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Abstract 

 

Printable electronics is a subject of great interest for low-cost, facile and 

environmentally-friendly large scale device production. But, it still remains challenging 

for printable biosensor development. Herein, we present the fabrication of nozzle-jet 

printed flexible field-effect transistor (FET) glucose biosensor. The silver source-drain 

electrodes and ZnO seed layers were printed on flexible substrate by nozzle-jet printer 

followed by ZnO nanorods (ZnO NRs) synthesis and glucose oxidase (GOx) 

immobilization. Utilization of nozzle-jet printing methods resulted in highly reproducible 

electrodes with well-defined vertical grown ZnO NRs for high GOx loading and 

enhanced glucose sensing performance in a wide glucose detection range. The stability, 

anti-interference ability, reproducibility, reusability, and applicability in human serum 

samples were also assessed. Overall, biosensor fabrication using nozzle-jet printer will 

not only provide large scale production of highly reproducible electrodes but also reduce 

the fabrication cost. Additionally, printed electrodes can be modified accordingly for 

different analyte detection. 
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1. Introduction 

Diabetes mellitus is affecting human health worldwide. Especially, in developed 

countries diabetes mellitus has shown major complications such as increased risk of heart 

disease (2-3 times higher prevalence rate than nondiabetic), kidney failure (80% end-

stage renal disease caused by diabetes), non-healing wounds (1.5-3.5 of lower limb 

amputations per 1000 diabetic persons per year), blindness (35% of diabetic patients 

suffer from retinopathy) and neurological conditions [1-4]. These metabolic disorders 

result from insulin deficiency, which affects blood glucose concentration levels (normal 

range is 4.4-6.6 mM). According to the World Health Organization (WHO), 1.5 million 

deaths were caused by diabetes in 2012 with additional 2.2 million related to higher than 

normal blood glucose levels. Addressing this problem, the World Health Day 2016 

entitled “Beat Diabetes” was devoted to this disease [5]. Hence, accurate glucose 

detection is important for the treatment and management of diabetes. Different methods 

have been reported for glucose sensing i.e. Raman spectroscopy, optical and 

electrochemical [6-8]. Among them, electrochemical based sensing is particularly 

interesting because of the potential to create compact and low-cost devices.  

Recently, field-effect transistor (FET) type biosensors have attracted considerable 

research interest, owing to the large current amplification and relatively high signal-to-

noise ratio [9-14]. For FET based biosensors fabrication, semiconductors include carbon 

nanotubes [15], organic [16-20] and inorganic [21] have been largely applied to detect a 

wide range of analytes by monitoring the current changes [22, 23]. Biosensing with 

various nanostructured metal oxide based semiconductors has recently been reviewed 

[24-26].  
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Among different nanostructured materials, ZnO is an unique material with excellent 

electrical property which has been widely used for the fabrication of low-cost sensors [27, 

28]. High isoelectric point (IEP ∼ 9.5) and large specific surface area of ZnO 

nanostructures make it appropriate for low IEPs proteins or enzymes immobilization at 

pH 7.4. Moreover, the ample available ZnO nanostructures including NRs, nanotubes, 

nanowires, nanoparticles, nanonails, nano-combs, nano-flake, hollow nano-spheres, etc. 

have been utilized for glucose biosensor fabrication [24-26, 29-34]. The ZnO NRs 

integrated FET has opened up a new route towards the development of high performance 

and efficient biosensors [35]. The sensing performances of biosensors are greatly affected 

by the attachment method used to attach nanostructures on the electrode surface [36-39]. 

For biosensor fabrication, directly-grown nanostructures on the electrode surface not only 

avoid the use of binders (reduce the catalytic activity by blocking the catalytic active sites 

when used to attach nanostructures on the electrode surface) but also provides stable 

electrodes with controlled surface morphology and large specific surface area for high 

amount of enzyme immobilization. Also, the directly-grown nanostructures on electrode 

surface directly transfer electrons to the electrode surface during enzymatic reactions [39].   

