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� A non-enzymatic flexible FET based
glucose biosensor was fabricated.

� Grown ZnO NRs between source-
drain were modified with NiO QDs by
sputtering.

� An enhanced electrocatalytic features
were recorded for glucose detection.

� The proposed sensor showed wide-
linear range, high sensitivity and a
low detection limit.

� Successfully used for human whole
blood sample and serum sample
analysis.
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Herein, we fabricated nonenzymatic flexible field-effect transistor (f-FET) based glucose sensor using
nickel oxide quantum dots (NiO QDs) modified zinc oxide nanorods (ZnO NRs). The ZnO NRs surfaces
were coated with NiO QDs using radio frequency (RF) magnetron sputtering to enhance the electrocat-
alytic feature and the surface area of ZnO NRs. Under physiological conditions (pH 7.4), the nonenzymatic
f-FET glucose sensor shows two linear ranges of 0.001–10 mM and 10–50 mMwith the high sensitivity of
13.14 lA cm�2 mM�1 and 7.31 lA cm�2 mM�1, respectively, along with good selectivity, stability and
repeatability during glucose detection. The examination of human whole blood and serum samples reveal
that the nonenzymatic f-FET based glucose sensor is capable of measuring glucose concentration effi-
ciently in the presence of interfering species and thus can be offered as a promising device for further
applications in clinical and non-clinical fields.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Diabetes is one of the major health concerns with the world-
wide prevalence and is predicted to be double to 300 million by
2025 [1]. Diabetic patients suffer from high blood glucose levels
due to insulin deficiency that leads to the long-term damage
and failure of various organs mainly heart, kidney, eyes, and
blood vessels [2,3]. Among several approaches used for glucose
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concentration measurement, electrochemical based techniques
have got enormous attention due to their high sensitivity, low pro-
duction cost, simple instrumentation, and rapid response [4–8].
Recently, various attempts have been made for nonenzymatic
detection of glucose with rapid response and accurate measure-
ments using different electrochemical based methods [9–15]. The
field-effect transistors (FETs) utilizing different nanostructures
provide a robust and economically feasible platform in order to
achieve high current amplification with sustainable and enhanced
signal-to-noise ratio compared to other detection methodologies.
Due to their excellent sensitivity and real-time measurement capa-
bility for bio- and chemical molecules, FET-based sensors are get-
ting considerable interest.

A variety of metals and metal oxides (e.g. Au, Pd, Ag, Cu, Pt, Ni,
CuO, Fe2O3, NiO, CoO, CoWO4, MnO2, TiO2, etc.,) have been explored
for direct glucose oxidation on the electrode surface (without using
enzymes) [10–14,16–22]. Metal electrodes, especially Pt and Au are
highly electroactive and can easily cause poisoning or fouling of the
electrode surface and may result in low sensitivity and poor selec-
tivity in glucose detection. Also, the cost of these metals needs to be
considered. Ni-based materials have been extensively studied as
electrodematerials for nonenzymatic sensors because they can cat-
alyze the electrocatalytic oxidation of glucose [23–29]. However,
no work has been reported on nonenzymatic flexible FET based
glucose sensor using NiO QDs modified ZnO NRs.

There is certainly room for the improvement in glucose sensing,
probably the most frequent clinical measurement made by both
clinicians and individuals needing to monitor blood glucose on a
regular basis. Moreover, for measurements made outside the clin-
ical laboratory, it is necessary to integrate the sampling and sample
handling into the device. There is no interest in adjusting the pH or
converting whole blood into serum unless the process is handled
automatically. However, most of the nonenzymatic sensors require
highly alkaline solutions (pH > 10). Therefore, considerable atten-
tions are needed to develop the nonenzymatic electrodes that
exhibit high electrocatalytic activity toward glucose oxidation
under physiological conditions. This will help to make implantable
sensing devices. Recently, Gao et al. fabricated electrochemical
nonenzymatic glucose sensor using PtNi alloy NP-graphene com-
posite that works under physiological conditions (pH 7.4) [29].

For the nonenzymatic sensors, sensitivity, selectivity, and sta-
bility are the three main issues that have to be solved. However,
these analytical performances could be enhanced largely with
the nanostructure material modification. A noble metal-
semiconductor modification is the most popular system because
of its wide application in sensors, where the metal in contact with
the semiconductor greatly enhance the sensor performance
[30–32]. Among the large group of semiconductors, ZnO has been
used extensively for the development of sensors/biosensors due
to their high specific surface area [33,34]. Recently, vertically-
oriented ZnO nanostructures on electrode surfaces are getting
more attention because they offer the larger surface area for mod-
ification and enzyme immobilization and thus enhance the sensing
performance of fabricated sensors [14,35,36]. Therefore, modifying
directly-grown ZnO nanostructures with NiO QDs will improve not
only the detection performance of nonenzymatic glucose sensor
but also improve the stability of electrode.

