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A highly stable and sensitive amperometric alcohol biosensor was developed by immobi-
lizing alcohol oxidase (AOX) through Polyamidoamine (PAMAM) dendrimers on a cyste-
amine-modified gold electrode surface. Ethanol determination is based on the consumption
of dissolved oxygen content due to the enzymatic reaction. The decrease in oxygen level was
monitored at —0.7 V vs. Ag/IAgCl and correlated with ethanol concentration. Optimization of
variables affecting the system was performed. The optimized ethanol biosensor showed a
wide linearity from 0.025 to 1.0 mM with 100 s response time and detection limit of (LOD)
0.016 mM. In the characterization studies, besides linearity some parameters such as opera-
tional and storage stability, reproducibility, repeatability, and substrate specificity were stud-
ied in detail. Stability studies showed a good preservation of the bioanalytical properties of
the sensor, 67% of its initial sensitivity was kept after 1 month storage at 4°C. The analyti-
cal characteristics of the system were also evaluated for alcohol determination in flow injec-
tion analysis (FIA) mode. Finally, proposed biosensor was applied for ethanol analysis in
various alcoholic beverage as well as offline monitoring of alcohol production through the
yeast cultivation. © 2010 American Institute of Chemical Engineers Biotechnol. Prog., 26:
896906, 2010
Keywords: alcohol oxidase, electrochemical enzyme biosensor, dendrimer, self-assembled

monolayers

Introduction

Recently, there is a need of rapid and reliable determina-
tion of ethanol in a large variety of areas such as industry,
clinic, forensic science, agricultural analysis, and environ-
mental analysis. Thus, monitoring of ethanol in these sam-
ples has received much attention due to its economic and
commercial importance. The quantitative measurement of
alcohol is very important to control the fermentation proc-
esses, product quality in some industrial fields, including the
pulp, food, and beverages industries." Numerous analytical
methodologies and various approaches have been developed
for such analysis, including redox titrations,> colorimetric
techniques,” refractometry,” liquid chromatography,* gas
chromatography,” and spectrophotometry.® However, these
methods are relatively expensive, time consuming, complex
to perform, require laborious sample pretreatment, good
skilled operator, and expensive instrumentation.”® Industrials
such as food and beverages need rapid and cheap methods to
determine compounds of interest.” So that, biosensors have
been developed to alleviate the analysis in routine of indus-
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trial products. Comparing analytical methods with biosen-
sors, biosensors have some advantages as high selectivity
and specificity, relative low cost of construction and storage,
potential for miniaturization; they facilitate automation and
are simple and fast to operate. Furthermore, they enable the
construction of portable equipment for fast analysis and
monitoring in platforms of raw material reception, quality
control laboratories, or any stage during the biotechnological
processing.'® Enzyme-based biosensors use selectivity, sensi-
tivity, and specificity characteristics of enzymes; for this pur-
pose, enzyme-based biosensors are developing devices in the
detection of small quantity of ethanol in industrial and fer-
mentation broth.

The alcohol biosensors have been developed using either
alcohol dehydrogenase (ADH) or AOX, by immobilizing
these enzymes onto suitable transducers. ADH requires the
presence of NAD™ as cofactor which increases the overall
cost of manufacture. Also, the cofactor needs to be close to
the electrode surface where the enzyme is deposited.
Because of such problems, sensitivity decreases.'' For AOX
biosensors, no other cosubstrate than O, is needed.'? Differ-
ent types of alcohol biosensors reported previously have
been summarized in Table 1.