Among different nanostructure deposition methods on electrode surface, inkjet-

printing method is mainly used to deposit possible pattern on flexible substrates for 

facile, environmental-friendly, high-throughput, high-volume and low-cost electronic 

devices. This method possesses an attractive combination of spatial resolution, printing 

speed, reproducibility, modest capital cost and minimal waste. Furthermore, inkjet-

printing allows the designed device pattern to be directly applied to the substrate and 

avoids dyes, masks, chemical etchants, and complications associated with other 
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patterning approaches. Inkjet printing often in combination with other 

deposition/patterning approaches (i.e. spin coating/patterning, screen printing/patterning 

and plotter printing) have been used to fabricate numerous electronic devices (e.g., 

transistors and light emitting displays) on different substrates [40, 41] for inexpensive 

and large-area electronics such as in radio frequency identification tags (RFID's), flexible 

electrophoretic displays and artificial skins [42-44]. 

From the advent of the idea of printed electronics, inorganic semiconductors can be 

regarded as inexpensive, nontoxic and high quality oxide semiconductors. Printed 

inorganic semiconductor channel transistors can be produced either from an oxide 

precursor subsequently heated to obtain a high quality un-doped/doped oxide 

semiconductor [45-47] or from a dispersion of inorganic nanoparticles as a nano-ink [48-

50]. However, high temperature processing of oxide precursor limits the choice of 

substrates and removes the possibility of using polymers/papers. In case of nano-inks, it 

is difficult to establish a smooth interface between the nanoparticulate channel and the 

dielectric [40]. The interface roughness influences the mobility, where rough interface 

with big agglomerates results in low mobilities and smooth interface with small 

agglomerates leads to high mobilities [51]. Hence, it is nearly impossible to obtain a 

satisfactory field-effect using printed nanoparticles. Also, the use of stabilizer molecules 

to get stable nanoparticle dispersions remains as a semi-insulating barrier between the 

particles that acts as charge traps, reduce mobility and switching speed of such devices 

[40]. 

Herein, we introduce a new approach to address some of the above-mentioned 

shortcomings. We fabricated a FET based biosensor using an easily operating nozzle-jet 
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printer in which the source and drain electrodes consist of printed silver [52] and a 

transistor channel is composed of hydrothermally grown ZnO NRs on printed ZnO 

quantum dots seed layer forming a semiconducting interconnected network suitable for 

high enzyme immobilization. In general, with this simple approach we show nozzle-jet 

printed low-temperature processed n-channel FET device from inorganic metal oxide like 

widely compatible ZnO on PET substrate for glucose detection.  

 

2. Experimental details 

2.1. Reagents 

      Zinc acetate dihydrate [Zn(CH3COO)2.2H2O], zinc nitrate hexahydrate 

[Zn(NO3)2.6H2O, 99%], potassium hydroxide (KOH, 96%), hexamethylene tetramine 

(HMTA), Nafion (5 wt%), phosphate buffered saline (PBS, pH 7.4), ethanol, methanol, 

ethanolamine, ethylene glycol, glucose (D-(+)-99.5%), uric acid (UA), ascorbic acid 

(AA), lactose, cholesterol, mannose, fructose and dopamine were purchased from Sigma-

Aldrich and used as received without further purification. Deionized (DI) water was 

exclusively used in all aqueous solutions and rinsing procedure.  

2.2. Synthesis and characterization of ZnO QDs and NRs  

ZnO QDs were synthesized using 0.01 M Zn(CH3COO)2.2H2O in methanol under 

vigorous stirring and heating. At 62 ºC, 0.5 M NaOH prepared in methanol was added to 

above solution and final pH of the solution was maintained at ~10, followed by vigorous 

stirring and heating for 30 min. After completion of the reaction, the resultant product 

was washed with methanol by centrifugation in order to remove by-products and stored 

in the same solvent (5 mg in 15 mL methanol). Later, for printing purpose highly 



  

7 

 

dispersive ZnO QDs precursor ink was prepared in methanol/ethanol/ethylene 

glycol/ethanolamine in the ratio of 4:16:1:1 mL by volume, following sonication. To 

grow ZnO NRs, nozzle-jet printed ZnO seed substrates were suspended upside down into 

a Pyrex glass bottle containing an equal molar (0.05 M) of Zn (NO3)2. 6H2O and HMTA 

in 50 mL DI water. Then, the sample containing solution was heated on a heating mantle 

for 4.5h at 80 ºC.  Finally, the electrodes were rinsed and dried at room temperature. 