In this work, we have fabricated, for the first time, the nonenzy-
matic flexible FET (f-FET) glucose sensor using ZnO NRs modified
with NiO QDs on polyimide. The fabricated f-FET glucose sensor
showed a wide-linear range and high sensitivity with good stabil-
ity and repeatability during glucose detection. Rivaling the state-
of-the-art nanomaterial based sensors; our designed nonenzy-
matic f-FET glucose sensor presents exciting potential for practical
applications in clinical and industrial sectors.
2. Experimental details

2.1. Reagents

Zinc nitrate hexahydrate (Zn(NO3)2�6H2O, 99%), glucose (D-(+)-
99.5%), hexamethylenetetramine (HMTA, 99%), cholesterol, uric
acid (UA), ascorbic acid (AA), dopamine (DA), human blood serum
(H4522), and 1.0 M phosphate buffered saline (PBS, pH 7.4) were
purchased from Sigma-Aldrich and used as-obtained without fur-
ther purification. Ultrapure de-ionized (DI) water (purified with
Milli-Q plus system, Millipore Co.) with resistivity of �18 MX cm
and freshly prepared solutions were exclusively used in all aque-
ous solutions and measurements, respectively.
2.2. ZnO NRs synthesis, surface modification with NiO QDs and
Characterization

To synthesized ZnO NRs, 0.01 M of Zn(NO3)2�6H2O and 0.01 M
HMTA were first dissolved in 50 mL of DI water and then trans-
ferred into a Pyrex glass bottle. The Pyrex glass bottle was heated
in a laboratory oven for 4 h at 85 �C after suspending the seeded
substrates upside down. After completion of the reaction, ZnO
NRs grown electrodes were rinsed with DI water to remove any
impurity and dried in air for further processing. The synthesized
ZnO NRs were modified with NiO QDs using radio frequency (RF)
magnetron sputtering. To modify ZnO NRs with NiO QDs, NiO tar-
get with 99.99 % purity was sputtered onto the pre-defined area at
60W RF power in argon (Ar) atmosphere. The operation pressure
in the sputter chamber was 7.2 �10�5 torr, while the sputtering
time was varied 10–50 s.

The morphology of as-synthesized ZnO NRs and NiO QDs mod-
ified ZnO NRs were characterized by field-emission scanning elec-
tron microscopy (FESEM, Carl Zeiss SUPRA 40 VP) equipped with
energy dispersive spectroscopy (EDS) and transmission electron
microscopy (TEM, JEOL-JEM-2010 equipped with CCD camera;
operating voltage: 200 kV). The X-ray diffraction (XRD, Rigaku)
patterns were measured with Cu-ka Radiation (k = 1.54178 Å) at
40 kV.
2.3. Fabrication of nonenzymatic f-FET glucose sensor and electrical
measurements

The fabrication process of the nonenzymatic f-FET glucose
sensor is illustrated in Fig. 1. First, polyimide substrates were
cleaned (i), followed by sputter deposition of Ag source-drain
electrodes using Ag target (ii). Next, a thin ZnO seed layer was
sputtered between source-drain using ZnO as a target (iii). Then,
ZnO NRs were grown on the seeded layer (iv) by a low-
temperature aqueous route (see Section 2.2 for details). Finally,
the electrodes were insulated using PDMS leaving only active
area, which reduces the leak current and prevents metal-
nanorods contact (v). The NiO QDs were deposited on the grown
ZnO NRs by RF sputter (vi).

The fabricated devices were measured using a data acquisition
system (HP 4155A semiconductor parameter analyzer) for real-
time data measurement. The direct current measurements were
performed with two-terminal FET having a floating gate. The drain
current (Id) was recorded when the device was exposed to the dif-
ferent concentrations of glucose in the assigned gate voltage (Vg)
range with a fixed drain-source voltage (Vds = 0.0 V). The sensing
tests were performed at room temperature using optimized 40 s
deposited NiO QDs on ZnO NRs based nonenzymatic f-FET glucose
sensor.



