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Abstract—Alcohol intoxication leads to road accidents, 

violence and the deteriorated health of heavy drinkers. Hence, 

a convenient means to monitor alcohol consumption with an 

accuracy and selective manner is a demand by law enforcement 

personnel, service/ hospitality industry or individual drinkers. 

We report on label free and highly sensitive and selective 

alcohol immunosensor based on two dimensional (2D) Zinc 

oxide nanoflakes (ZnO-NFs) which were synthesized on gold 

coated flexible polyethylene terephthalate (PET) substrates 

using single step sonochemical process. Selective detection of 

alcohol was achieved via ethyl-glucuronide (EtG) detection by 

immobilizing EtG antibody (EtG-AB) on the as-synthesized 

sensing electrodes of ZnO-NFs.  2D ZnO-NFs provide unique 

sensing advantages over bulk materials. The cyclic 

voltammetry and electrochemical impedance spectroscopy 

measurements demonstrated the sensitivity of 0.032 

mA/decade/cm2 in the concentration range of 1ng/ml to 

100µg/ml which covered the physiological range. The minimum 

level of detection was determined much lower than 1 ng/ml. 

Shelf-life studies showed that the presented EtG sensors can be 

used over 2 months after the first use without significant 

performance degradation. Our method and device would help 

realizing continuous alcohol monitoring in wearable platform.  

Index Terms— ZnO, nano-flakes, alcohol, ethyl-glucuronide 

(EtG), selective, immunosensor   

I. INTRODUCTION 

ROLONGED alcohol consumption can promote various 

fatal diseases, such as fatty liver disease, alcoholic 

hepatitis, liver cirrhosis, Wernicke-Korsakoff 

Syndrome, hepatic encephalopathy and fetal alcohol 

spectrum disorders, heart diseases, alcohol-induced 

pancreatitis and cancers [1], [2]. In addition, 18.5 million of 

adults are abused by alcoholism and driving under influence 

(DUI) related accidents cause death of 11,000 individuals 

and cost $132 billion per year in the U.S. [3], [4]. Wearable 

point of care devices for real-time and continuous 

monitoring of alcohol consumption can be helpful in 

intensive care units and for patients suffering from chronic 

disease such as diabetes as well as for addiction 

rehabilitation [5]. Such wearable alcohol monitoring devices 

can also play a significant role for preventing, deterring and 

monitoring impaired driving, which is one of the most 

critical causes for numerous road accidents.  

Breath alcohol devices (e.g. breathalyzers) are mostly 

employed for its (ethanol) detection from breath by law 

enforcement agencies for random monitoring of DUI to 

determine if drivers consumed alcohol before driving [6] [7]. 

However, this random checking cannot ensure monitoring at 

large extent of the population. A wearable alcohol 

monitoring device can be a pathway to resolve this issue and 

can determine the blood alcohol content (BAC) in real-time 

and continuously; therefore, can monitor DUI offenders 

during their rehabilitation process.  Further, measurements 

in clinical application are required over extended periods, 

ideally starting from 30 min before consumption and 

extending to 8 hours after the last drink, to understand the 

consumption and metabolism of alcohol of any subject. The 

offender can use this time gap to get intoxicated and sober 

before next breath sampling. Among different non-oxidative 

direct metabolites of ethanol biochemical markers, ethyl-

glucuronide (EtG) has been found as a promising indicator 

for alcohol detection due to its prolonged existence in sweat 

(24 hours for one or two “drinks” or 2-4 days for binge 

drinking), which prevents relapsing [4].  

It has been reported that about 0.1% of ethanol consumption 

is excreted in sweat through human perspiration, whereas 

0.7% is excreted in breath, 0.3% in urine and mostly over 

98% is metabolized by the liver [8]. Ethanol exposure and 

its kinetics have been well characterized through detailed 

investigation of EtG, a minor metabolite of alcohol, 

produced by conjugation pathways [9] [10]. EtG is 

metabolized in the body by glucuronidation following 

exposure to ethanol. Ethanol reacts with glucuronic acid, a 

substance constantly working to detoxify drugs by turning 

them into water-soluble compounds, which are then easily 

removed from the body and can be detected in body fluids 

such as sweat, urine, and hair [11]. Compared to other body 

fluids, human sweat analysis is the most promising method 

due to the possibility of detection and quantification of EtG 

in real-time using wearable biosensors.   Electrochemical 

metal-oxide based immunosensors [12], [13] demonstrate 

improved performance over other sensing methods, such as 

optical [14], colorimetric [15], or fuel cell based [16], [17] 