      The morphological investigation of as-synthesized ZnO QDs/NRs were observed 

using field-emission scanning electron microscopy (FESEM, Hitachi S4700) equipped 

with energy dispersive spectroscopy (EDS), transmission electron microscopy (TEM) and 

high-resolution TEM (HRTEM) equipped with digital charge-coupled device (JEOL 

JEM-2010 equipped with CCD camera). CS-Corrected-FETEM/STEM images were 

carried out using CS-Corrected-field emission transmission electron microscope/STEM 

with an acceleration voltage of 200 kV. A commercial Nozzle-Jet Printer (System 

Engineering Solution (SES, Korea) was used for all printing experiments. The surface 

roughness of nozzle-jet printed ZnO QDs seed on PET was measured using atomic force 

microscopy (AFM, Multimode-8, Bruker, Santa Barbara, CA, USA) at resonance 

frequency of 0.5 Hz (tapping mode). The cross-section of the ZnO seed layer was 

confirmed by focused ion beam (FIB) technique. X-ray diffraction (XRD, Rigaku) was 

utilized with Cu-Kα radiation (λ=1.54178 Å) to examine the crystallinity of as-

synthesized ZnO QDs in the range of 10-90⁰ with 8°/min scanning speed. Moreover, ZnO 

QDs precursor ink was characterized by Fourier transform infrared (FTIR) spectroscopy.  

2.3. Fabrication of FET based glucose sensors and measurements 
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      The fully printed FET based biosensor was fabricated using nozzle-jet printer on a 

pre-cleaned PET substrate; schematic illustrating nozzle-jet printed FET biosensor 

fabrication process is shown in Fig. 1. The commercial nozzle-jet printer used for 

printing the FET device, was operated with different nozzle tip diameters and at separate 

base-plate temperatures for printing silver and ZnO QDs inks. The different parameters 

such as, nozzle moving speed, stage temperature, air pressure, and working distance were 

digitally controlled. For silver ink printing, the nozzle tip of 100 µm diameter was 

selected and base-plate temperature was perpetuated at 80 °C, while as, for ZnO QDs ink 

printing, the nozzle tip of 70 µm diameter was utilized and base-plate temperature was 

maintained at 120 ⁰C. First, two separate silver lines of ~800 nm thickness were printed 

on PET by nozzle-jet printing technique, followed by post sintering at 90 ºC. The source-

drain electrodes were printed in such a way to have the channel length of 0.4 cm.  

Similarly, semiconductor channel of ZnO QDs ink was printed between silver lines and 

post sintered at 120 ⁰C, which has a channel width of 0.5 cm and thickness of ~600 nm. 

Then, the ZnO NRs were grown by hydrothermal process as explained earlier. Before 

immobilization of enzyme (glucose oxidase; GOx), the printing based ZnO NRs FET 

biosensor was double rinsed with PBS (100 mM, pH 7.4) to generate hydrophilic 

surfaces. The enzyme solution was prepared by dissolving GOx (1.0 mg/mL) in 100 mM 

PBS and 5 µL of enzyme solution was dropped to immobilize the enzyme onto the 

surface of ZnO NRs by a physical adsorption method. After dropping enzyme solution on 

ZnO NRs FETs, the device was kept at 4 ºC for 12h, which allowed enzyme molecules to 

get absorbed onto the ZnO NRs surfaces and rinsed to remove unabsorbed enzyme. 1 µL 

of 0.5 wt% Nafion solution was used to cover enzyme immobilized ZnO NRs surface to 
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prevent enzyme leakage and avoid interferences. Finally, PDMS was coated at the silver 

line and ZnO NRs interface to avoid solution contact with the silver electrode during all 

experimental I-V measurements.  

