° can be ascribed to the (101), (103), (004), (200), (105),
(204), (116), (220), (215) and (303) planes of anatase structure TiO2,
respectively which is in good accordance with the JCPDS No. 84-1285
(Gnanasekaran et al., 2015; Atchudan et al., 2018b). In addition, the
peak appeared around 21.7 and 41.5° corresponds to the (002) and
(100) plane of hexagonal graphene-like carbon structure. The peak
position of the (002) plane is observed at lower 2θ value when com-
pared to standard Gr structure due to the functional group (N) within

Fig. 2. (a) XPS survey scan spectrum and high-resolution spectra of (b) C 1s, (c) N 1s, (d) Ti 2p and (e) O 1s for the synthesized NDC-TiO2 NPs.
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the graphitic carbon framework and also partial graphitization of the
carbon structure. The absence of impurities peaks confirms the purity of
the synthesized NDC-TiO2 NPs. The average size of the TiO2 NPs was 5
nm with the lattice spacing of 0.35 nm within the synthesized NDC-
TiO2 NPs according to the (101) reflection and these results resemble
with the HRTEM result. To further verify the formation of NDC-TiO2
NPs, the composite was characterized by Raman spectroscopy. The
Raman spectrum of the NDC-TiO2 NPs is shown in Fig. S3. The D and G-
band can be found at 1370 and 1597 cm−1, respectively. The synthe-
sized NDC-TiO2 NPs have an ID/IG ratio of ca. 0.65, and the low in-
tensity of the D-band associated with the minor defects in the sp2

carbon lattice indicated the doping of N into the carbon framework (Li
et al., 2013; Lou et al., 2013). The bands observed at lower wave-
number region (below 1000 cm−1) correspond to the anatase TiO2
phases. Thus, the results suggest the anatase phases of TiO2 NPs are
presented on the moderate Gr-based carbon sheets surface.

ATR-FTIR spectroscopy is one of the most suitable measurements
used to identify the chemical composition and structure of the resulting
materials. Fig. S4 represents the ATR-FTIR spectrum of the synthesized
NDC-TiO2 NPs, the broad absorption peak around 3250 cm−1 belongs
to the stretching vibration of –OH groups, which are related to the
bonded hydroxyl/carboxyl OH, bound water and free water that may
absorb on the surface of the NDC. The absorption band at 2926 and
2857 cm−1 is attributed to the vibration of C−H asymmetric and
symmetric stretching vibrations, respectively. The characteristic ab-
sorption bands of C˭O, C˭C, C−N, and C−OH stretching vibrations at
1709, 1612, 1441 and 1371 cm−1, respectively (Ding et al., 2014;
Campos et al., 2015). Inset of Fig. S4 clearly displays the C˭O stretching
vibrations of the NDC-TiO2 NPs. The absorption band between the 1280
and 1017 cm−1 are ascribed to the presence of C−O−C stretching
vibrations in the NDC (Li et al., 2015). The presence C−N stretching
vibration band as well as absence of N–H stretching vibration band
confirms the N-atom chemically bonded with carbon (NDS) framework.
Apart from these vibration bands, the sharp intense band around 578
cm−1 represents the framework vibrations of Ti−O bonds. Moreover,
the absence of Ti-C or Ti−O−C bonds suggesting that the TiO2 NPs are
physically anchored with the NDC (There is no chemical bond between
the NDC and TiO2 NPs). The FTIR results concluding the TiO2 NPs are
attached over the hydroxyl and carboxyl functionalized NDC without
any contamination. The chemical composition and electronic state of
the resulting NDC-TiO2 NPs were revealed by XPS. As shown in
Fig. 2(a), the survey spectrum of synthesized NDC-TiO2 NPs exhibits
four obvious peaks can be ascribed to C1s, O1s, N1s, and Ti2p. The C1s
binding energy peak can be deconvoluted into four characteristic peaks
C˭C/C−C, C−N/C−OH, C˭O/C˭N and O−C˭O at the position of
284.98, 286.58, 288.68 and 290.68 eV, respectively which is shown in
Fig. 2(b) (Zhang and Chen, 2014; Niu et al., 2015; Yang et al., 2014).
The satellite peaks occur at 292.28 eV contributes to the carbon-con-
taining functional groups. The deconvoluted spectrum of N1s binding
energy peak (Fig. 2(c)) showed three predominant peaks with a binding
energy of 401.58, 403.48 and 406.28 eV attributed to C−N–C, N–H and
(C)3–N groups, respectively (Ju and Chen, 2014). The high-resolution
spectrum of the Ti2p binding energy region (Fig. 2(d)) can be fitted to
two major peaks at 462.78 and 468.58 eV which is attributed to Ti2p3/2
and Ti2p1/2, respectively. The high-resolution O1s spectrum (Fig. 2(e))
shows three peaks at 532.38, 534.48 and 536.38 eV, which corresponds
to the C−OH/C−O−C, C˭O and H−O−H groups, respectively
(Atchudan et al., 2018c). These results suggest that the synthesized
NDC-TiO2 NPs consists of C, O, N, and Ti with high purity.

