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Alcohol quantification: recent insights into amperometric enzyme biosensors

Vinita Hooda, Vikas Kumar, Anjum Gahlaut and Vikas Hooda

Centre for Biotechnology, Maharshi Dayanand University, Rohtak, Haryana, India

ABSTRACT
Biosensors are the switching channels that make sense. The biosensors have found an empirical role in
health applications (e.g. clinical diagnostics) as they represent the technological counterpart of living
senses. On a global scale, alcohol analysis is indispensable for criminal justice systems, monitoring med-
ical conditions of HIV patients & pregnant women as well as public safety issues regarding pilots, metro
drivers, doctors etc. For addressing the clinical and toxicological problems, much advancement in the
improvement of biosensors have been witnessed in recent decades. Currently, electrochemical biosen-
sors dominate the field which harnesses the synergistic action of enzymes and nanomaterials for the
analysis of ethanol. The enzymatic biosensors are the most explored biosensing devices among all the
types of biosensors, and employment of nanomaterials has paved a way to the further improvements
in this gem of a discovery. The relative comparison to precise the alcohol biosensors has been aptly dis-
cussed in the review on the basis of several analytical properties including fabrication, linearity, sensitiv-
ity, response time, detection limit as well as storage stability. Finally, the recent trends and emerging
future prospects of alcohol biosensors have been reviewed.
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Introduction

Over the years, there is a great necessity of fast and reliable
affirmation of ethanol in various areas like forensic science,
industries and clinical analysis. It is one of the most common
poisonous compounds consumed by human beings. Ethanol
is a causative factor in a variety of accidents, and it is often
involved in clinical diagnostics analyses like urine, serum and
blood analysis [1]. When the concentration of ethanol reaches
toxic levels during fermentation and distillation, it may lead
to swelling and conjunctiva of the nasal mucous layer and
exasperation of the skin. When the concentration of ethanol
reaches to a higher level in serum, it can lead to alcohol poi-
soning. Therefore, the quantitative measurement of ethanol is
very essential to control the fermentation processes, the qual-
ity of product in industrial fields like food, beverages and
pulp industries [2] and additionally in clinical science in view
of its toxicological and mental effects on wellbeing of
humans [3]. In addition of these applications, it is also import-
ant to determine the ethanol content in environment and
agricultural analyses [4]. A variety of analytical methods have
been accounted till now for the sensing of this analyte. Some
of these conventional analytical methods have been
described in Table 1 [5–11].

As enzymes have efficient catalytic properties and specifi-
city, enzyme biosensors have emerged as a precious tech-
nique for quantitative analysis of alcohol by offering
significant benefits such as portability, mass production, high
sensitivity, potential for miniaturization, fast analysis, bedside
clinical diagnosis as well as relatively low cost of construction
over the conventional analytical methods [1,4]. In addition,

there is no need of laborious sample preparation, good
skilled operator and expensive instrumentation in these bio-
sensors. Even if biosensors based on other bioactive elements
are making progress at a fast pace, enzyme biosensors are
still one of the most recurrently used in the analysis ranging
from clinical diagnostics (e.g. blood, sweat, serum, breath, sal-
iva and urine) to the food and alcoholic beverages (wine,
brew and spirits). For various applications, the enzymes
belonging to the category of oxidoreductases have been
employed and integrated with a variety of transducers for
the construction and commercialization of majority of biosen-
sors. In amperometric enzyme biosensors, the biocatalytic oxi-
dation or reduction of the analyte of interest results in a
redox, electron transfer process at the surface of the elec-
trode having immobilized enzyme. The current generated
through this electron transfer process is directly proportional
to the concentration of the analyte and quantified by using
an electrochemical set-up. Developments regarding the use
of novel electrode materials and different strategies for
immobilization of enzymes have been reviewed. During a
chemical reaction, immobilized enzymes do not lose their
efficacy alongwith the potential of reusability which makes
them more attractive and valuable. The formation of product
in a controlled way can be achieved through the use of
enzyme biosensors. The two major enzymes involved in cata-
lytic reaction of ethanol sensing amperometric biosensor are
alcohol oxidase (AOX) and alcohol dehydrogenase (ADH).
AOX (alcohol:oxygen oxidoreductase, EC 1.1.3.13, AOX) is an
enzyme made up of eight indistinguishable monomeric subu-
nits and there is non-covalent attachment of a cofactor
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named flavine adenine dinucleotide molecule (FAD) to every
subunit [12]. The chemical reaction catalyzed by the enzyme
AOX involves the oxidation of primary low molecular weight
alcohols into their corresponding aldehydes. Mostly all the
ethanol biosensors which are based on the AOX rely upon
the monitoring of oxygen utilization or hydrogen peroxide
formation. In the case of ethanol biosensors which are based
on ADH, oxidation of ethanol to acetaldehyde is catalyzed by
the enzyme in the presence of NADþ and further NADþ is
reduced to NADH. This NADH can be oxidized by releasing
electrons and protons which is monitored by amperometric
detection [2]. The ADH has the preferred standpoint to be
steadier and more selective to ethanol and not being
dependent on oxygen but additionally it face drawback of
being unstable and the inconvenience to be reliant on the
coenzyme NADþ which needs continuous recovery in the
assay [1]. Moreover, overpotentials higher than 0.4 V vs. refer-
ence electrode are obligatory for the oxidation of NADH on a
bare electrode and its electrochemical detection. But unfortu-
nately at this particular potential various different substances
present in samples, is likewise oxidized and can meddle in
the estimation. To overcome this disadvantage, it has been
reported that a mediator can be utilized as an electrocatalyst
for decreasing the overpotential and preventing electrode
fouling. When a mediator is added in the construction of bio-
sensors, it enhances the rate of electron exchange between
the cofactor of redox enzymes and electrodes [13].
Consequently, there is decline in working potential and
reduction in the number of interferences permitting a higher
sensitivity to the biosensor. As an alternative, AOX does not
require cofactor regeneration. A standout amongst the most
distinctive features of AOX is the self-bound cofactor associ-
ated with the redox center of this enzyme that opposes the
need to supplement cofactor amid the catalytic reaction. This

flavin-based redox chemical has increased enormous signifi-
cance in the improvement of biosensors. The immobilized
AOX has more advantages over the native enzyme because
of its tolerance towards the denaturing reagents and high
thermal resistance, and their multiple and repetitive use
make it more preferable over the native ones [14].
Integration of nanomaterials decorated with biomolecules
and polymers have been explored to achieve better biocom-
patibility and specific targeting.