[18] sensors. Their wide detection range, rapid and selective 

detection approach and higher sensitivity make them the 

preferred sensing method for many biomolecules in point of 

care and wearable health quality monitoring applications. To 

achieve low detection limits and high sensitivity, the 

immobilizing matrix used in immunosensors should have 

high surface functionality, high biomolecule loading and 

small resistance to electron transport with high electron 
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transfer rate [19]. This encourages researchers to explore the 

utilization of inorganic semiconductor nanostructures (NSs) 

as potential immobilizing matrix for immunosensor 

development to detect desired target analytes [20]. Metal 

oxide-based nanostructures with high isoelectric point (IEP) 

have recently become extremely significant as 

nanomaterials, which provide an effective and required 

surface for the immobilization of biomolecules with desired 

polarized plane orientation, better conformation and high 

biological activity contributing to the development of 

enhanced biosensing platforms [4]. 

Among various semiconducting metal oxide-based 

nanomaterials, Zinc oxide (ZnO) has been found as an 

excellent candidate for wearable biosensing applications. Its 

piezoelectric nature, high catalytic efficacy, 

biocompatibility, chemical stability in physiological 

environments, low toxicity and a high isoelectric point (IEP) 

of about 9.5, make it potential in many of biosensing 

applications [21]. ZnO nanostructures (NSs) with different 

morphologies such as nanorods, nanowalls, nanobelts and 

quantum dots have been used as immobilizing matrix in 

fabrication of biosensors for the detection of physiologically 

relevant biomarkers such as cholesterol, galactose, glucose 

[22], [23]. Considering their promising properties and 

potential applications, many techniques have been 

developed to synthesize various ZnO-NSs. Compared to 

bulk materials, the two dimentional 2D ZnO nanoflakes 

(ZnO-NFs) provide unique sensing advantages with 

polarized (0001) plane [19] orientation and high surface 

charge density, which could enhance antibody loading and 

thus improve sensing performance. High isoelectric point 

allows immobilization of most biomolecules without any 

additional binding layer [24], [25]. This provides a direct, 

stable pathway for rapid electron transport when an analyte 

is immobilized on NFs and improves electron transfer rate. 

Moreover, the performance of a ZnO-based biosensor can be 

improved by tailoring the properties of the ZnO–

biomolecule interface via engineering of morphology, plane 

orientation, particle size, effective surface area, 

functionality, adsorption capability and electron-transfer 

properties [26].  

In this work, 2D ZnO-NFs were synthesized by one step 

sonochemical method [27] on Au-deposited flexible 

polyethylene terephthalate (PET) substrate, as electrode 

sensing elements in developing a flexible, label-free, highly 

sensitive biosensor suitable for sweat based detection of 

EtG. We selected this method since it is fast, inexpensive, 

catalyst free, CMOS (complementary metal-oxide-

semiconductor) compatible and environmentally benign. 

Sonochemical reaction rate is 100 times faster compared to 

other and similar hydrothermal methods and it allows for a 

well oriented growth over wide range of substrates.  In 

addition, the process temperature is less than 50 °C which 

allows use of wide variety of substrates such as flexible 

polymers, fabrics and paper. The ZnO-NFs have been 

fabricated on flexible polyethylene terephthalate (PET) 

substrate, which has gained popularity for wearables 

because of its intrinsic elasticity, thermal stability, 

hydrophobicity, excellent dielectric properties, low 

coefficient of thermal expansion, structural resiliency 

against repeated bending forces and compatibility with roll-

to-roll fabrication processes for low cost and scalable 

manufacturing. The biocompatibility and small form factor 

make this sensor a strong candidate for wearable alcohol 

monitoring device. Such wearable integrated device would 

be comprised with chemical sensing enabled potentiostat 

(e.g. LMP91000), microcontroller, low-power IC’s, analog 

to digital converter (ADC), low power Bluetooth for the 

transmission of data to the end device (e.g. smartphone) in 

the wearable platform [4], [28], [29]. The potential ZnO-

based biosensing platform can find applications in a new 

generation of miniaturized and smart biosensing devices for 

wearable, continuous monitoring of soberness and point-of-

care alcohol determination. The future systems would 

require additional efforts for calibrating the devices and 

ensuring data security and privacy safeguards. 