3.2. Photoelectrochemical properties of GODx/NDC-TiO2NPs/ITO
biosensor

The fabricated GODx/NDC-TiO2NPs/ITO biosensor was character-
ized by the EIS measurements, which is a powerful tool for probing the
charge transfer resistance (Rct) and separation efficiency between the

photogenerated e- and h+ of the GODx/NDC-TiO2NPs/ITO biosensor.
Nyquist plot spectra of GODx/NDC-TiO2NPs/ITO biosensor with re-
presentative semicircles are provided in Fig. 3(A) for both light OFF and
ON conditions. The semicircle radius in the EIS Nyquist plot resembles
the Rct of the fabricated biosensor. GODx/NDC-TiO2NPs/ITO biosensor
under light ON condition shows a small semicircle radius at a higher
frequency range represents the highest charge transfer efficiency and
low Rct than light OFF at the surface of the electrode. The lower real
(Zre) and imaginary (Zim) resistant of GODx/NDC-TiO2NPs/ITO bio-
sensor (under light ON) suggest that it provided a good interface for
charge transfer. The active surface area (A) of NDC-TiO2NPs/ITO
electrode was calculated by using the Randles−Sevcik equation (Fig.
S5). From the slope of the plot of Ip vs. ν1/2, A of the NDC-TiO2NPs/ITO
electrode was found to be 0.6768 cm2. The synergistic contribution of
light on the PEC responses towards Glu on the GODx/NDC-TiO2NPs/
ITO biosensor was investigated by CV (Fig. 3B), LSV (Fig. 3C) and CA
(Fig. 3D) techniques in the absence and presence 2 μM of Glu in 0.1 M
PBS (pH 7.0). In the absence of Glu, the GODx/NDC-TiO2NPs/ITO
biosensor exhibited negligible background current response in light
OFF (Fig. 3B(a)). Upon light ON condition (Fig. 3B(b)), overall current
response slightly enhanced linearly with applied potentials due to the
high efficient photoabsorption and charge carrier separation by the
GODx/NDC-TiO2NPs/ITO biosensor. After adding 2 µM of Glu into the
electrolytic solution, GODx/NDC-TiO2NPs/ITO biosensor exhibited an
increased trend of anodic peak current around 0.20–0.60 V vs. Ag/AgCl
(Fig. 3B(c)) at light OFF condition. At the same condition, the anodic
peak current (Fig. 3B(d)) remarkably increased almost two times in
light ON. This also confirmed by the j(photo) versus V (j(photo)-V) (Fig. 3C)
and j(photo) versus t (j(photo)-t) (Fig. 3D) plots. The j(photo)-V measured in
absence of Glu, GODx/NDC-TiO2NPs/ITO (Fig. 3C(b)) shows ~ 22.6-
time high j(photo) value compared with under dark condition response
Fig. 3(C)(a). However, in the presence of 2 µM of Glu concentration
([Glu]), GODx/NDC-TiO2NPs/ITO biosensor shows an oxidation peak
at bias potential + 0.40 V vs. Ag/AgCl for both conditions such as light
OFF (Fig. 3C(c)) and light ON (Fig. 3C(d)). Notably, the maximum
j(photo) was obtained for GODx/NDC-TiO2NPs/ITO biosensor when the
light was in ON condition (Fig. 3C(d)) (~3.55 times higher than that of
light OFF condition (Fig. 3C(c)), which confirms that fabricated GODx/
NDC-TiO2NPs/ITO have good advantageous for both low background
and energy saving towards PEC Glu detection. The j(photo)-t plot under
the light ON (Fig. 3D(a′)) shows a stable background j(photo) at 0.4 V vs.
Ag/AgCl resulting from the PEC water oxidation at the surface of
GODx/NDC-TiO2NPs/ITO. Moreover, from the Fig. 3(D)(a) it is clear
that ~2 times higher j(photo) value with the addition of Glu (2 µM), this
confirms that our PEC Glu biosensor is attributed to the PEC generated
charge carriers. At the same applied potential 0.4 V vs. Ag/AgCl, when
the light was OFF the GODx/NDC-TiO2NPs/ITO biosensor shows ~ 3.5
time lower j value (Fig. S6), due to the normal electrocatalytic Glu
oxidation. For the comparison and to find out the role of individual
components in fabricating biosensor, PEC experiments were also per-
formed for GODx/TiO2NPs/ITO (Fig. 3D(b and b′)) and GODx/NDC/
ITO (Fig. 3D(c and c′)) in both presence and absence of [2 µM] Glu
under light ON. The PEC result shows that the values of j(photo) in the
following order: GODx/NDC-TiO2NPs/ITO>GODx/TiO2NPs/ITO>
GODx/NDC/ITO (Fig. 3D). Whereas, the GODx/NDC-TiO2NPs/ITO
biosensor showed a j(photo) of 0.96 µA cm−2 for 2 µM [Glu], which is 15
and 7 times higher than GODx/TiO2NPs/ITO and GODx/NDC/ITO,
respectively. These results clearly indicate the better improvement of
the j(photo) conversion efficiency of TiO2 NPs in the presence of bio-
derived NDC because of the highly conducting nature and strong e-