Basic principle of enzyme-based biosensors

An enzyme biosensor is an analytical device, which is based
on a principle that employs the interaction of an enzyme
immobilized on electrode surface with a specific analyte (the
compound whose concentration is to be determined in the
sample) and production of a physical or chemical change as
shown in Figure 1. The role of transducer or the detecting
element is to transforms the physical or chemical signal
resulting from the interaction of the enzyme and a specific
analyte into an electrical signal that can be easily measured.
Finally, the amplification and interpretation of the electrical
signal is done and displayed as analyte concentration in the
solution/preparation. For the accurate detection of the ana-
lyte in different samples, the enzyme must be extremely spe-
cific to the analyte [12]. Potentiometric biosensors detect
changes in the electrical potential produced as a result of
changed distribution of electron after the biological reaction
between the enzyme and the analyte. These biosensors util-
ize ionselective electrodes for converting the biological reac-
tion to the electronic signal. Mostly pH meter glass
electrodes are used. The concentration of the analyte is dir-
ectly proportional to the potential difference of potentiomet-
ric electrode and the reference electrode. Calorimetric or

Figure 1. Generalized schematic showing the key components of an enzymatic biosensor.

Table 1. Different methods other than enzymatic approaches used for the measurement of ethanol in various types of samples.

Sr. No. Technique Sample Linear range Detection limit References

1. GC/FID, direct injection Biological fluids 0.1–5000mg/l 0.1 ppm [5]
2. GC/FID, headspace injection Blood – 0.3 ppm [6]
3. FT-NIR spectrometry Fuel and alcoholic beverages – 0.05% (w/w) [7]
4. Pulse amperometry, Pt electrodes Alcoholic beverages 0.02–1700mM 0.02mM [8]
5. NIR spectrophotometry, flow injection Liquor 200–500 g/l 10 g/l [9]
6. HPLC/FTIR Wine – 1–10mg/ml [10]
7. Photometry, Cr(VI) Cr(III) at 600 nm Spirits 5–40% 5% [11]

FID: flame-ionization detection; FT: Fourier transform; GC: gas chromatography; HPLC: high performance liquid chromatography; IP: infrared; NIR: near infrared.
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thermometric biosensors are employed in the enzyme cata-
lyzed reactions which are endothermic or exothermic in
nature. These biosensors measure the heat absorbed or
released by the reaction. Optical biosensors utilize the prin-
ciple of optical measurements like fluorescence and absorb-
ance by detecting the light produced or absorbed as a result
of an enzyme-catalyzed reaction. The piezoelectric biosensor
or acoustic biosensor utilizes the piezoelectric effect, to evalu-
ate changes in pressure, temperature, force and acceleration
by converting them to an electrical charge. In piezoelectric
effect, when certain crystals which possess positive or nega-
tive charges are subjected to stress, they separate and gener-
ate an electric field. In amperometric enzyme biosensors,
when an oxidation or reduction reaction takes place at the
surface of an electrode, the current is produced which is dir-
ectly proportional to the concentration of that analyte pre-
sent in the particular sample. So the main principle involved
in the working of amperometric enzyme biosensors function
by the measurement of the current response generated when
potential is applied between working and reference electro-
des. This current is produced as a result of the electrocatalytic
oxidation or reduction reaction of the electroactive species
involved in the chemical reaction and its magnitude is dir-
ectly correlated to the analyte concentration. In general,
amperometric enzyme sensors are center of attention for the
detection of ethanol in blood or saliva due to their high per-
formance and simple designing. In most of the enzymatic
amperometric biosensors, either there is consumption of
O2 e.g. all the oxidases, or production of H2O2 (except
oxidases which generate water), or the reduced form of
b-nicotinamide adenine dinucleotide is produced indirectly
by the catalytic breakdown of substrate (such as by
dehydrogenases).

Enzymes involved in alcohol biosensing

The enzyme-based alcohol biosensors involve coupling of an
enzyme with the biosensing electrode by placing it in close
proximity to the surface of an electrode. The enzyme
employed in the chemical reaction consumes electroactive
reactant or generate electroactive species during catalysis. As
a result of the production or depletion process, the direct
measurement of the concentration of analyte can be done.
The two key enzymes which have attracted the attention in
alcohol detection are AOX and ADH as the test case for many
biological applications. These are the most frequently used
biological recognition elements due to the occurrence of
their simple enzymatic reaction and effortless fabrication of
the sensor.

Properties of alcohol oxidase

Alcohol oxidase (AOX, alcohol oxidoreductase, EC 1.1.3.13) is
the chief enzyme for alcohol metabolism in Hansenula poly-
morpha, Pichia pastoris, Candida boidinni and some other
yeast species. The initial step of alcohol catabolism in the
cells of yeast, to be specific its oxidation to acetaldehyde,
with corresponding generation of hydrogen peroxide is done

by the enzyme AOX as per the reaction represented in
equation.

CH3OHþ O2 !AOX HCHOþ H2O2

The oxidation reaction of alcohols by AOX is irreversible in
nature, owing to the strong oxidising character of O2. The
enzymatically active form of AOX is a homo-octameric fla-
voenzyme having size approximately 600 kDa and bound
with a flavin adenine dinucleotide which serves as a cofactor
to the enzyme [15]. This flavoenzyme consists of eight identi-
cal subunits which are sequentially arranged in a quasi-cubic
arrangement. In the catalytic process, first there is reduction
of the cofactor i.e. FAD into the hydrogenated form (FADH2)
and then again its reoxidation to the native form. The stand-
ard pathways to monitor a reaction catalysed by an oxidase
enzyme have been performed by evaluating either the con-
sumption of O2 or the production of H2O2.