II. MATERIALS AND METHODS 

A. Reagents and Chemicals  

Antibody for EtG was purchased from EastCoast Bio 

(North Berwick, ME, USA). The antibody was purified 

monoclonal and stored at 4 °C. EtG antigen was purchased 

from EastCoast Bio (North Berwick, ME, USA). Antibody 

stock solution was stored and diluted in 0.1 M PBS 

(Phosphate buffered Saline) solution. Antigen stock solution 

was stored in DI water (deionized water). Zinc Nitrate 

hexahydrate [ZNH; Zn(NO3)2.6H2O] and 

Hexamethylenetetramine [HMT; (CH2)6N4] were all 

purchased from Sigma-Aldrich (USA). All other chemicals 

were of analytical grade and were used without further 

purification. 

An atomic force microscope (Nanonics AFM), scanning 

electron microscope (SEM, JOEL 7000FSEM) and 

Nomadic Raman Spectrometer by BaySpec (532 nm laser) 

were used for characterization of the material properties of 

the synthesized structures and fabricated devices. An 

electrochemical analyzer (CHI604D, CH Instruments, USA) 

 

Fig. 1 (a) Illustration of ZnO-NFs, prepared using sonochemical method along with immobilization anti-EtG antibody onto ZnO-NFs to fabricate 

electrochemical EtG immunosensor (b) Fabricated sensing electrode and its flexible nature. 

(a) (b)
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was employed for the electrochemical impedance 

spectroscopy (EIS) and cyclic voltammetry (CV) 

measurements. 

B. Fabrication of ZnO-NFs Based Immunosensors 

2D ZnO-NFs were synthesized on 60 nm thick Au, 

deposited by e-beam evaporation over flexible PET substrate 

as shown in Fig. 1a. The fabrication of ZnO-NFs on gold 

coated PET substrates was as follows: First, 60 nm thick 

gold layer was deposited on PET substrates by e-beam 

evaporation. Then, the gold coated PET substrates were 

washed with deionized (DI) water and dried by nitrogen (N2) 

gas. A solution of 20 mM ZNH and 20 mM HMT, prepared 

at room temperature by stirring with a magnetic stir bar at 

350 rpm for 5 min to ensure a mixed solution was used as 

the only solution for the growth of 2D ZnO-NFs as shown in 

Fig. 1a.  The solution with the immersed substrate was then 

irradiated using a commercially available high-intensity 

ultrasound setup (750 W ultrasonic processor, Sonics and 

Systems), for 15 min cycles at an amplitude of 70% of the 

maximum amplitude of the ultrasonic probe for 20 min 

providing the solution with an intensity of 30 Wcm-2 and 

frequency of 20 kHz. The temperature of the aqueous 

solutions did not exceed 50 °C. The substrate was rinsed 

with DI water and then dried with N2 after each cycle. For 

the preparation of ZnO-NSs based immunosensor, 10 µL of 

EtG antibody was immobilized on the electrodes via 

electrostatic interaction due to the difference in IEP of ZnO 

(9.5) and antibody (4.5). Monoclonal EtG antibody (ABs) at 

a concentration of 10 mg/L was incubated on the sensor 

surface for 30 min at room temperature followed by 

phosphate buffer saline (PBS, pH 7.4,10 mM) washing to 

remove any unbound molecules. SEM analysis (not shown) 

revealed that no visible EtG antibody was adhered on the 

bare Au, whereas ZnO-NF/Au surface was almost 

completely covered by the EtG antibody. PBS solution was 

prepared by dissolving 1 PBS tablet in 200 mL of deionized 

water. The non-binding sites of EtG-AB/ZnO-NSs/Au/PET 

bio- electrode was blocked by immobilizing 10 µL of bovine 

serum albumin (BSA) for 30 min followed by PBS washing 

and drying at room temperature. The fabricated BSA/EtG-

AB/ZnO-NFs/Au/PET immune-electrodes (shown in Figure 

1b) were stored in refrigerator at 4 °C when not in use. 