The electrical properties of fabricated FET based biosensor was evaluated under air-

ambient conditions with a semiconductor parameter analyzer (HP 4155A). To determine 

the sensing properties of the fabricated biosensors, the drain current (ID) was measured 

with a fixed drain-source voltage (VDS = 0.1 V) while sweeping the different gate voltage 

range (VG). The VG was applied via an Ag/AgCl reference gate electrode immersed in the 

solution. All the sensing measurements were conducted in 100 mM PBS (pH 7.4) at room 

temperature while the measuring time was 10s. 

 

3. Results and discussion 

3.1. Morphological characterization of ZnO QDs/NRs 

Fig. 2 illustrates the FESEM images of the nozzle-jet printed Ag source-drain (a-c) 

and ZnO QDs seed layer (d-f) lines, as-grown ZnO NRs (g, h) and after GOx 

immobilization (i, inset). Low and high resolution of Ag source-drain and ZnO QDs seed 

lines exhibit smooth surface morphology. The FIB cross-sectional image shows printed 

Ag line thickness of ~800 nm (c). The surface FESEM view of as-grown ZnO NRs shows 

that the NRs are uniformly and densely grown on the seeded area (g) and length of 

nanorods are ~1 µm (h). Importantly, NRs were grown vertically in such a pattern 

forming mesh like structure leaving cage like holes at the NRs base, which becomes a 

suitable factor for effective enzyme trapping during immobilization process. The GOx 
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immobilized ZnO NRs FESEM image confirms the uniform immobilization all over the 

electrode area. 

Fig. 3 manifests highly crystalline low (a) and (b) high magnification Cs-TEM 

images, (c) FFT image, (d) SAED pattern, (e) EDS spectrum, and (f) XRD pattern of 

ZnO QDs. As shown in Fig. 3a and 3b, the synthesized ZnO QDs are ~10 nm in diameter 

and have uniform morphology. The FFT image shows the regular lines of crystal lattice 

of ZnO QDs, with an interplanar lattice spacing of 0.26 nm (c), corresponding to the (002) 

plane of hexagonal ZnO, which indicates that one of the growth planes of ZnO QDs is 

along the (002) plane.. The SAED and corresponding IFFT pattern (d, inset) confirms the 

crystalline nature and the diffraction pattern well-suites with the hexagonal wurtzite ZnO 

[27]. The EDS spectrum (e) clarifies purity of ZnO QDs, showing only zinc oxide phase 

without any impurity elements. The high crystallinity of the ZnO QDs is further 

confirmed by XRD analysis of ZnO QDs (f). XRD pattern of the ZnO QDs includes 

seven diffraction peaks at 2 (degrees) screening angles of 31.85⁰, 34.07⁰, 36.42⁰, 47.77⁰, 

57.27⁰, 62.18⁰, and 67.87⁰ are respectively indexed as (100), (002), (101), (102), (110), 

(103), and (112) planes, which are again in excellent agreement with the hexagonal 

wurtzite structure of ZnO [53].  

Fig. 4 justifies 2 dimensional (a) and 3 dimensional (b) AFM analysis of the nozzle-

jet printed ZnO QDs seed line on PET substrate annealed at 120 ºC showing excellent 

surface morphology with a route mean square roughness (RMS) value of ~5.54 nm. This 

observation is further supported by scrutinizing the same surface area with Gwyddion 

software, which also exhibits nearly same RMS value of 5.10 nm (Fig. 4c). The 

information about roughness average (Ra: 2.93 nm), waviness average (Wa: 2.74 nm) 
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and texture of the seed layer is also emancipated by this software, showing thus very 

smooth and regular surface morphology. Fig. 5 shows low (a) and high (b) magnification 

TEM images, HRTEM (c), FFT and SAED pattern (d) of ZnO NR. The latter clearly 

shows the ZnO fringe plane (0001) with an inter-planar spacing of ~0.52 nm, which 

confirms the single crystallinity and preferential growth in the [0001] direction. The 

typical SAED pattern for the corresponding ZnO NR (d) along with HRTEM image 

suggests that the ZnO NR growth is along the [0001] direction, which is the polar c-axis 

of the ZnO crystal lattice.  