AOX biosensors based on O2 detection

Electrochemical methods are commonly used in the AOX bio-
sensors that screen the utilization of O2, albeit optical strat-
egies can likewise be utilized. The most well-known
technique for observing O2 depends on a Clark-type O2 elec-
trode. The vast majority of ethanol sensors taking into
account O2 probes comprise of an electrode enclosed by a
layer containing immobilized AOX. The primary AOX elec-
trode comprised of the AOX immobilized and mounted on
the surface of a platinum electrode and a nylon fabric and an
O-ring were used to secure it. The sign yield of the electrode
is the distinction between the base oxygen level (100%
immersion) and the level accomplished as an aftereffect of
oxygen consumption by the enzymatic response. The advan-
tage of oxygen-based sensor lies in the fact that there is no
electrochemical obstruction from other constituents present
in the sample. However, the oxygen-dependent nature of
these sensors led to some practical limitations like slow
response, and low accuracy and reproducibility [16]. In optical
method, some biosensors utilizing the phenomenon of fluor-
escence for the estimation of alcohol have been reported in
literature. The other type of optical biosensors was also con-
structed using O2 sensitive dyes like ruthenium complex
derivative which were immobilized on a PVC membrane
together with AOX enzyme [17]. Due to detection of O2 has
limitation particularly in low accuracy and reproducibility. To
overcome these drawbacks, the most commonly used alterna-
tive is the detection of H2O2.

AOX biosensors based on H2O2 detection

AOX biosensors can employ optical and electrochemical
methods [18] that rely on the production of H2O2. In electro-
chemical method, amperometric electrodes can be used to
detect the H2O2 produced by AOX, owing to the chemical
reaction involving oxidation or reduction of H2O2 at the sur-
face of the working electrode.

H2O2 �!Applied potential
O2 þ 2Hþ 2e�
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The most important advantage of the H2O2 sensor over
different sorts of sensors is the comparative ease of fabrica-
tion and miniaturization. The broad linearity and more exten-
sive direct range are the attributes of these sensors. In any
case, the high potential indispensable to oxidize H2O2 repre-
sents an issue of electrochemical impedance, owing to the
occurrence of some reducing compounds like uric acid and
ascorbic acid in real sample matrices which are likewise oxi-
dized at the same potential. Besides, time consuming reac-
tions are scrutinized. Alternative routes have been proposed
to follow the production of H2O2 keeping in mind the end
goal to defeat the disadvantages experienced with the direct
H2O2 detection. One of ways to diminish the essential applied
potential for the chemical reaction either the reduction or
oxidation of H2O2, is to amend the electrode with an electro-
catalyst species (mediators). Prussian blue [19], Meldola blue
[1,13], ferrocyanide [20], ferrocene [21], cobalt ion and Co-
phthalocyanine [22] have been proposed as redox mediators.
In optical biosensor, recently a method has been accounted
for to take after the oxidation of alcohols by AOX. In this
method, PANI has been used to detect the H2O2 generated
in the reaction, where H2O2 oxidize the PANI, by changing
the color from green to blue. The biosensor was constructed
on the basis of dip stick format for simple use and clear vis-
ual detection [23].

HRP-based H2O2 biosensors

To combat with various problems due to the presence of
interfering compounds in the samples, horseradish peroxide
(HRP) is used in the amperometric biosensor which provides
an attractive alternate for the measurement of hydrogen per-
oxide. HRP is the most extensively studied and commonly
used enzymes for the construction of H2O2 biosensors. The
AOX and peroxidase-based reaction involve the oxidation of
alcohols by AOX that produce H2O2, which further reduces to
H2O by HRP, where the redox reaction can be monitored
electrochemically as shown in Figure 2. Moreover, the
reduced form of HRP can be chemically re-oxidized by H2O2.
The HRP has its active sites deeply buried in a protein shell,
so the direct electron transfer between HRP and an electrode
is very difficult and the electron transfer will slow down due
to the large distance between the active sites and the elec-
trode surface. The use of a mediator for the electron transfer,
however, is more effective. Hence electrodes along with a
mediator have been proved to fasten the transfer of electrons
between the electrode and HRP, thereby lowering the detec-
tion limit and increasing the sensitivity. The majority of the
optical systems reported in the text for the estimation of
ethanol till now are mostly relied on the bi-enzymatic system
which uses both the enzymes AOX and HRP together to
reduce H2O2 to H2O at the expenditure of hydrogen donor
molecules. An ample range of fluorigenic, luminogenic and
chromogenic substrates has been used. 2,2-Azino-di (3-ethyl-
benzthiazoline-6-sulfonate), ABTS is the most preferred sub-
strate in the midst of all. ABTS in its oxidized state shows
blue color and a wavelength of around 415 nm is used to
detect it. In this method, AOX and HRP were immobilized on
the inner surface of a 96-well microtiter plate. Samples

containing ethanol were added to the AOX microtiter plate
and after the reaction (30min), a sample was transferred to
the HRP plate containing the chromogen, ABTS. A linear
response in the range 0.1–1mM was obtained for ethanol
concentrations. Various alcohol biosensors utilizing AOX have
been shown in Table 2 [24–32].

Properties of ADH

Alcohol dehydrogenase (ADH; EC 1.1.1.1) is also known as
Alcohol:NADþ oxidoreductase as it belongs to the oxidore-
ductase family. The main function of the enzyme is to cata-
lyze the oxidation of alcohols, utilizing NADþ or NADPþ as
the electron acceptor in the chemical reaction. The nature of
the reaction is reversible and there can be a variety of sub-
strates like primary aliphatic and aromatic alcohols other than
methanol. ADH catalyzed reaction for the detection of etha-
nol has been shown in Figure 3. Alcohol biosensors utilizing
ADH enzyme have been accounted to be more stable and
explicit over the AOX-based biosensors. The prerequisite of
external addition of the coenzyme NADþ during the chemical
reaction involved in ADH biosensors poses a limitation to
them. Moreover, it is necessary that the cofactor should not
become irreversibly entrapped or linked to the enzyme rather
it should be close enough to activate the enzyme only.
Mostly, ADHs are found in yeasts. ADH present in liver has a
more broad specificity than yeast ADH enzyme. Yeast ADH
catabolize ethanol and is somewhat active only on the
straight chain primary alcohols. It shows little activity towards
certain secondary and branched chained alcohols. ADH is a
tetramer, each subunit surrounded by one zinc atom. The
two distinct active sites are present in each subunit which
can be characterized by the presence of sulfhydryl groups.