© 2009 American Institute of Chemical Engineers
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In literature, there are lots of enzyme-immobilization plat-
forms for constructing alcohol biosensors. As such, there is
an increasing need for suitable immobilizing methods
because of the limited storage stability of AOX. Nanjo and
Guilbault were the first who immobilized AOX for ethanol
measurement in 1975.2> So far, AOX has been immobilized
on various substrates including nylon cloth,”? pig intestine,”*
nylon net,” polypropylene membrane,* acetylcellulose fil-
ter,27 polyacrylamide membrane,28 Nafion membrame,29 car-
bon paste by covalent coupling,*® nitrocellulose or
polycarbonate membranes,'' poly(carbamoyl) sulfonate using
screen-printing technology,'? polyvinyl ferrocenium matrix
through electrostatic process,”’ graphite Teflon by physical
inclusion,* electropolymerised film of 2,6-dihydroxynaph-
thalene and 2-(4-aminophenyl)-ethylamine,”® Teflon mem-
brane®* nonconducting polypyrrole film by cross-linking,35
hydrophobic semisolid matrices,® polypyrrole and CP-copo-
lypyrrole,37 and poly(neutral red) film.>® One possible and
effective way of improving the stability and activity of an
immobilized enzyme is to incorporate the enzyme into some
biomaterials that are more biocompatible such as dendrimers.
Using highly branched dendritic macromolecules as a struc-
tural component for the organic films is of great interest.*”-*°
They possess a unique surface of multiple chain ends, these
ends have surface groups that can be controlled according to
the objective aim as a function of synthetic generations.40
Fourth-generation (G4) poly(amidoamine) (PAMAM) den-
drimers have 64 surface amino groups. The amine groups
that PAMAM contains lead to a high surface for enzyme to
bind. In addition to this, synthetic modifications for the
molecularly ordered nanostructures can be achieved by the
high concentration of functional end groups of dendrimers.*'
From the aspect of biosensing application, dendrimers
regarding multilayered configurations have several advan-
tages. First, the dendrimers provide multiple conjugation
sites, and a densely functionalized and structurally stable
architecture can easily be obtained. Second, because of the
interior void structure of dendrimers,42 the resulting multi-
layer film will provide minimal diffusion restriction for ana-
lytes and electron-transferring substances (mediators)***?
ensuring desired enzymatic and electrocatalytic reactions
over the whole range of multilayers. Third, the remaining re-
active groups after film formation are accessible for further
modifications with artificial redox mediators for the reagent-
less biosensing or pendant groups for specific purposes.44
PAMAM dendrimers have been recognized as promising
building blocks of molecularly organized nanostructures.
Multistep immobilization of proteins using dendrimers
increases the proteins attachment capacity of the surfaces.*’
According to the literature, it was reported that PAMAM
dendrimer Generation 4 enhances surface loading capacity
and efficiency for selective and sensitive detection of inter-
ested molecule.*® Furthermore, high density of active groups
on the surface of such dendrimers tends to show remarkably
higher chemical activity to their activity when present in
other molecules.*” Additionally, the polyamidoamine struc-
tures mimic three-dimensional structure of biomacromole-
cules and their good biocompatibility.**** PAMAM, thus
has been utilized as the bioconjugating reagent for construc-
tion of films with biomolecules.

From the point of enzyme-based biosensors, the perform-
ance of the biosensor is strongly depended on the enzyme
stabilization and also the stability of the multimeric enzymes
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is depended on dissociation of the subunits. Multipoint
immobilization of multimeric enzymes may prevent subunit
dissociation by intersubunit crosslinking and also reduces
unwanted conformational changes by intrasubunit crosslink-
ing.”° Stabilization of the quaternary structure of multimeric
enzymes such as AOX may require the use of a further
cross-linking step to prevent subunit dissociation.”'? The
glutaraldehyde technique is very versatile to achieve multi-
point attachments. In terms of stabilization, the treatment
with glutaraldehyde of proteins previously adsorbed in den-
drimer bearing primary amino groups offers in many cases
very good results, because they permit the crosslink between
glutaraldehyde molecules bound to the enzyme and glutaral-
dehyde molecules bound to the dendrimer.”® The primary
amino groups of both enzyme and the dendrimer posses on
its surface are activated with the molecule of glutaraldehyde.
Hence, an intense crosslinking between dendrimer and
enzyme seems to be achieved and this multiple covalent
links between the enzyme and dendrimer stabilizes the qua-
ternary structure of the protein and also rigidity of the subu-
nit structures is increased.’® The intense amino groups on
PAMAM surface make the subunit structures of AOX
involve in the immobilization. This leads to high-enzyme
stabilization. Recently, new perspectives for the development
of novel enzyme immobilization strategies for biosensor
applications that use dendrimer are reported in the litera-
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Covalent immobilization of the biocomponents onto me-
tallic surfaces such as gold, silver, and platinum through thin
film self-assembled monolayers (SAMs) has been consider-
ably grown. Hence, SAMs involve an attentively designed
bond between a functional group of the biomaterial and the
appropriate group of SAM.®' Self-assembled monolayers
(SAMs), especially those formed on gold surface (Au-
SAMs), have attracted considerable attention during the last
years as powerful tools to prepare structurally well defined
and stable chemical interfaces and thin films with controlla-
ble thicknesses and desirable function.*” Because of these
unique specialties that SAMs have, they are ideally suitable
to work about both fundamental and practical issues, such as
biocatalysis, electro-optic devices, corrosion, lubrication, ad-
hesion, electron/energy transfer, molecular recognition, and
sensors devices as model systems.(’244 Appropriate mole-
cules containing sulfur functional groups, such as thiol, di-
sulfide, and sulfide adsorb on Au surface via Au-thiolate
bond and results in formation of Au-SAMs. Immobilization
of biomolecules onto gold-thiol SAMs have potential appli-
cations in construction of microdevices and nanodevices®> ¢
for in vivo and ex vivo measurements of metabolites such as
glu(:ose:,67_69 cholesterol,m proteins,71 amtioxidants,72 vita-
mins,”> neurotransmitters,’*’> antibodies and antigens,76
DNA,””’® and amino acids.”>”’ Nowadays, SAM’s of
amine-terminated generation 4 (G4-NH,) PAMAM den-
drimers are used as an efficient immobilization matrix on
gold substrates in electrochemical sensing devices.®®