coupling between the excited-state NDC and conduction band (CB) of
TiO2 NPs. Additionally, in Fig. 3(C)(b) and Fig. 3(D)(a′), GODx/NDC-
TiO2NPs/ITO shows high j(photo) response were observed over the
oxygen evolution reaction (OER) potential range with the onset po-
tential (Eonset) of 0.63 V vs. Ag/AgCl (Fig. 3C (b)), which is interesting
that our GODx/NDC-TiO2NPs/ITO is a potential photocatalyst for PEC
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water splitting application. Also, we were noticing that the GODx/NDC-
TiO2NPs/ITO electrode takes very few seconds of rising time to reach
the stable j(photo) (Fig. 3D(a) and (a′)). Finally, these observations, such
as low Rct, high charge transfer efficiency, high A value, less rising time,
low bias potential and stable as well as high j(photo) towards PEC Glu
sensor confirming the successful fabrication of GODx/NDC-TiO2NPs/
ITO biosensor.

3.3. PEC experimental conditions optimization

To generate a high j(photo) response on the PEC Glu biosensor, the
variable experimental conditions such as the effect of catalyst loading,
GODx loading, supporting electrolyte pH value and applied potential on
j(photo) were optimized and as shown in Fig. S7-S10. Initially, the
loading effect of NDC-TiO2NPs on the surface of the ITO electrode was
investigated, and the optimized maximum j(photo) was obtained on the
catalyst weight loading of 171.5 µg cm−2 (Fig. S7). Also, the GODx
loading on the surface of NDC-TiO2NPs/ITO was investigated by
varying the concentration of GODx in an inhibition solution. The
maximum j(photo) was obtained when the NDC-TiO2NPs/ITO electrode
was incubated with 1 mg mL−1 concentration of GODx in 0.1 M PBS at
pH 7 (Fig. S8). Additionally, to confirming the suitable pH value, the
PEC experiments were carried out under various pH ranges of sup-
porting electrolyte. Fig. S9 shows that the j(photo) value increase with pH
from pH 2.0 and reached its highest at pH 7.0. Beyond pH 7.0, the
j(photo) value shows the decreasing trend. It might be of the immobilized

GODx loses its bioactivity similar like results on already reported for
GODx immobilized Glu sensors (Muthuchamy et al., 2018; Komathi
et al., 2017). Finally, considering the importance of applied potential
relevant to the j(photo) in GODx/NDC-TiO2NPs/ITO biosensor is thus
optimized. Fig. S10 illustrates that the j(photo) increase with applied
potential between + 0.20 – + 0.40 V vs. Ag/AgCl, and then j(photo)
decreases gradually with increase in applied potential (higher than
+0.40 V vs. Ag/AgCl in 0.1 M PBS (pH 7.0)) containing 2 µM of Glu.
Thus, an optimized condition such as catalyst loading = 171.5 µg
cm−2, GODx = 1 mg mL−1, pH = 7 and applied potential + 0.40 V vs.
Ag/AgCl were used in the PEC Glu biosensor experiments.