Figure 2. Schematics showing coupling of two enzymes for the detection of
ethanol.
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Furthermore, these active sites can be distinguished on the
basis of differential reactivity with iodoacetate and butyl iso-
cyanaten. A histidine residue has a crucial role in the activity
of the enzyme. The common ways to monitor an ADH cata-
lyzed reaction have been performed by detection of the
products, i.e. the increase in NADH concentration. In living
cells, NADþ and NADH (products of the chemical reaction
between ADH and primary alcohols) are considered to be the
fundamental charge carriers. NADþ participates in enzymatic
catalysis of about more than 300 dehydrogenase enzymes
which makes it a very significant cofactor. In electrochemical
biosensor, the NADþ/NADH redox couple have been used as
sensing scheme in various electrodes. However, there are

only a few number of electrochemical biosensors based on
ADHs for the reason that there is frequent constraint for
cofactors regeneration [33]. The high over-potentials are
required for the electrochemical oxidation of NADH to the
corresponding oxidized form NADþ at a bare electrode sur-
face because the reaction is highly irreversible; many works
have been focused on the development of new efficient elec-
trode materials [34]. In order to reduce the high over-poten-
tials and to minimize the side reactions, various redox
mediators immobilized on the electrode surface have been
reported in the literature. In general, the chemical reaction
between oxidized mediator (MEDox) and NADH yields NADþ

as a product. Furthermore, as a result of the reaction
between NADþ and ADH, ethanol was converted to acetalde-
hyde. The redox reaction occurred on the electrode surface
according to the following mechanism:

Medox þ NADH ! NADþ þMedred

Ethanol þ NADþ !ADH Acetaldehydeþ NADHþ Hþ

Medred �!Electrode
Medox þ 2e�

Ferrocene [35], Catechols [36], phenoxazines [37], pheno-
thiazines [38], and conducting polymers [39] are examples of
immobilized redox mediators that have been studied compre-
hensively. The use of such mediators immobilized on an elec-
trode coupled with ADHs and their applications to alcohol
biosensor development have been discussed. Some of the
ADH-based biosensors have been described below in Table 3
[40–49].

Table 2. AOX-based biosensors.

Sr. No. Mode of detection Transducer
Enzyme immobiliza-

tion method
Minimum detection

limit Linearity Response time References

1. Amperometric Nafion/HRP-SWCNT/
MWCNT-ZnO
electrode

Crosslinking 10 lM 10 lM–750 lm 10 s [24]

2. Amperometric Carbon film/PNR/
AOX electrode

Crosslinking 29.7 ± 1.5 lM – – [25]

3. Amperometric Graphite epoxy
composite elec-
trode (GECE)

Entrapment – 2.5–25 lM 70 s [20]

4. Conductometric poly(vinyl alcohol)
membrane/inter-
digitated
microelectrode

Entrapment 1 lM 70 lM – [26]

5. Amperometric Gas-diffusion work-
ing electrode

Crosslinking 9.9lM 0.10–30mM 69 s [27]

6. Amperometric Eggshell membrane
electrode

Entrapment 30 lM 60 lM–0.80mM 60 s [28]

7. Amperometric Multi-walled carbon
nanotube
(MWCNT) modi-
fied glassy car-
bon electrode

Layer-by-layer
technique

2.3� 10�6 mol L�1 5.0� 10�6–30�
10�4 mol L�1

– [29]

8. Amperometric Au/MWCNT/Nf/
AOX/PEI
bioelectrodes

Crosslinking 5 lM 8 lM–42 lM 55 s [30]

9. Amperometric Graphite powder/an
epoxy resin/AOX
bicomposite
electrode

Entrapment – 0.5–29mg/ml – [31]

10. Amperometric PEDOT/TBTD/AOX
electrode

Crosslinking 203.70 nA/mM 0.02–1.7mM – [32]

AOX: Alcohol oxidase; HRP: horseradish peroxidase; MWCNT: multiwall carbon nanotube; Nf: Nafion; PEI: polyethylenimine; PEDOT: 3, 4-ethylenedioxythiophene;
SWCNT: single wall carbon nanotube; TBTD: 4, 7-dithien-2-yl-2, 1, 3-benzothiadiazole.

Figure 3. ADH catalyzed reaction for the detection of ethanol at biosensor
surface.
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Material of the electrode

In designing of biosensors, the consideration of both the tar-
get analyte and the complexity of the matrix in which the
analyte will be quantified are required. The measurements of
an amperometric biosensor depend robustly on the material
of the working electrode. Carbon paste electrodes have been
the focus of research for the development of amperometric
biosensors since late 1980s [50]. Owing to the chemical–phys-
ical properties of carbon nanotubes or graphene and catalytic
properties like chemical stability, high surface area, signal
reproducibility and good biocompatibility, carbon is one of
the most widely used material in electrochemical biosensors.
Furthermore, the use of metals like gold, platinum and palla-
dium has been exploited as transducers because the electron
transfer is fast and H2O2 produced by the first generation oxi-
dase enzyme-based biosensors is proficiently electro-oxidized
to generate a signal [51]. An assembly of three electrode

systems i.e. a working electrode, a counter current electrode
and a reference electrode contained in an electrochemical
cell is required for the amperometric measurements of a bio-
sensor. The working electrode having immobilized enzyme or
different electroactive materials is the most important of all
as the transfer of electrons occurs at its surface. Depending
on the redox behavior of the analyte involved and the back-
ground current required over the potential region, the work-
ing electrode is selected for the measurements. At the
surface of working electrode, a constant potential is main-
tained. In an electrochemical cell, the measurement of current
flowing through the solution between the counter and work-
ing electrodes is done. The reference electrode (Ag/AgCl or
saturated calomel electrode) is used to control the applied
potential in the system. Hence it provides stability and repro-
ducibility. Gold and platinum are the most commonly used
electrode materials in the construction of alcohol biosensors.

Table 3. ADH-based biosensors.

Sr. No. Mode of detection Transducer
Enzyme immobiliza-

tion method
Minimum detection

limit Linearity
Respone
time References

1. Amperometric GNPs–MWCNT–Nafi-
on nanocompo-
site film
modified screen
printed electrode

Covalent bonding 5.0� 10�5 mol/L 2.0� 10�4–25�
10�3 mol/L

– [40]

2. Amperometric Multi-wall carbon
nanotube
(MWCT)/
Meldola's blue
electrode

Crosslinking – 0.05–10mmol L�1 – [2]

3. Amperometric Poly(vinyl alcohol)–
multiwalled car-
bon nanotube
(PVA–MWCNT)
composite

Physical adsorption – up to 1.5mM 8s [41]

4. Amperometric Silver wire
electrode

Covalent bonding less than 0.1mM 0–12.5mM 50 s–4min [42]

5. Voltametric Cellulose acetate
(CA)/toluidine
blue O (TBO)/
glassy electrode

Crosslinking 5.0� 10�6 M 1� 10�5

M–4� 10�4 M
– [43]