C. Material Characterization 

The morphological study of the surface of ZnO 

nanostructures was carried out during various stages of 

electrode fabrication by using scanning electron microscopy 

(SEM, JOEL 7000FSEM) and we found well aligned and 

uniform ZnO-NFs were grown on the gold coated PET 

substrates. Fig. 2a and 2b shows high resolution 

transmission electron microscopy (HRTEM) images of 

ZnO-NFs and selective area electron diffraction (SAED) 

respectively confirming that ZnO-NFs are single crystalline 

and oriented in [0001] direction with wurtzite structure with 

a = 3.25 Å and c = 5.21 Å. Fig. 2c shows scanning electron 

microscopy (SEM) images of uniformly grown 2D ZnO-

NFs over Au/PET substrate. ZnO-NFs are 20 nm thick and 

have the average lateral dimensions of 5 mm× 5 mm. Fig. 2d 

depicts that the electrode surface becomes more uniform and 

smoother after the antibody was introduced. This change in 

the morphology suggests that the antibody has been 

successfully immobilized over the ZnO nanoparticles 

matrix. Surface roughness was measured by using atomic 

force microscope operated in resonance frequency using Cr 

tip with a resonant frequency of 34.95 kHz and tip diameter  

20 nm. After the introduction of the antibody, the measured 

average surface roughness of EtG-AB/ZnO-NFs/Au/PET 

was 0.319 µm while ZnO-NF/Au/PET electrode shows a 

higher average roughness of 0.676 µm. The drop-in 

roughness value is due to the immobilization of EtG Ab 

which fills the porous surface of the electrode. The Raman 

 

Fig. 2.  (a)  HRTEM at the edge of a flake with fringes almost parallel to the edge with a spacing of 2.74 Å (b) SAED image of ZnO-NFs (c) SEM 

characterization images of ZnO-NFs/Au/PET Substrate (before immobilization of EtG-AB) (d) SEM characterization images for ZnO-NFs/Au/PET 
substrate (After immobilization of EtG-AB) (e) Raman spectra on ZnO-NFs/Au/PET electrode (f) Raman spectra of EtG-AB/ZnO-NFs/Au/PET 

immunoelectrodes (g) XRD characteristics of the ZnO-NFs.  
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spectrum study for ZnO-NFs is shown in Fig. 2e. The peak 

at 1050 cm-1 corresponds to the second order longitudinal 

optical phonon vibration [30]. Raman spectrum of EtG-

AB/ZnO-NFs/Au/PET electrodes in Fig. 2f shows smaller 

peaks other than that characteristic of wurtzite ZnO-NFs and 

a shift of the major peak to around 2100 cm-1 which suggests 

a successful binding of EtG-AB over ZnO-NFs surface. Fig. 

2g shows X-ray diffraction (XRD) characteristics of the 

ZnO-NFs confirming single (001) peak. 

 

D. Electrochemical Measurements 

CV studies and EIS were performed to understand the 

electroactive behavior of the working electrode. Oxidation 

takes place at the biomolecule immobilized electrode–

electrolyte interface where these molecules are oxidized by 

losing electrons. The released electrons are rapidly 

transferred through the electrode material. However, most 

biomolecules are insulating in nature which increase the 

charge transfer resistance impeding the charge carriers. This 

change in resistance causes variation of current and allows 

the external potentiostat to determine this variation for the 

detection of the targeted biomolecules. The distinct 

oxidation peaks are monitored for varying concentration of 

the biomolecule, otherwise called antigen, in CV 

measurements. Therefore, factors such as high antibody 

binding and electron transfer rate play a pivotal role in any 

electrochemical biosensor. 2D ZnO-NFs with high IEP 

(~9.5) has positive surface charge density at pH value below 

9.5. Experimental protocol follows the pH value of 7.4 

throughout this work which allows the binding sites of 

antibody (Anti-EtGab) with the IEP 4.2. Therefore, the 

antibody is negatively charged under this experimental 

condition. Moreover, 2D ZnO-NFs also present higher 

binding sites due to large surface area in (0001) plane, allows 

higher catalytic activity and lower charge transfer resistance. 