Fig. 1. Schematic illustrating the fabrication process of nonenzymatic f-FET glucose sensor. (i) Cleaned polyimide substrate; (ii) RF sputter deposited Ag source-drain
electrodes; (iii) ZnO seed layer deposition using RF sputter; (iv) solution process growth of ZnO NRs; (v) PDMS covering; (vi) deposition of NiO QDs on ZnO NRs by RF sputter.
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3. Results and discussion

3.1. Characterization of ZnO NRs and NiO QDs-modified ZnO NRs

Fig. 2a and b show the FESEM images of as-synthesized ZnO NRs
surface and cross-sectional view. From the images, it can be seen
that ZnO NRs are well-aligned perpendicularly to the substrate
and grown in high density. Diameter and length of each nanorod
are 70 ± 10 nm and 1.2 ± 0.15 lm, respectively. Fig. 2c and d pre-
sent the low and high magnification TEM images of as-
synthesized ZnO NR, respectively. The as-synthesized ZnO NR
shows uniform and smooth surface. Fig. 2e and f exhibit the low
and high magnification TEM images of the NiO QDs-modified
ZnO NRs, respectively. Compared to the bare ZnO NRs, the NiO
QDs-modified ZnO NRs have rough surface; the high resolution
TEM image clearly shows that NiO QDs (�5 nm) are coated on
the surface of ZnO NR (Fig. 2f). The high magnification TEM image
shows the clear lattice fringes with the SAED patterns in the insets
of Figs. 2c and 1e along with statistical line profile analysis (insets
of Figs. 2d and 1f), respectively. It is seen that as-grown ZnO NR has
lattice fringe of 0.26 nm, but the NiO QDs-coated ZnO NR shows
reduced lattice fringe of 0.21 nm because of surface modification.
The lattice fringes of ZnO NR correspond to the d-spacing of
[0001] crystal plans, which is consistent with the bulk wurtzite
crystal of ZnO and confirming that as-grown products are single
crystalline and grown along the c-axis direction. The elemental
mapping and EDS analysis (Fig. 3) confirm that the ZnO NRs are
modified with NiO QDs. The EDX spectrum (Fig. 3e) demonstrates
that the NiO QDs modified ZnO NRs contain Ni and Zn in the
atomic ratio of Ni to Zn is about 1:15. The crystallinity of the as-
grown ZnO NRs and after NiO QDs modification was examined
by XRD (Fig. 4). All the diffraction peaks indicate that the ZnO
NRs were highly oriented along c-axis perpendicular to the sub-
strate surface showing no characteristic peak of any other impuri-
ties. Interestingly, XRD pattern of the NiO QDs modified ZnO NRs
shows no additional peaks and/or peak shift, indicating that Ni2+

may be entered into the lattice of ZnO crystal due to the similar
radius of the Ni2+ (0.72 Å) and Zn2+ (0.74 Å) [37].

3.2. Nonenzymatic glucose sensing using flexible FET sensor

3.2.1. Electrical characterizations
Fig. 5a presents the schematic of the fabricated f-FET based

nonenzymatic glucose sensor consisting of NiO QDs modified
ZnO NRs. Using this device configuration (device image is shown
in inset of Fig. 5b); we measured the Id-Vg characteristic of the opti-
mized 40 s NiO QDs modified ZnO NRs in the absence/presence of
0.10 mM glucose in PBS buffer (0.10 M; pH 7.4) at an assigned Vg

range of 0.0–2.0 V. The current was substantially increased with
the glucose compared to that without it. The increase in current
is considered to be due to the electrocatalytic reaction of the glu-
cose over NiO QDs modified ZnO NRs. The electrochemical reac-
tions of the Ni(III)/(II) are as follows [38–40]:

NiOþ OH� ) NiOOHþ e� ð1Þ

NiOOHþ glucose ) NiðOHÞ2 þ gluconolactone ð2Þ

2NiðOHÞ2 þ O2 ) 2NiOOHþH2O2 ð3Þ

H2O2 ) 2Hþ þ O2 þ 2e� ð4Þ
where, H2O molecules (or OH�) are adsorbed on the surface of NiO
through hydrogen bonding and leads to conversion of surface to
hydroxide phase Ni(OH)2. When electrodes are scanned at a higher
potential, there is more conversion of NiO to Ni(OH)2, and NiOOH in
success (1). However, after glucose is introduced there is a reaction
between NiOOH and glucose and as a result Ni(OH)2 and glucono-
lactone are produced (2). The produced Ni(OH)2 is further oxidized
to form NiOOH and hydrogen peroxide (H2O2) at electrode surface
(3). Finally, the electro-oxidation current of H2O2 is detected while
applying the suitable potential to the system (4).