6. Amperometric Os-complex-modi-
fied poly(vinyli-
midazole) redox
polymer

Crosslinking 1 lM – – [35]

7. Amperometric MWCNTS/AuNPs/
PNR/ADH modi-
fied screen
printed carbon
electrode

Crosslinking 96.1 lM 320.2 lM–1000 lM – [44]

8. Amperometric MDB/GMCs/ADH/
NADþ modified
screen printed
electrode

Crosslinking 80 lM 0.5–15mM [45]

9. Optical RuSiNPs/ADH modi-
fied glassy car-
bon electrode

Crosslinking 5.0� 10�8 M 10�7–10�2 M [46]

10. Amperometric GC/SWCNT-
Polytry(oxidized)/
ADH/NAF

Crosslinking 7.9 nM – – [47]

11. Amperometric CNTP/Meldola Blue/
ADH/NADþ

Crosslinking 1� 10�7 mol/L 1� 10�7–4� 10�6

mol/L
– [48]

12. Amperometric MWCNT/ADH/
NADþ/Teflon
matrix

Crosslinking 0.1mM – – [49]

ADH: alcohol dehydrogenase; GC: glassy carbon; GMC: graphitized mesoporous carbon; GNP: Gold nanoparticles; MDB: Meldola's blue; MWCNT: multi wall carbon-
nanotube; NAF: Nafion; RuSiNPS: Ru(bpy)(3)(2þ)-doped silica nanoparticles; SWCNT: single wall carbon nanotube.
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Methods of AOX/ADH immobilization

The compact attachment of the enzyme onto the working
electrode surface describes one of the most significant steps
in the construction of an enzymatic biosensor. There are vari-
ous kinds of interactions between the enzyme and the elec-
trode material which govern this attachment process and
responsible for the performance of the biosensor. There are a
variety of physical and chemical methods for the immobiliza-
tion of enzymes ranging from physisorption to the covalent
cross-linkage. Several techniques which have been used for
the immobilization of AOX/ADH during the construction of
alcohol biosensor are depicted in Figure 4.

Physical adsorption

In physical adsorption, there is a simple attachment of AOX/
ADH enzyme onto the surface of the working electrode
through weak electrostatic interactions and Van der Waals
forces between the enzyme and the transducer. The electro-
des are dipped in a solution of enzyme for a set period of
time [52]. Sometimes adsorption and dip-evaporation can be
done followed by the exposer of glutaraldehyde or hexame-
thylenediamine for crosslinking the enzyme on the electrode
surface. It is simple and economical method of immobiliza-
tion without any kind of damage to the enzyme and support.
Non-specific binding, leakage and overloading of the enzyme
onto the support has been reported. In addition, there is
short response time and poor operational stability.

Physical entrapment

The network of a polymer matrix or membrane and sol–gel
matrix is utilized for the entrapment of the AOX/ADH enzyme
in the process of physical entrapment. The basic principle
behind the process is that the penetration of the substrate is
allowed while retaining the protein. It is a convenient, cheap
and simple one-step method of immobilization with no dam-
age to the enzyme and support. It is also suitable for a vast
range of bioreceptors even at low temperature. There is prob-
lem of enzyme leakage and unstable nonspecific immobiliza-
tion along with the problems of pore size control and
reproducibility.

Covalent coupling

It is the most widely used procedure for the immobilization
of AOX/ADH enzyme. A stable covalent bond is formed
between the nucleophilic functional groups of the enzyme
(like carboxyl groups, hydroxyl groups, amino groups, sulf-
hydryl groups, thiols) and the transducer, and hence the
covalent linkage is established between the enzyme and the
surface of a transducer. It is a flexible method with specific
physical and chemical properties for an extensive range of
preferences for opting a carrier material. There is absence of
diffusion barriers and enzyme leakage. This is a significant
technique for improving the lifetime of the electrochemical
biosensors. It is an expensive and complicated procedure
which requires a large amount of enzyme. The functional
enzymes are easily accessible to denaturation as well.

Self-assembled monolayer

When some amphiphilic molecules are organized in a layer,
they constitute a self-assembled monolayer (SAM). These
amphiphilic molecules have a head group at one end which
illustrates a reversible affinity for a particular substrate. The
presence of a functional group at the terminal end of the tail
of these molecules has also been accounted. SAMs are nano-
scale structures with the numerous useful properties. The
thickness range of SAM is about 1–3 nm which makes them
the most elementary form of an organic thin-film material at
nanometer-scale. Narv�aez et al. reported an immobilization
method of AOX on 3-mercapto-1-propane sulfonic acid (MPS)
SAM-modified Au electrodes for alcohol detection. This
reagentless alcohol biosensor was schematically correspond-
ing to Au/MPS/RP/HRPmod/Binder/AOX [53]. It offers a simple
route to functionalize the surfaces of electrode with organic
molecules having groups like thiols, amines, acids and disul-
fides. Its nanometer size and high molecular recognition
properties add to the values. It is very complex to reproduce
and easily prone to electrode fouling.

Electropolymerization

When the polymerization is carried out in the influence of an
electric current, it is known as electropolymerization. It can
be performed by two methods – one is to hold the film at a
suitable oxidation potential of the monomer, and another is
to use consecutive cyclic voltammetry under a suitable posi-
tive scan potential region. It is a flexible method as polymer
thickness can be controlled and electrode fouling can be pre-
vented. It can be utilized for the immobilization of a mediator
as many polymers behave as mediators. It is limited only to
the conducting substrates.

Different strategies to recuperate AOX/ADH-based
biosensors

Different approaches have been developed regarding the
construction of amperometric enzyme electrodes to facilitate
the direct electron transfer process in alcohol detection and
improving the performance and operational stability of the

Figure 4. ADH catalyzed reaction for the detection of ethanol at biosensor
surface.
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biosensors. The execution of amperometric biosensor is based
on the measurement of current which is related to the trans-
fer of electrons from the active site of the immobilized
enzyme to the surface of the working electrode. Generally
this electron transfer reaction at the time of catalysis of bio-
logical molecules is very slow at ordinary electrodes surface.
The challenging aspect of these electrochemical biosensors is
to alleviate the rate of electron transfer between the enzyme
and the electrode surface. Great attention has been focused
for solving this problem by some methods which include the
use of mediator-modified enzymes, electrodes modified
by membrane for electron transfer, by conducting or non-
conducting-polymer matrices, by sol–gel-based supports, by
hydrogel supports, by screen printed support or use of nano-
particles as electrode materials. Some of these strategies are
reviewed and their applications to alcohol biosensors are
described.