The binding of the antibody to the nanomaterials is studied 

with the help of AFM, SEM and Raman as shown in Fig. 2. 

The electroactivity of ZnO-NFs/Au/PET and EtG-AB/ZnO-

NFs/Au/PET electrodes was studied using three electrodes 

system in 3 ml PBS (pH 7.4) containing 5 mM [Fe (CN) 6] 3-

/4 which acts as an electrolyte. A conventional three 

electrodes system comprising of the fabricated BSA/EtG-

AB/ZnO-NFs/Au/PET bioelectrode as working electrode, Pt 

as auxiliary electrode and Ag/AgCl, 0.1 M KCl as a 

reference electrode were employed for all measurements. 

Here, the dimension of the working electrode was 5 mm  5 

mm. All the experiments were performed at room 

temperature. 

III. RESULTS AND DISCUSSIONS 

A. CV Measurements   

The samples were characterized at different steps of the 

fabrication by CV measurements within the potential range 

of -0.1 V to 0.8 V, at a scan rate of 50 mVs-1. The magnitude 

of oxidation current reduces from bare gold electrode to 

BSA/EtG-AB/ZnO-NFs/Au/PET electrodes with every step 

due to the increase of the corresponding charge transfer 

resistances as shown in Fig. 3.  

 

Electroactive behavior of ZnO-NFs/Au/PET electrodes has 

been investigated through the CV measurements over a 

range of EtG concentrations from 1 ng/ml to 100 µg/ml. Five 

 

Fig. 3.  Reduction in the magnitude of oxidation current at different 

stages of the fabrication form bare Au electrode to BSA/EtG-AB/ZnO-

NFs/Au/PET immuno-electrode. 
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Fig. 4.  (a) CV studies of immunosensors as function of EtG concentration varying from 1ng/ml to 100 µg/ml for BSA/Anti-EtGab/ZnO-NFs/Au/PET 
electrode. (b) Calibration curve of the fabricated BSA/EtG-AB/ZnO-NFs/Au/PET biosensor for EtG concentrations of 1ng/ml, 10ng/ml, 100ng/ml, 

10µg/ml and 100µg/ml. 
 

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

-1.5 -1 -0.5 0 0.5 1 1.5

Chart Title

1 ng/ml

10 ng/ml

100 ng/ml

10 µg/ml

100 µg/ml

Potential (V vs. Ag/AgCl)

C
u

rr
e
n

t 
(m

A
)

0.1

0.15

0.2

0.25

0 2 4 6

Log [Concentration (ng/ml)]

C
u

rr
e
n

t 
(m

A
)

(a) (b)



1558-1748 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2019.2898869, IEEE Sensors
Journal

different concentrations within this range have been 

explored for the calibration of the sensor. In preparation, 

incubated in 10 µL solution containing specific 

concentration electrodes with BSA/EtG-AB/ZnO-

NFs/Au/PET were of EtG for 30 min. During this incubation  

process, antigen binds with the antibody (EtG-AB) creating 

an insulating immune-complex in between of EtG antibody 

and antigen. This insulating layer impedes the charge 

(electron) transport from electrolyte to the electrode and 

further increases the charge transfer resistance (Rct). Hence, 

the CV measurements presented downward trends for the 

maximum oxidation current with the addition of EtG to the 

electrode confirming the increase in Rct. This current 

reduction increases with the increasing concentration of EtG 

of the proposed ZnO-NFs based EtG biosensor as shown in 

Fig. 4a. The current responses for these five different 

concentrations were obtained within the potential range of -

0.1 V to 0.8 V, at a scan rate of 50 mVs-1. The peak oxidation 

currents for different concentrations are shown in Fig. 4b 

which allowed us to determine the sensitivity of the sensor 

as 0.032 mA/decade/cm2. Minimum detection limit was 

determined ~1 ng/ml and the sensor’s response time was 

measured on an average of ~ 45 s for measurement. A 

comparison of the performance of the presented sensor with 

the recent alcohol/EtG sensor reported in the literature is 

presented in Table I.