3.4. PEC mechanism and analytical performance of GODx/NDC-TiO2NPs/
ITO biosensor for glucose

We proposed the plausible mechanism for the PEC Glu detection on
GODx/NDC-TiO2NPs/ITO biosensor under light ON. In Fig. 4(A), the
Schematic diagram illustrates that the energy level of the valence band
(VB) and CB of NDC are at a higher level than those TiO2 NPs, which is
useful for the migration of generated e- and h+of PEC and minimize
their recombination. The FAD redox group in GODx oxidizes Glu ana-
lyte to gluconic acid and simultaneously reduced to FADH2 with close
attachment and enhanced shifting of PEC, generate h+. The results in
Fig. S8 also confirming that the j(photo) of GODx/NDC-TiO2NPs/ITO (at
1 mg mL−1 concentration of GODx) is ~5.5 times higher than that of
without GODx in 2 µM of Glu. Under light ON, due to the very low

Fig. 3. (A) Electrochemical impedance spectroscopy (Nyquist plots); (B) Cyclic voltammograms and (C) Linear sweep voltammograms were obtained at GODx/NDC-
TiO2NPs/ITO electrode in the (a, b) absence and (c, d) presence of 2 μM of glucose with (a,c) light OFF and (b, d) ON. (D) The j(photo)-t responses of GODx/NDC-
TiO2NPs/ITO (a, a′); GODx/TiO2NPs/ITO (b, b′) and GODx/NDC/ITO (c, c′) electrodes in the presence (a, b, c) and absence (a′, b′, c′) of 2 μM of Glu in 0.1 M pH 7.0
PBS at 0.40 V vs. Ag/AgCl.
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oxidation potential of H2O2, GODx on NDC-TiO2NPs/ITO surface has
capable of reduction of O2 molecules to H2O2. Those H2O2 molecules
can be acted as an efficient e- donor for shifting of PEC generated h+ on
NDC and thus e- transferred to conductive ITO, while the PEC generated
h+ in the VB (TiO2 NPs), it migrates to the VB of NDC (Fig. 4A). Finally,
the increased j(photo) was monitored due to the utilization of H2O2 by
PEC. As a proof-of-concept, GODx/NDC-TiO2NPs/ITO PEC biosensor
exhibits a good j(photo) responses to the concentrations of Glu (Fig. 4B-
D).

The j(photo)-t curve of GODx/NDC-TiO2NPs/ITO biosensor clearly
demonstrates the fast PEC responses of the fabricated biosensor to Glu
under optimal conditions. As seen in Fig. 4B and C, under the light ON,
without Glu shows a stable background photocurrent (jblank) due to the

PEC water oxidation reaction at the GODx/NDC-TiO2NPs/ITO bio-
sensor surface. Also, the PEC responses (jtotal) increase with each ad-
dition of [Glu] (ranges from 50 nM to 2 µM in Fig. 4B and from 50 nM
to 10 µM in Fig. 4C). These increase [Glu] directs to an increase in the
PEC responses of the jtotal, suggesting a good correlation of the PEC
ultra-detection rate of the of GODx/NDC-TiO2NPs/ITO biosensor with
the different [Glu] in 0.1 M PBS (pH 7.0). This same PEC Glu detection
experiments repeated three times, and the jtotal have featured highly
reproducible PEC Glu sensing responses. From the PEC responses with
diverse [Glu], a net steady-state (Δj(photo)) can be calculated by sub-
traction jblank from jtotal (Eq. (1)). Also, the calculated Δj(photo) values
change with different [Glu] are summarized and plotted in the corre-
sponding [Glu] versus Δj(photo)) calibration curve in Fig. 4(D).

Fig. 4. (A) The schematic plausible mechanism for PEC Glu sensing at GODx/NDC-TiO2NPs/ITO. (B) The j(photo)-t responses of GODx/NDC-TiO2NPs/ITO toward Glu
at increasing concentration from 0 µM to 2 µM and (C) from 0 µM to 10 µM in the supporting electrolyte of 0.1 M pH 7.0. (D) Linear calibration ([Glu] vs. j(photo))
curve. Error bars indicate the standard deviation of three repeated measurements.

Table 1
Comparison of the performances of PEC Glu biosensor based on GODx/NDC-TiO2NPs/ITO with other reported Glu biosensors.