Membrane-based AOX/ADH biosensors

The immobilization of the enzyme onto a membrane is the
most frequent mode of techniques used in the biosensors.
Primarily, the use of enzyme electrode in biosensors was
depicted by Clark [54]. The performance of these biosensors
stays unbeatable as a result of their simplicity and effortless-
ness of assembly. An enzyme can be inserted between the
electrode and a membrane for immobilizing it in the easiest
way. It has been observed that when a large amount of
enzyme was loaded, enhanced results of a biosensor are usu-
ally attained. When an enzyme is cross-linked with a bifunc-
tional reagent, higher enzyme loadings can be achieved. The
mutual cross-linking of enzyme AOX with another enzyme
like BSA or catalase results in the achievement of higher
enzyme activity, excellent stability and reproducibility. The
membranes can be used either as a supporting material for
the immobilization itself or serve as a retention layer. Later,
the enzyme is physically confined between the surface of
electrode and the membrane. The encapsulation of enzyme
AOX within a sol–gel utilizing tetraethoxysilane as gel precur-
sor has also been accounted. Using cold plasma polymerisa-
tion method, ethylenediamine was used to modify
polycarbonate membranes so that amino groups can be
incorporated on their surface that will help in the covalent
binding of enzyme with glutaraldehyde. Membranes behave
as a protective layer because they prevent the electrochem-
ically interfering compounds from accomplishing the surface
of the electrode by the strategy of capturing them inside the
polymeric matrices for example, polyacrylamide and gelatin
[19]. Nitrocellulose acetate and polycarbonate membranes
have been exploited to serve as an efficient barrier to combat
with the problem of interfering species contained in the beer
samples. Immobilization of AOX inside a polyelectrolyte layer
of Nafion (a perfluorinated ionomer), has likewise been
accounted for which work as a barrier for negatively charged
compounds, for example, ascorbate. The electropolymerised
films which are non-conducting in nature can be effectively
utilized for the designing of biosensors because of their par-
ticular selectivity for H2O2 over different compounds and they
also act as a selective barrier for electroactive obstructions.

At the surface of the electrode, small monomers can likewise
be electropolymerised for their utilization in preparation of a
membrane. Moreover, it can be used as an optional strategy
for trapping the enzymes in a polymer matrix. AOX has been
immobilized inside a film of 2-(4-aminophenyl)-ethylamine
(AP-EA) and 2, 6-dihydroxynaphthalene (2, 6-DHN) [55]. The
electropolymerisation was performed through cyclic voltam-
metry within the sight of AOX and glutaraldehyde. This
allows linking of the enzyme to the amino groups of the
monomer AP-EA through covalent linkage. Later, o-phenyl-
enediamine has likewise been electropolymerised to be used
as a protective membrane. Instead of incorporating the
enzyme within the membrane, the other method like directly
immobilizing it onto the electrode surface using covalent
coupling or adsorption has been reported.

Conducting polymer and non-conducting
polymer-based AOX/ADH biosensors

The use of conducting polymers has widely drawn attention
for the construction of biosensors. These electrically conduct-
ing polymers serve dual purpose of immobilization matrices
as well as redox systems for transferring the electrical charge.
So the attractive properties of conducting polymers result in
superior electron transport capacity and sensitivity of biosen-
sor. In biosensor applications, polypyrrole represents the
most commonly used conducting polymer as it possess good
chemical stability and biocompatibility alongwith the advan-
tage of easy polymerization. It is environmental friendly.
Polyvinylsulfonate (a porous polymer) is used as a support
material for composite membranes and can enhance the
mechanical strength and conductivity of PPy matrix [56].
Recently in 2011, Serafin et al. fabricated a novel disposable
enzyme biosensor for ethanol detection by electrodepositing
a conducting polymer poly (3, 4-ethylenedioxythiophene)
(PEDOT) and ADH in an ionic liquid medium onto gold nano-
particles-modified screen printed electrodes [57]. A linear
range between 5 and 100 lM was obtained for ethanol with
a detection limit of 2lM. In 2012, a novel conducting poly-
mer of TBTD (4, 7-dithien-2-yl-2, 1, 3-benzothiadiazole) was
used to construct an amperometric AOX biosensor. AOX was
immobilized on the conducting polymers of PEDOT (3, 4-eth-
ylenedioxythiophene) and TBTD. Using ethanol, the proposed
biosensor was characterized, and sensitivity was found to be
203.70 nA/mM [32]. In 2014, Çolak et al. constructed an
amperometric ethanol biosensor with nicotinamide adenine
dinucleotide (NADþ) and ADH on surface of a Pt/Ppy-PVS/MB
electrode. The biosensor showed good reproducibility and
storage stability [58]. A new combination of the electroactive
polymer poly(brilliant green) (PBG) or conducting polymer
poly(3,4-ethylenedioxythiophene) (PEDOT) along with carbon
nanotubes has been investigated by Barsan et al. for the
detection of ethanol to obtain CNT/PBG and CNT/PEDOT-
modified carbon film electrodes (CFE) incorporating the
enzymes, AOX or ADH as test enzyme. While comparing these
biosensors using AOX and ADH enzymes, AOX/CNT/PBG/CFE
was found to give a higher sensitivity and a lower detection
limit than ADH-based biosensor [25]. Recently this year, a
new robust platform GCE/SWCNT-polytyr(oxidized) has been
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reported for the construction of ADH-based ethanol biosen-
sor. GCE/SWCNT-Polytyr(oxidized)/ADH/Naf offers excellent
analytical characteristics and a successful application in quan-
tification of ethanol in alcoholic beverages [47]. An ampero-
metric ethanol biosensor based on a non-conducting polymer
poly (vinyl alcohol) was fabricated by Tsai et al. The biosensor
was based on poly (vinyl alcohol)-multiwalled carbon nano-
tube-ADH biocomposite. It showed sensitivity of 196 nA
mM�1 with a response time of 8 s. The linear range was
found out to be 1.5mM [41]. Recently, a stable and sensitive
amperometric biosensor was fabricated by using
Polyamidoamine (PAMAM)/Cysteamine/AOX-Modified Gold
Electrode for the detection of ethanol by Akin et al. The opti-
mized biosensor showed a wide linearity from 0.025 to
1.0mM and a detection limit of (LOD) 0.016mM with 100 s
response time [59].