B. EIS Measurements    

EIS is employed to study the electron transfer characteristics 

and association constant for binding interactions at the 

electrode surface in between of the receptor (R) and ligand (L) 

molecules. Fig. 5a demonstrates the Nyquist plot of the EIS 

spectra for bare Au/PET, ZnO-NFs/Au /PET, EtG-AB/ZnO-

NFs/Au/PET, BSA/EtG-AB/ZnO-NFs/Au/PET electrodes. 

These data were satisfactorily fitted with the equivalent 

‘Randles Circuit’ shown in Fig. 5b with the values and relative 

errors (%) given in Table II. In this model, Rs represents the 

resistance, CPE is the constant phase element and Zw denotes 

the Warburg impedance. The diameter of the semicircle 

represents the charge transfer resistance (Rct) on the electrode 

transfer surface. The value of Rct changes from 1.045 kΩ for 

bare Au/PET electrode to 2.213 kΩ for ZnO-NFs/Au/PET 

electrode, which further increases to 3.961 kΩ with the addition 

of antibody. Introducing of the insulating material (BSA) on the 

electrode surface, the charge transfer resistance increases 

significantly, therefore, the redox current decreases. 

Consequently, the Rct value for BSA/EtG-AB/ZnO-

NFs/Au/PET electrode raises to 5.587 kΩ. The electrons 

transfer from the electrolyte [Fe(CN)6]3-/4- in phosphate 

buffered saline (PBS) to the electrode is hindered with the 

addition of antibody which further decreases after addition of 

BSA, resulting in increase in Rct. The electron transfer rate (Ket)  

at the electrode interface can be estimated by using the EIS 

following the equation [34].   

 

𝐾et =
1

2 (𝑅𝑐𝑡)(𝐶𝑃𝐸)
                               (1) 

 

The binding constant Kac is an indicative of the stable binding 

between the nanoparticles and antibody that can be estimated  

by using the following equation [35]. 

   

𝐾ac =
∆ 𝑅𝑐𝑡

𝑅𝑐𝑡(𝐶0)
                                     (2) 

where ∆Rct is the difference in charge transfer resistance due to 

the introduction of antibody and Rct (C0) is charge transfer 

resistance without antibody. The results of the EIS at various 

steps of electrode fabrication are given in Table II. In Fig. 5c, 

Nyquist plot represents different values of Rct which have 

progressive increment with respect to the EtG concentration.  

Real and imaginary parts of the impedance as well as the total 

impedance (Ztot) for different EtG concentrations are plotted in 

Fig. 5d. The impedances are taken for the maximum values of 

the Rct with the frequency range of 1 Hz-13 kHz and the initial 

voltage of 0.209 V. Linear regression analysis resulted the 

coefficient of determinant R2 = 0.987 which indicates 

significant linearity for the sensor. The relative changes of Ztot 

are 86.81%, 90.45%, 91.32%, 93.33%, and 94.01%, 

respectively for the five mentioned concentrations. The higher 

rate of impedance changes for the low concentration (1 ng/ml) 

comparing with the high concentration (100 µg/ml) supports the 

higher sensitivity of the sensor for low concentrations of EtG. 

In Fig. 5e and 5f, Bode plots show the impedance and its phase, 

 

TABLE I 

COMPARISON OF FABRICATION O ZNO-NSS BASED IMMUNOSENSORS WITH THE STATE-OF-THE-ART TECHNOLOGIES 
 

  Sensor types                                         
Electrode 

material                                         
    Analyte type LoD in different bio-fluids   Sensor types                                Ref.                 