Materials Analytical methods Detection limit Linear range Sensitivity Reference

BiOI/NiO/ITO PEC 1.6 µM 0.005–10 mM – (Zhang et al., 2018)
a-MoSx/RGO/ ITO PEC 0.098 mM 0.15–16 mM – (Shang et al., 2018)
TiO2(G) NW@PAPBA- Au HJNH PEC 0.11 mM 0.5–28 mM 549.58 μA mM−1 cm− 2 (Nallal et al., 2017)
Au/CuS/TiO2 PEC 30 nM 0.1–3.0 µM – (Wang et al., 2018)
GOx|g-C3N4-TiO2|ITO PEC 0.01 mM 0.05–16 mM 16.7 μA mM−1 cm−2 (Liu et al., 2017a)
ITO/MoS2-TiO2/GOx PEC 0.015 mM 0.1–10 mM 0.81 μA mM−1 (Liu et al., 2017b)
TiO2–GR Electrochemistry – 0.0–8 mM 6.2 μA mM−1 cm−2 (Jang et al., 2012)
GOD/HNF–TiO2/GC Electrochemistry 0.8 μM 0.002–3.17 mM 32.6 μA mM−1 cm−2 (Guo et al., 2017)
GOx-GQDs Electrochemistry 1.35 μM 10 μM–3 mM 0.00769 μA μM−1 cm−2 (Gupta et al., 2018)
Cu2Se SPs/CF Electrochemistry 0.25 μM 0.00025–0.237 mM 18,660 μA mM−1 cm−2 (Zhu et al., 2018)
Ni@f-MWCNT/GCE Electrochemistry 0.021 μM 0.05–12.0 mM – (Başkaya et al., 2017)
GODx/NDC-TiO2NPs/ITO PEC 13 nM 0.05–10 µM 215 nA µM−1 cm−2 This work
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=j j jphoto total blank( ) (1)

In Fig. 4(D), it is noted that the GODx/NDC-TiO2NPs/ITO biosensor
provides a perfect linear relationship between [Glu] versus Δj(photo),
with a lower detection limit (LOD) of 13 nM (S/N = 3), high sensitivity
(215 nA µM−1 cm−2), and a wide linear range from 50 nM to 10 µM (R2

= 0.9994) under light ON. Also, the analytical performance of our PEC
Glu compared with various other Glu sensing materials and tabulated in
Table 1. GODx/NDC-TiO2NPs/ITO biosensor shows enhanced perfor-
mance in term of ultra-low LOD, linear range and sensitivity when
compared to other Glu sensing materials. The ultra-low LOD value for
GODx/NDC-TiO2NPs/ITO biosensor may be ascribed to good electron
and hole energy separation and the targeted recognition between the

GODx and the Glu. Moreover, the highly conductive NDC provides the
greatest improvement in sensitivity of PEC Glu biosensor and leads to
the applied bias potential required for driving PEC Glu oxidation to
shift towards very low potential (0.4 V vs. Ag/AgCl). The results con-
firmed that the proposed PEC Glu biosensor based on GODx/NDC-
TiO2NPs/ITO has a promising application in the ultrasensing of Glu.

3.5. Interfering effect, reproducibility, stability, and durability

The impact of highly possible coexisting and common molecular
interfering species (such as maltose (Mal), lactose (Lac), fructose (Fru),
dopamine (DA), uric acid (UA) and ascorbic acid (AA)), which may

Fig. 5. (A, B) Effect of interferences on the response photocurrents. Experiments were performed in 0.1 M PBS (pH 7.0) containing 2 µM of Glu with maltose, lactose,
fructose, DA, UA and AA with light ON. (C) Reproducibility on five parallel prepared GODx/NDC-TiO2NPs/ITO. D) Stability under light ON/OFF ((a) presence and
(b) absence of 2 μM of glucose) and (E) Durability test (over 20 days) of the GODx/NDC-TiO2NPs/ITO biosensor in the in 0.1 M pH 7.0 PBS. (F) The real Glu detection
in human blood serum sample.
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affect the PEC Glu sensor response of GODx/NDC-TiO2NPs/ITO bio-
sensor was investigated. To reveal the selectivity of GODx/NDC-
TiO2NPs/ITO biosensor, PEC experiments were carried out under the
same conditions for PEC Glu detection, additionally, the 6 µM of in-
terfering species was added individually to the analyte solution
(Fig. 5A). The change of j(photo) after the introduction of interfering
species was measured using j(photo)-t plots. As shown in Fig. 5A and B, no
obvious responses in the PEC detection of Glu were founded after the
addition of molecular interfering species, which may be due to the
contribution of the surface immobilized GODx on NDC-TiO2NPs/ITO.
This confirmed that the fabricated PEC biosensor based on GODx/NDC-
TiO2NPs/ITO had excellent specific selectivity towards Glu biosensor.
To investigate the biosensor fabrication reproducibility, a 2 µM of Glu
solution was measured by five GODx/NDC-TiO2NPs/ITO biosensors
using the same fabrication method (Fig. 5C). The fabricated biosensors
displayed excellent reproducibility with a relative standard deviation
(RSD) value of 3.1%.