Sol–gel-based AOX/ADH biosensors

For the construction of ethanol biosensors, sol–gel matrices
have also been utilized. These are the biocompatible
porous structures formed by hydrolysis and co-condensation
of sol–gel precursor like alkoxysilanes along with acid or
base catalysis. The product form is a network of Si–O bond
which provide space for immobilizing bioactive molecules.
The sol–gel chemistry retains the natural conformation as
well as reactivity of the enzyme intact. Sol–gel derived
materials play a significant role in alleviating electron trans-
fer process in biosensors. In the past few years, many sol–-
gel matrices-based ethanol enzyme biosensors have been
extensively reported. Xu et al. reported a electrogenerated
chemiluminescence biosensor which utilized ADH and
tris(2,20-bipyridyl)ruthenium (II) immobilized in sol–gel hybrid
film for the detection of ethanol. The prepared biosensor
showed a detection limit of 1.0� 10�5M and a wide linear
range from 2.5� 10�5 to 5.0� 10�2M [45]. Recently, a novel
amperometric alcohol biosensor was developed by
Chinnadayyala et al. This third generation sensor was fabri-
cated by immobilizing ferrocene entrapped alcohol oxidase
(FcAOX) and horseradish peroxidase (HRP) coated with sol–
gel chitosan film on a multi-walled carbon nanotube
(MWCNT) modified glassy carbon electrode by layer-by-layer
technique. The proposed biosensor showed a good linear
range of 5.0� 10�6 to 30� 10�4mol L�1 with sensitivity of
150lAmM�1 cm�2 [29].

Hydrogel matrices-based AOX/ADH biosensor

Hydrogels have become one of the idyllic enzyme-immobil-
ization materials as they have a cross-linked network of poly-
mers swollen with water. The biorecognition elements are
embedded in these polymer networks. The enzymatic biosen-
sors that use hydrogel as an encapsulant have shown high
sensitivities over the other techniques of immobilization
because a large number of hydroxyl groups present in the
hydrogel offer a biocompatible microenvironment for retain-
ing the natural configuration of the enzyme. Recently, SL

Burrs reported a comparison of four different hydrogels
which are utilized as protein encapsulants in the alcohol bio-
sensor based on graphene-nanometal-enzyme composites.
The enzyme AOX was encapsulated in four different hydro-
gels – chitosan, cellulose nanocrystals (CNC), poly-N-isopropy-
lacrylamide (PNIPAAM) or silk fibroin hydrogels, and then
spin coated onto a nanoplatinum-graphene-modified elec-
trode [60]. Chitosan and PNIPAAM showed the higher sensi-
tivity (0.46 ± 0.2 and 0.3 ± 0.1 lAmM�1, respectively) as well
as the faster response time (4.3 ± 0.8 and 4.8 ± 1.1 s, respect-
ively) over silk and CNC hydrogels (0.09 ± 0.02 and
0.15 ± 0.03lAmM�1, respectively. CNC and silk hydrogels
showed longer response time (8.9 ± 2.1 and 6.3 ± 0.8 s,
respectively). The transport of silk, PNIPAAM and chitosan
hydrogels was excellent due to the high porosity of these
gels which makes them significantly better than CNC biona-
nocomposites. The use of hydrogel matrices is beneficial as it
requires only one enzyme, all the materials are non-toxic,
mediators/cofactors are not required and there is improved
shelf life of the biosensor.

Screen printed electrode (SPE)-based ethanol
biosensors

The growing need of developing analytical methods to per-
form rapid “in situ” analyses of ethanol led to the emergence
of miniaturized disposable screen printed electrodes (SPE).
The manufacturing of SPEs involves the deposition of mul-
tiple successive layers of different ink onto the planar ceramic
or plastic supports. The composition of the inks which are
used in printing process can be modified by adding different
substances like enzymes, complexing agents and metals etc.
SPEs present great flexibility for their use in biosensors as
transducers because they can be easily modified by using
nanostructures, mediators or conducting polymers to improve
electron transfer rate. They are easy to prepare as well as
suitable for working with micro-volumes. In addition, SPEs
show excellent selectivity, reusability and sensitivity. Ramaa
et al. studied different alcohol biosensors based on screen-
printed carbon electrodes and compared them. They devel-
oped single-use alcohol enzyme sensors by utilizing AOX
from 3 different yeasts namely Candida boidinii, Hansenula sp.
and Pichia pastoris and using 3 different mediators based
Screen-printed carbon Electrodes as transducers. The media-
tors such as Ferrocyanide, Prussian blue and Co-phthalocyan-
ine were incorporated into the ink of the working electrode.
The best results were shown by biosensor using Screen-
Printed Co-phthalocyanine/Carbon Electrode and enzyme
AOX purified from Hansenula sp. It showed a wide linear
response of 0.05–1.00mM and sensitivity of around 1211 nA
mM�1 [20]. Boujtita et al. developed a disposable ethanol
sensor based on a chemically altered screen-printed carbon
electrode coated with AOX for the measurement of ethanol
in beer [61]. Then Luo et al. reported a biosensor for detect-
ing serum alcohol concentration. They fabricated the biosen-
sor by cross-linking the enzyme AOX and NADþ on the
screen printed electrode modified with Meldola's Blue (MB)
mediator absorbed on Nafion. The biosensor showed satisfac-
tory results for the measurement of serum alcohol [62]. Later,
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Erhui Hua reported an integrated disposable ethanol
biosensor based on the ADH/NADþ/Meldola’s blue (MDB)/
graphitized mesoporous carbons (GMCs)/chitosan nanobio-
composite fabricated on a screen printed electrode (SPE). It
presented excellent sensitivity of 10.36 nAlM�1 with fast
response time of 5 s [33]. Recently in 2016, an ethanol biosen-
sor was developed by Melike et al. by modifying screen
printed carbon electrode with gold nanoparticles (AuNPs),
polyneutral red (PNR), multiwalled carbon nanotubes
(MWCNTs) and ADH enzyme. This biosensor was tested on
real alcoholic beverage samples. The sensitivity and limit of
detection of the proposed sensor was found to be
0.49 lAmM�1 and 96.1 lM, respectively [63].