  
Electrode material                                         

 

Metal oxide based 

immunosensor 
ZnO-NFs        EtG 1 ng/ml  0.032 mA/ log (µM)/cm2             This work 

  magnetic flux  

Metal oxide based 

immunosensor 
ZnO       EtG 0.001 ng/ml (sweat)                                                            [4] 

  magnetic flux density,  

  magnetic induction 

 

Electrochemical 

enzymatic sensor 
Pt-Pt-Ag Alcohol oxidase 20 mM (interstitial fluid)   0.062 nA/mM                                 [31] 

  magnetic field strength  

Electrochemical 
enzymatic sensor 

Prussian blue 

conductive 
carbon ink, 

Ag/AgCl 

Alcohol oxidase 3 mM (sweat) 0.362 ± 0.009 μA/mM                       [32] 

  magnetization  

Electrochemical fuel 

cell 
 Nickel     Ethanol 5 ppm (skin perspiration) 

0.23 nA                                              [33] 

ppm-1 cm-2     
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 6 

respectively for different doses of EtG. It is observed that there 

is a progressive increase in impedance with respect to EtG 

concentration whereas it’s opposite for the phase of the 

impedance. This phenomenon supports the reasoning of 

reduction of current with the increase of concentration 

described in section A. The trend in Fig. 5f helps understanding 

the binding property on the surface of the ZnO-NFs based 

electrode. The output signal lags 60° in phase indicating the 

capacitive property of the sensor electrode. This capacitive 

property dominates the CPE and confirms that a double layer 

 
Fig. 5.  (a) Rise of Rct from bare Au electrode to BSA/ EtG-AB /ZnO-NFs/Au/PET immunoelectrodes, (b) Randles equivalent circuit, (c) Charge in EIS 

of BSA/ EtG-AB/ZnO-NFs/Au/PET immunoelectrode with respect to EtG concentrations with the frequency range of 1 Hz-13000 Hz (d) Dose responses 

of total impedance output in histogram for calibrating sensor for EtG (inset: the linear regression curve for real impedance, imaginary impedance and total 
impedance for the EtG sensor) and (e) Bode plot impedance spectra and (f) phase spectra for understanding the behavior of the sensor with the change of 

concentrations 
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capacitance was formed at the electrode surface-solution 

interface following the Gouy-Chapman model. Hence, the 

phase angle decreases with the increase of the concentration and 

the electrode behaves capacitive in nature. 

C. Repeatability and Reproducibility    

For the repeatability measurements, working electrode of the 

ZnO nano-structure based EtG sensor were submerged into 

three different concentrations of EtG (1 ng/ml, 100 ng/ml and 

100 µg/ml) five different times. A comparison of the signals for 

these concentrations is shown in Table III. It is evident from the 

measurements that the current values were repeatable with 

minimum deviation. Also, the relative standard deviation 

(RSD) of the current values were less than 8%. As the ranges 

and SD values of the measurement for each concentration are 

in sub-mA, and the RSD values are below 8%, the signals do 

not significantly overlap during the repeatability 

measurements. In addition, the differences in between of the 

responses are 0.045 mA (1 ng and 100 ng) and 0.076 mA (100 

ng and 100 µg), respectively. Hence, our sensor is sensitive to 

lower concentration range rather than higher one which 

supports the argument above.   

Reproducibility of the sensor was also analyzed using Bland-

Altman plot in Fig. 6a. The plot shows the average and 

difference between two measurements of current on the x and 

y-axes, respectively. In the reproducibility measurement, seven 

measurements of each of two different sensors were studied. 

The concentration of EtG was 10 µg/ml for all the 

measurements. The limits of agreement (LoA) are expressed as 

averages of the differences ±1.96 SD within 95% confidential 

interval. The upper and lower limits of LoA for the 

reproducibility were 0.035 and -0.0475, respectively. Only one 

outlier was found beyond the LoA which supports the 

reproducibility of two different sensors for specific 

concentration of EtG. 

D. Shelf-life Studies     

The shelf life characteristics of the proposed time frames 

immunosensor were investigated by periodic cyclic 

voltammetry measurements. This study was bifurcated into 

understanding the sensor’s performances after short-term gap 

and long-term gap. In both cases, the oxidation current was 

determined for 100 µg/ml of concentration. Short term stability 

measurements were taken once a day for five consecutive days 

and later, once a while in every five days for one month (shown 

in Fig. 6b). Contrarily, the long-term stability measurements 

were taken once in every five days for 35 days (shown in Fig. 