Fig. 6 shows the FT-IR spectrum of ZnO QDs precursor ink. The broad peak at 3300 

cm-1 corresponds to the stretching vibration of hydroxyl groups. The peaks at 2950 cm-1 

and 2882 cm-1 belong to the C-H stretching modes of vibration. The peaks at 1380 cm-1 

and 1083 cm-1 are due to bending moods of N-H and C-N stretch. Similarly, the C-O 

group shows stretching peak at 1047 cm-1. N-H group exhibits peak at 878 cm-1 is due the 

out of plane bending absorption. The peak at 627 cm-1 is due the of Zn-O stretching 

absorption. All this observation, i.e. change in intensity and value from the corresponding 

normal peaks suggest well dispersion of the ZnO QDs in the ink.   

3.2. Detection of glucose using FET sensor 

Fig. 7 shows the schematic illustration of mechanism of redox reaction and 

generation of electrons (a) and circuit diagram of FET biosensor (b). In a typical redox 

reaction [12], glucose gets oxidized to gluconolactone in the presence of GOx (O) while 

GOx (O) itself gets reduced to GOx (R). The GOx (R) further reacts with the dissolved 

oxygen in solution, which forms GOx (O) and hydrogen peroxide (H2O2). The liberated 

H2O2 is quantitatively detected on the electrode through electro-oxidation process. In this 
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biosensor, ZnO NR channel acts as a good conduction pathway because of its high 

electron affinity. Thus, the electrons generated from the enzymatic reactions on the 

surface of each NR pass directly through the NRs to the seed layer to the electrode. To 

study the response of the proposed solution-gated ZnO NR nozzle-jet printed FET 

biosensor, the sensor response (ID) was recorded with an optimized and constant bias 

potential range in the absence/presence of 5 mM of glucose in 100 mM PBS solution 

(Fig. 8a). The current value substantially increases in the presence of glucose compared 

to that of without glucose. The enhanced current response is to the enzymatic reactions of 

the GOx with the glucose molecules in the presence of oxygen. The enzymatic reactions 

temporarily change the protonation state of conducting ZnO NRs and thus affect the ID 

(drain current) with increasing VG (gate voltage). The chemical reactions for enzymatic 

catalysis of glucose by GOx and oxidation of hydrogen peroxide (H2O2) have been 

illustrated in Fig. 7a.  

      To explore the sensing properties of the fabricated nozzle-jet printed flexible FET 

biosensor, experiments have been conducted under optimal conditions. The detection of 

glucose was carried out by measuring the ID-VG responses of the biosensor, as shown in 

Fig. 8b. It is evident that the current increases with increasing glucose concentration. This 

is attributed to an increase in ion concentration and fast catalytic reaction. The noticeable 

current changes for glucose are obtained at a higher potential range i.e. 2.0-5.0 V. The 

increase in current in this range is further used for plotting the calibration curve of 

biosensor response by taking the average of currents over the range of potentials (Fig. 

8c). The calibration plot has been used for the calculation of sensitivity and linear range, 

which are the two vital indicators of sensing performance of any biosensor. From the plot, 
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a linear behavior was obtained in the concentration range of 0.0-80 mM for glucose 

detection with a high regression coefficient value (R2 = 0.9976). The nozzle-jet printed 

FET biosensors show a high sensitivity of 22.3 µAcm-2 mM-1 and a low limit of detection 

of 0.07 mM for glucose, calculated by dividing the slope of current-concentration plot (S) 

with the standard deviation (SD) of response. The Lineweaver-Burk plot (Fig. 8d), gives 

a low value of Michaelis-Menten constant (0.65 mM), which confirms strong affinity of 

the immobilized enzyme for glucose detection. Comparing our result with previously 

reported biosensors, we obtained wide linear detection range for glucose measurement 

(Table 1). Importantly, the previously designed glucose biosensors are mostly based on 

electrochemical techniques requiring potentiometry, amperometry, voltammetry, and 

electrochemical impedance spectroscopic measurements. However, there are some 

limitations of these techniques. For example, not all the protein analytes/samples are 

intrinsically capable of serving as redox partners in electrochemical reactions. Hence, a 

suitable label must be introduced in order to enhance the electrochemical reaction of the 

analyte on working electrodes for their detections. Moreover, these assays not only 

require sample dilution but also are quite expensive. However, for easy operation of these 

sensor chips in laboratories and at home or development of wearable and implantable 

device, the chip size should be reduced for real-time measurements. Note-worthy, using 

our FETs approach; we can also enhance the detection sensitivities by the use of 

amplification.  