Under optimal experimental conditions (deposition effect of NiO
QDs), the sensing tests were performed at room temperature using
optimized 40 s deposited NiO QDs on ZnO NRs based nonenzymatic
f-FET glucose sensor. The electrochemical performance of as-
fabricated f-FETs was examined by Id-Vg measurements in 0.10 M
PBS buffer (pH 7.4). The Id-Vg responses were measured in different
glucose concentrations (0.001–50 mM). As shown in Fig. 6a, the
current increases substantially from lower to higher concentration
of glucose at room temperature. The increase in current is due to
ions concentration increase and good electron communication
throughout reaction. At a higher potential (�1.2 V), there is a
noticeable current change which is due to the higher conversion
of NiO to Ni(OH)2 that leads to NiOOH production. To calculate
the sensing performances, the average of response current were
calculated in the 1.2–2.0 V range of for each sample and their corre-
sponding calibration curve, i.e. response current vs. glucose concen-
tration (mM) was drawn in log scale (Fig. 6b). From the calibrated
current-concentration profile, the sensor showed two linear ranges
of 0.001–10 mM and 10–50 mM with high regression coefficient



Fig. 2. Top- (a) and cross-sectional (b) FESEM images of as-synthesized ZnO NRs on polyimide substrate; low resolution TEM and HRTEM images of ZnO NR (c, d) and NiO QDs
modified ZnO NR (e, f), respectively. Insets show the SAED patterns (c, e) and the lattice planes with statistical line profile analysis (d, f) of ZnO NR and NiO QDs modified ZnO
NR.
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(R2) value of 0.9978 and 0.9997, respectively. The sensitivity of the
sensor was calculated by the slope of each linear range. A higher
sensitivity (13.14 lA cm�2 mM�1) was obtained in the low
concentration range (0.001–10 mM) of glucose, whereas at a higher
concentration (10–50 mM) the sensitivity was 7.31 lA cm�2

mMmM�1. A low limit of detection (LOD) was estimated to be
0.026 mM based on the standard deviation (SD) of the response
and the slope (S) of the calibration curve, i.e. LOD = 3.3(SD/S). The
sensing performance of the nonenzymatic sensor is compared with
previously reported FET-based glucose sensors in Table 1.

3.2.2. Selectivity and stability test
To perform anti-interference test (Fig. 7), we prepared three

samples in PBS solution i.e. sample (a) contains only 2.0 mM glu-
cose, sample (b) contains 2.0 mM glucose and low concentration
(0.1 mM) of each inferring species (AA, UA, cholesterol, and DA),
and sample (c) contains 2.0 mM glucose and high concentration
(0.5 mM) of each inferring species (AA, UA, cholesterol, and DA).
The Id-Vg responses of each sample are shown in Fig. 7 with
calibrated histogram in inset. The current response of sensor in
only glucose is almost similar to that of sample containing low
concentration of interfering species ((physiological level). How-
ever, a slight decrease is noticed in the sample with high concen-
tration of interfering species. This clearly shows that our
fabricated sensors do not have any obvious effect on its perfor-
mance in the presence of interfering species. Further, the stability
and reproducibility of the fabricated sensors were accessed by
repetitive measurements twice a week for 10 weeks. The sensor
showed a high stability for glucose detection, which retained
�97 % of its original response after 8 weeks of storage. It suggests
that our fabricated electrodes can be used favorably for the selec-
tive determination of glucose for several measurements.

3.3. Serum and blood samples analysis

For the direct application point of view, we analyzed response
of our fabricated sensor in freshly drawn whole blood and filtered
serum samples. The responses are shown in Fig. 8. The whole blood



Fig. 3. (a) FESEM image of NiO QDs decorated ZnO NRs; elemental mapping of (b) O, (c) Zn, and (d) Ni and (e) EDS spectra for FESEM image of ZnO NRs.

Fig. 4. XRD patterns of as-synthesized and NiO QDs modified ZnO NRs.
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sample shows a slight decrease in the response, which may be due
to presence of blood cells and protein fragments in the blood sam-
ple. However, we have noticed that the sensor recovers most of its
response when it was removed from whole blood sample and
tested in serum sample. Later, to check the accuracy and precision
of our fabricated sensors, we measured the sensor response in
known concentration of glucose in human serum samples
(4.89 mM; Sigma-Aldrich, H4522). Furthermore, the reliability
and repeatability of our fabricated sensors were checked by stan-
dard addition of pure glucose to the known concentration samples
of human serum and the results are summarized in Table 2. Four
samples were prepared after dilution in PBS buffer and each sam-
ple was analyzed three times to calculate their relative standard
deviation (RSD) during measurements. In each sample 2.0 mM glu-
cose was added and concentrations of standard additions were
measured by our sensor. The relationship between added glucose
concentration and the current response was generated and the



Fig. 5. (a) The schematic of nonenzymatic f-FET glucose sensor, (b) Id-Vg response of nonenzymatic f-FET glucose sensor in the absence/presence of 0.10 mM glucose in 0.10 M
PBS buffer (pH 7.4). Inset b shows an optical image of the nonenzymatic f-FET glucose sensor.