6b). The long-term stability measurements started one month 

after the short-term shelf life study. The sensor was stored in a 

sterile, humid, air-tight container at 4 °C between the 

measurements. For the short-term stability test, the maximum 

oxidation current deviated only 7.25% from the average. It is 

observed that the current signal in the first measurement after a 

month storage deteriorated ~ 57% compared to the average of 

the short-term test results. The redox peak current at end of the 

35 day-period reduced ~ 24% compared to the first data of the 

long-term stability test. This indicates that the fabricated 

biosensor can be employed over a month with a nominal 

degradation of its performance. The rate of deterioration of 

stability was an average of ~27% after every month. We 

attribute this deterioration to the following possible reasons: i) 

degradation of electrostatic bonding in between of antibody and 

TABLE II 
THEORETICAL FIT OF EXPERIMENTAL RESULTS (IMPEDIMETRIC PARAMETERS) OBTAINED IN STEPWISE FABRICATION PROCESS OF BSA/ ETG-AB/ZNO-

NFS/AU/PET SENSOR FROM EIS MEASUREMENTS 

                                         
Rs (Ω) – 

% error                                        

    Rct (kΩ) –  

    % error 

CPE (µF) –  

% error 
  Ket (s-1)                                       KAC 

    

Electrode material                                         

 

Au/PET 380.7 (1.4%)        1.045 (2.2%) 2.370 (3.5%)  201.88   
    magnetic flux  

ZnO-NFs/Au/PET 419.9 (1.7%)       2.213 (2.1%) 1.687 (2.8%) 133.9                                                       
    magnetic flux density,  

  magnetic induction 

 

EtG-AB/ZnO-NFs/Au/PET 429 (2.2%)       3.961 (2.9%) 1.329 (3.1%) 94.95                                           0.789 
    magnetic field strength  

BSA/EtG-AB/ZnO-
NFs/Au/PET 

409.1(3.0%)       5.587 (4.0%) 1.538 (3.8%) 58.19 
    magnetization  

           

 

 

 

TABLE III 

REPEATIBILITY STUDY FOR THREE DIFFERENT CONCENTRATIONS  

    Concentration                                       Range (mA)                                         
     
Mean (mA)   

     

Signal deviations* 

             (mA)  

Standard deviation 

         (SD)                                   RSD 

    

Electrode material                                         

 

1 ng/ml       0.027        0.201 0.018          0.011                               5.383% 
    magnetic flux  

100 ng/ml       0.026       0.2456 0.0204          0.017                              7.085%                                                      
    magnetic flux density,  

  magnetic induction 

 

100 µg/ml        0.043       0.3214 0.0254         0.0173                              5.393%                                         
    magnetic field strength  

           

• The maximum signal deviations from average, RSD (Relative Standard Deviation) 
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electrode surface, ii) each freeze-thaw cycle causes the reagent 

to be less efficient which leads the degradation of the antibody.  

IV. CONCLUSION 

In this paper, we demonstrated highly sensitive EtG sensors 

based on sonochemically synthesized ZnO nanostructures. 

Sonochemical method allows synthesis of nanostructures in 

ambient conditions (room temp, atmospheric pressure) and 

hence virtually on any substrates including flexible ones. This 

method would also allow large scale nanostructures synthesis 

(e.g. roll to roll). High isoelectric point of ZnO (~9.5) allows 

electrostatic binding of antibody molecules without needing an 

additional linker layer and thereby simplifying the fabrication 

process and improving the long-term stability. Biosensing 

capabilities of the fabricated sensors were characterized by 

cyclic voltammetry and electrochemical impedance 

spectroscopy measurements. The sensitivity of the sensors was 

found to be 0.032 mA/decade/cm2 for the EtG concentration 

range of 1 ng/ml-100 µg/ml which covers the physiological 

range while the limit of detection (LoD) was much lower than 

1 ng/ml. Repeatability measurements showed low relative 

standard deviation (8%<) indicating negligible signal overlap. 

The shelf life study demonstrated that the performance of the 

proposed sensor doesn’t change significantly over a one-month 

period and it can still be sued after two months. The proposed 

method and device would help realizing wearable continuous 

alcohol sensing and monitoring platform and obviate the need 

for lengthy and costly procedures.  
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