Nanoparticles (NPs)-based ethanol biosensors

Nanoparticles-based ethanol biosensors have gained consid-
erable recognition in a short period of time as they have
many advantages in terms of promoting the catalytic reduc-
tion of redox species and inhibiting the oxidation of interfer-
ing species. NPs-based biosensors have attracted great
attention due to their unique characteristics like high catalytic
efficiency, large surface-to-volume ratio, strong adsorption
ability and quick response time. In addition, nanoparticles
have electroactive surface of electrode which results in
enhancing the rate of electron transport between the electro-
lyte medium and the electrode. The use of carbon nanotubes
(CNT) – single-walled (SWCNTs) and multi-walled (MWCNTs),
zinc oxide nanostructures (ZnO), Pt nanoparticles and gold
nanoparticles (AuNPs) has been extensively used in fabricat-
ing biosensors for ethanol detection. Application of superpar-
amagnetic nanoparticles and mesoporous materials as
matrices for the firm immobilization of enzyme has proved to
a distinction due to their high surface to volume ratio [64].
Liao et al. reported a disposable amperometric ethanol bio-
sensor based on the screen-printed carbon electrodes medi-
ated with ferricyanide-magnetic nanoparticle mixture. It
showed wide linear range of 1.0 to 9.0mM with fast response
time [65]. Later, Jia et al. fabricated an electrogenerated
chemiluminescence ethanol biosensor which was based on
the ADH functionalized Ru(bpy)3

2þ doped silica nanoparticles.
The biosensor exhibited satisfactory performance with a low
detection limit of 5.0� 10�8M and a wide linear range of
10�7 to 10�2M [66]. G�omez-Anquela et al. developed a high
performance biosensor for the rapid detection of ethanol in
wine by using thiotic acid-capped gold nanoparticles coordi-
nated with ADH and Azure A film electrografted on screen-
printed carbon electrodes. The sensor showed excellent ana-
lytical performance with a detection limit of 0.14 ± 0.01 lM
and storage stability of about one month [67]. In 2016,
recently a novel ethanol biosensor is proposed by Ozdokur
et al. based on the catalytic effect of MnOx–MoOx mixed
oxide electrode decorated with Pt nanoparticles. The pro-
posed whole cell biosensor was constructed using this film of
electroactive metal for the determination of ethanol. The sen-
sor exhibited a wide linear range of 0.075–5.0mM with a fast
response time of 63 s. Excellent results were obtained in com-
parison to the conventional methods [68].

Role of mediators

In biosensors, the electrochemical detection of NADH requires
high overpotentials but at this potential a large number of
other species present in the sample also get oxidized and
interfere with the measurements. Many efforts have been
devoted to overcome this drawback and develop new effi-
cient electrode materials. In addition, the fundamental
requirement of high efficiency in the direct electrode transfer
between enzyme and the electrode and led to the improve-
ment of enzyme mediators. Mediator is basically a low
molecular weight artificial electroactive species that works as
an electron transferring agent by acting as a shuttle or a
bridge between the redox center of the enzyme and the sur-
face of the indicator electrode. During the catalytic process,
the mediator is first reduced to Mred by the cofactor and
then oxidized back into Mox when it comes into contact
with the anode, which is polarized at the appropriate poten-
tial. The amperometric measurement of the rate of produc-
tion of reduced mediator (Mred) is done by oxidation at the
electrode. There is a large number of advantages of using
mediators such as low dependence of measurements on oxy-
gen concentration, less interference of unwanted species, pre-
vention of electrode fouling, determination of working
potential of the enzyme electrode by the oxidation potential
of mediator as well as rapid rates of electron transfer. The
disadvantage of most mediators includes their toxicity and
solubility in an aqueous solution. Some of the characteristics
of an ideal mediator are (i) During the electron transfer, it
should not participate in side reactions. (ii) It should react
rapidly with the reduced enzyme. (iii) It should be stable
under required working conditions. (iv) It should show revers-
ible heterogeneous kinetics. (v) It should possess stable
reduced and oxidized forms. (vi) The reduced form of medi-
ator should not react with oxygen. (vii) It should have a lower
redox potential than other interfering electroactive species
present in the sample. To study the properties of a mediator,
a technique called direct current voltammetry is used. This
technique is very useful in selecting an appropriate mediator
for an amperometric biosensor. The role of a mediator has
been shown schematically in Figure 5.

There are conducting polymers, transition metal com-
pounds and organic dyes-based mediators which are used in
alcohol biosensors. Some conducting polymer-based
mediators used in alcohol biosensing include polyaniline,
poly(thionine) [31], poly(o-aminophenol)- and poly(o-phenyl-
enediamine), polyethylene glycol, poly(vinyl alcohol), polytyr-
osine and poly(3,4-ethylenedioxythiophene) (PEDOT). The
immobilization of mediators like quinines [33], phenoxazines,

Figure 5. Scheme showing the reaction sequence within the enzyme electrode
using a mediator.
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phenylendiamines, oil-soluble mediators based on phenothia-
zinium chloride, ferrocene, conducting charge transfer com-
plexes and organic dyes like Meldola blue [2], Prussian blue
[19] & poly (brilliant green) [25] has been extensively studied.

Future prospectives

Application of enzyme biosensors has acquired paramount
importance in many areas of food safety standards, environ-
mental monitoring, biomedicine and security assessment.
Imperative utilization of enzyme biosensors will lead to the
designing of more competent regenerative biosensors to
widen the spectra of analysis of complex real samples in
future. It is a challenge to simultaneously providing research-
ers more tools for understanding the effects of alcohol as
well as to put such valuable data in the hands of the con-
sumer. The development of sleek, unobtrusive, non-invasive
and economic wearable biosensors that more accurately
detect alcohol concentration in the blood or other bodily flu-
ids such as saliva or sweat in real-time will be of value in
research medical applications. Next level of development
should aim for discovering the device that would be able to
quantitate blood alcohol level, interpret the data, and trans-
mit or store data to a smartphone or other visual portable
device through the wireless transmission. Although these
necessities have yet to be fully realized, latest researches in
microfabrication may allow us to achieve success in field of
sensors with the high spatial sensitivity. The use of non-inva-
sive technologies to devices that measure alcohol concentra-
tion in the blood, other bodily fluids will be given highest
priority as opposed to detection of alcohol exuded through
the skin in sweat. This challenge seeks innovative solutions in
non-invasive and disposable wearable forms that quantify in
vivo alcohol through the invention, or the adaptation and
miniaturization, of technologies such as (but not limited to)
spectroscopy or wave technology. Innovation should be
encouraged!
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