Fig. 6. (a) Typical Id-Vg response with increasing glucose concentration (0.001–50 mM) and (b) their corresponding calibration curve, i.e. response current vs. glucose
concentration (mM) in log scale. It showed two linear ranges of 0.001–10 mM and 10–50 mM with high regression coefficient (R2) value of 0.9978 and 0.9997, respectively.

Table 1
Comparison of sensing performance with other reported FET-based glucose biosensors.

Electrode Sensor type Sensitivity (lA cm�2 mM�1) Linear range (mM) LOD (lM) Ref.

Nf/GOx/ZnO NRs/Ag/PET Enzymatic 22.3 0.0–80 70 [8]
Fe2O3-ZnO NRs/SiO2/Si Nonenzymatic 105.75 0.05–18 12 [14]
GOx-ZnO film/glass Enzymatic – 0.2–40 200 [41]
PANI-PAA/PANI-bisulfite/GOx-PDAB/Au Enzymatic 0.001 – – [42]
GOx-ZnO NRs/SiO2/Si Enzymatic 32.27 0.05–70 0.07 [43]
GOx-silk-graphene/Silk film Enzymatic 2.5 0.1–10 100 [44]
GOx-chitosan/Nf/PtNPs/graphene gate Enzymatic – 0.0005–1 0.5 [45]
GOx-PMMA/graphene/PET Enzymatic – 3.3–10.9 3.3 [46]
GOx/ZnO NWs/Au/PET Enzymatic 19.5 0.2–2 50 [47]
GOx-CPNTs Enzymatic – 0.5–20 – [48]
NiO QDs-ZnO NRs/Polyimide Nonenzymatic 13.14 0.001–10 26 This work
NiO QDs-ZnO NRs/Polyimide Nonenzymatic 7.31 10–50 26 This work
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extrapolated curve used to determine glucose in the original sam-
ple. The percent recovery of the added glucose was also deter-
mined. The data obtained are in good agreement with the known
concentration of glucose, showing that our fabricated sensor not
only accurately measured glucose concentration in human serum
samples but also exhibit good repeatability and reliability.

4. Conclusion

In this paper, for the first time, we fabricated the nonenzymatic
f-FET based glucose sensor using ZnO NRs modified with NiO QDs
between the source-drain on polyimide. The modification of ZnO
NRs by NiO QDs not only increases the surface area but also
enhance the electrocatalytic features. The fabricated f-FET nonen-
zymatic glucose sensor showed a wide-linear range, high sensitiv-
ity, and low detection limit. The fabricated sensor also showed high
stability and reproducibility for glucose detection, indicating that
our fabricated electrodes can be used favorably for the selective
determination of glucose for several measurements. The human
whole blood and serum samples analysis revealed that the nonen-
zymatic f-FET glucose sensor is capable of measuring glucose con-
centration in the presence of interfering species. Furthermore,
accuracy and precision test in the serum sample presents exciting
potential for practical applications in clinical and industrial sectors.
Additionally, this simple and cheap, controllable method can be
used for the mass production of affordable high performance
nonenzymatic f-FET glucose sensors.



Fig. 7. Interference test. Id-Vg response of nonenzymatic f-FET glucose sensor in (a)
2.0 mM glucose only, (b) 2.0 mM glucose containing 0.1 mM of each interfering
species (AA, UA, cholesterol and DA), and (c) 2.0 mM glucose containing 0.5 mM of
each interfering species (AA, UA, cholesterol and DA) in 0.10 M PBS buffer. Inset
shows calibrated responses as histogram.

Fig. 8. Real sample analysis. Id-Vg responses of nonenzymatic f-FET glucose sensor
in human serum and whole blood samples. Inset shows the optical images of
human blood and serum samples, respectively.

Table 2
Human serum sample analysis.

S.
N.

Glucose conc.
in serum (mM)

RSD (%)
(n = 3)

Added
glucose conc.
(mM)

Measured
glucose conc.
(mM)

Recovery
(%)

1 1.22 2.3 2.0 3.14 96
2 2.45 1.2 2.0 4.43 99
3 3.67 1.9 2.0 5.61 97
4 4.89 3.8 2.0 6.85 98
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