Furthermore, the stability of GODx/NDC-TiO2NPs/ITO biosensor
was characterized by j(photo)-t responses in both absence and presence of
2 µM of Glu solution when the light ON/OFF repeatedly five cycles in
0.1 M PBS (pH 7.0) (Fig. 5D). When the light was ON, the response of
j(photo) rise immediately and reached stable within a few seconds and
even after five cycles the GODx/NDC-TiO2NPs/ITO biosensor shows
98.8% of its initial j(photo) value. In addition, the long-term durability, 2
µM of Glu solution was monitored three times per day. Fig. 5(E) shows
the j(photo) response of GODx/NDC-TiO2NPs/ITO is more stable and
retained ~ 86% of its original j(photo) even after 20 days of storage.
These results indicate that the GODx/NDC-TiO2NPs/ITO biosensor re-
veals an excellent selection, reproducibility, stability, and durability for
Glu biosensor, and it might be a capable candidate to monitor real-time
Glu.

3.6. Real sample analysis

In addition, the practical application of fabricated PEC Glu sensor
was further carried out in human blood serum samples without any
pretreatment apart from a dilution step with 0.1 M PBS solution.
Fig. 5(F) clearly, illustrate that the j(photo) response to human blood
serum sample is well correlated with [Glu] (2 µM) on the GODx/NDC-
TiO2NPs/ITO biosensor. Furthermore, the human blood serum used for
recovery analyses were pre-tested by commercially available gluc-
ometer (CareCens™ N, GM5051A, I-SENS, Inc., Korea). The [Glu] in a
diluted human blood serum was determined as 4.22± 0.05 µM which
is acceptable by comparison with the commercial glucometer value of
4.26±0.032 µM. Different [Glu] were added into diluted human blood
serum and evaluated the accuracy of recovery tests from five repeated
measurements. The test results, as listed in Table S1, indicated that our
GODx/NDC-TiO2NPs/ITO biosensor has adequate recoveries between
99.02% and 100.17% with RSD 3.31%. This suggesting that our pro-
posed PEC Glu biosensor can be utilized for determination of Glu in
practical human blood serum.

4. Conclusion

In summary, we have successfully developed an ultrasensitive
photoelectrochemical glucose biosensor, based on nitrogen-doped bio-
based carbon (NDC) wrapped TiO2 NPs (NDC-TiO2 NPs) synthesized by
a new green chemical route and subsequently functionalized with
glucose oxidase (GODx/NDC-TiO2NPs/ITO) for the first time. The
electrochemical and photoelectrochemical results reveal that the re-
markably improved photoelectrochemical biosensor activity for the
developed GODx/NDC-TiO2NPs/ITO biosensor is attributed to a sy-
nergistic effect between bio-derived N and C atoms in NDC, which does
not only enhance high conductivity, but also significantly facilitates the
charge separation and good charge carrier shuttling process between
the FED redox center of GODx and the biosensor surface. As a proof-of-

concept, the GODx/NDC-TiO2NPs/ITO based PEC glucose biosensor
exhibit the low detection range of 13 nM and a wide linear range
(0.05–10 μM) under optimized PEC experimental conditions. The
photoelectrochemical glucose detection in real human blood serum was
also revealed with good recoveries (99.02–100.17% and RSD 3.31%).
Thus, we predict that the given PEC biosensor fabricated from the
sustainable process is a promising platform for extending the other
photoelectrochemical biosensors through careful selection of an en-
zyme and photo-electroactive materials. Also, we believe that the sus-
tainable strategies for heteroatom co-doping could improve with other
semiconductor photoelectrodes and their photoelectrochemical appli-
cations.
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