3.3. Stability and reproducibility of the sensor device 

      The long-term stability and reproducibility of the nozzle-jet printed flexible FET 

biosensor were also accessed by repetitive measurements (i.e. once a day for 8 weeks) 
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using electrodes fabricated in same conditions. Overall, the biosensor shows high 

stability for repetitive measurements and retains about 94% of its original response after 

56 times of measurements during 56 days storage for glucose detection. A little decrease 

in response may be due to the loss of immobilized enzyme or loss of bioactivity with 

repetitive use and rinsing.  The reproducibility test of the nozzle-jet printed flexible FET 

biosensors was measured by fabricating eight electrodes in similar fabrication conditions 

and measuring their response in the presence of 5 mM glucose in 100 mM PBS solution. 

The nozzle-jet printed flexible FET biosensors showed a relative standard deviation 

(RSD) of ~3.4% in the glucose sensing response, which confirms good reproducibility of 

the nozzle-jet printed flexible FET biosensors. 

3.4. Selectivity test 

      For selectivity determination of the nozzle-jet printed flexible FET biosensors, three 

glucose containing solutions were prepared in PBS buffer (one containing only 5 mM 

glucose and other two containing 5 mM glucose solutions with 0.1 mM (low) and 0.5 

mM (high) concentrations of each electroactive agents (AA, UA, cholesterol, mannose, 

lactose, fructose, and dopamine) were prepared in 100 mM PBS buffer (pH 7.4). 

Additionally, to compare the result with real human serum sample, 5 mM glucose 

containing human serum sample (analyzed using commercial glucose estimation kit 

(CHOD-PAP method)) was used. The current response was recorded using ID-VG 

measurements and shown in Fig. 9(a). The calibrated response is shown as histogram in 

Fig. 9(b). The sensing response of the nozzle-jet printed flexible FET biosensor in 

glucose only sample, other two samples with electroactive agents showed slight decrease 

in the response. Importantly, low concentrations of electroactive species showed 
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negligible effect on the sensing performance of biosensor, suggesting potential for the 

selective glucose detection. However, the sensor response decreased by ~15% in the 

human serum samples. The decrease in the biosensor response in human serum sample is 

due to presence of protein fragments and other small molecules [56]. These molecules 

restrict the diffusion of glucose into immobilized enzyme; thereby decrease the response 

of the biosensor. Further, we tested the reusability of the biosensor after rinsing used 

electrodes in serum samples with PBS. The results showed that the sensor recovers most 

of its response when it was tested in buffer solution [56]. 

 

4. Conclusion 

      In summary, we developed a nozzle-jet printed FET biosensor with GOx enzyme 

immobilized on vertically grown ZnO NRs. The ZnO NR printed FET biosensors 

exhibited wide linear detection range for glucose with high sensitivity and low limit of 

detection. We experimentally observed that nozzle-jet printed FET biosensors show 

almost negligible interference in PBS. Impressively, the concentrations determined by the 

fabricated biosensor for glucose (including the calculated interference caused during 

measurements) were well-matched with those of the pre-analytically determined. Thus, 

this approach has a great potential to reduce the test cost not only for biomedical research 

but also for patients suffering from glucose related disorders/diseases. Additionally, 

nozzle-jet printing provides a facile, environmentally-friendly, low-cost, computer-

automated and layer-by-layer deposition process, which may have an enormous impact in 

future for rapid fabrication of sensing electrodes.   
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Table 1. Comparison of our nozzle-jet printed biosensor with previous reports. 

Electrode Method Linear 

range 

(mM) 

Detection 

limit (mM) 

Sensitivity 

(µA mM
-1 

cm
-2 

) 

Ref.  

N-Alkylaminated 
PPy/GOx Multilayers/Au 

Surface plasmon 
resonance 

- - 0.03  [7] 

PANI-PAA/PANI-
bisulfite/GOx-PDAB/Au 

FET  -  - 0.001 [12] 

Nafion/Au/ZnO 
NRs/GCE 

Amperometry  0.0001-
0.033 

0.00001   1492 [30] 

Nafion/GOx/ZnO NT Amperometry 0.050-12  0.001 21.7 [31] 
Nafion/TPSP-ZnO/GCE Cyclic 

voltammetry 
0.05-8.2 0.01 - [32] 

GOx/ZnO NF/Al coated 
on glass capilary 

Potentiometry  0.0005-10  - - [33] 

Nafion/ZnO-
HNSPs/GOD/GCE  

Amperometry 0.005-13.15 0.001 65.82 [34] 

POAP-GOD/PPy-
Pt/GCE 

Amperometry 0.0015-13 0.00045 9.9 [36] 

PPy/HRP-
GOx/SWNT/Au 

Amperometry 0.030-2.43 0.03 ± 
0.009 

7.01 ± 0.18 [37] 

GOx-ZnO film/glass 
substrate 

Ion-sensitive 
FET 

0.2-40 ~0.2 - [54] 

Fe2O3-ZnO NRs/SiO2/Si 
substrate 

FET 0.05-18 0.012 105.75 [55] 

Nafion/GOx/ZnO 
NRs/Ag/PET 

FET 0.0-80  0.07  22.3 This 
Work 
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Figure captions  

Fig. 1 Schematic illustration showing fabrication process of FET based biosensor.   

Fig. 2 FESEM images showing surface view of printed silver line (a, b) and FIB cross-

sectional (c) image. FESEM images of printed ZnO QDs line (d-f). FESEM images of 

vertically-grown ZnO NRs (g), cross-sectional image of ZnO NRs (h), and after GOx 

immobilization on ZnO NRs (i). Insets show the optical image of Ag lines on PET 

substrate (a) and high resolution FESEM images.  

Fig. 3 CS-Corrected-FETEM/STEM images; (a) low-, (b) high-resolution, (c) FFT image, 

(d) SAED pattern, (e) EDS spectrum, and (f) XRD pattern of ZnO QDs.  

Fig. 4 AFM analysis showing 1D (a) and 2D (b) topography of the nozzle-jet printed 

ZnO QDs seed line on PET and (c) root mean square (RMS) roughness. 

Fig. 5 (a) Low and high magnification (inset a) TEM images, (c) HR-TEM image, and (d) 

FFT pattern of ZnO NR. Insets in a and d show the high magnification TEM image and 

SAED pattern, respectively. 

Fig. 6 FT-IR spectra of ZnO QDs precursor ink. Inset shows the optical image of ink.  

Fig. 7 Schematic illustrative mechanism of redox reaction (a) and circuit diagram of FET 

biosensor (b).  

Fig. 8 Typical ID-VG responses of ZnO NR based printed FET biosensor without and with 

5 mM of glucose in 100 mM PBS buffer (a). ID-VG responses with increasing glucose 

concentration from 0-80 mM, (b) corresponding calibration curve, i.e. response current 

verses glucose concentration (mM) in log scale with high regression coefficient (R2) 

value of 0.9976 (c), and the Lineweaver-Burk plot (d).  

Fig. 9 (a) Interference test of 0.5 mM glucose solution without (i), with 0.1 mM (ii) and 

0.5 mM (iii) electroactive agents (AA, UA, mannose, lactose, fructose, and dopamine) 

and human serum sample (iv). (b) The corresponding current response is shown in the 

form of histogram.  
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Figure 4/9 
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Figure 6/9 
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Figure 7/9 
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Figure 8/9 
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Figure 9/9 
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Highlights 
 

• Nozzle-jet printing of silver source-drain electrodes and ZnO seed layers on 

flexible substrate. 

• Use of nozzle-jet printer resulted in high reproducible sensing active area. 

• Growth of well-defined vertical ZnO NRs for high enzyme loading and enhanced 

sensing performance. 

• Sensor showed wide glucose detection range, long-term stability and excellent 

reproducibility. 

 

 

  



  

34 

 

Graphical abstract  

 

 

 

 
 
 
 