This work describes the construction of an alcohol biosen-
sor by using SAMs on Au electrode surface that consist of
alcohol oxidase as biocomponent, PAMAM dendrimer and
glutaraldehyde as crosslinking agent. Also optimization,
characterization, and applications of PAMAM/AOX biosen-
sor are achieved. The optimized biosensor was used for etha-
nol analysis in beverages and for offline control of ethanol
fermentation processes.



‘pantodar jou “ru QromAdAjod ‘Agq ‘par ennau Kjod YN
tsjured uonisodeponodare orpoyied ‘d)y sjured uonisodepondefe orpoue ‘dy ‘ouruekooreyiyd 31eqod ‘o)) ‘((eprxoaud[Ayie)Ajod AxojAzuaqiAuiad pue oelioeyjow [KuaryAyiow-¢) ‘gD ‘oseprxorad ysiperasioy ‘JYH
£OpoIo[2 U0qIed pPAULId-UdAIdS ‘GDJS {U0GIed SNOANIA PIJe[NONRAI ‘DAY OPo1I[d P[os ‘GNy pondod[e pajurld uaards ‘gds ised uoqred ‘gD uesolyd ‘[ [HD OPONIdQ WY Uoqied ‘gD opondo[e aydeid ‘go

Biotechnol. Prog., 2010, Vol. 26, No. 3

Jonbiy ‘ouim pax

(Aep © S)uUOWIAINSEAW JQIY))

(V1d) 9u900119)-dH

(4 ‘uIM UM ‘1O A 000 W 81°0 W O'T-INT T°0 sAep G 1a)je ssOf ou -XOV/(uopa-aydess)/dD
UOTJRIUQULIO)
QUIM JO SS9001q AW 009+ [oueyla jo JowA[oq
IC ouIM M PuB pay 0] AW () WOL] (A& %) .01 X G'¢ ru 180[ KNIAIIGR JO % SKep G IoyY [01p£soy -XOV/ddS ¥d
Surojiuow snonunuod
QUI[-UO JO [ 9 ISO] AJIAIISUDS
JO 96 ‘Y ¢ ur o parLed (VID)VSg-opAyapemin(3
0T ourm pay (1D3V/3V sa) AW Q0L+ N €T NW §L°0-10°0 suonoofur (6 Ioye ssof ou -XOV/*°Add/nV
(syuowaInseaw 7¢ ) 1s0] ANAnoe (yoreq) XOV-xLjew
61 ru (HOS sa) AW Q0L+ ru Ww ¢ o1 dn J0 30 9,86 skep 9¢ 1013y wnruadoLeAurakjod/iq
qeur
N0 PaLLIBd suondfur (L7
81 Iu Iu ru INW =670 Toye 1S0] ANADISUDS JO %0 (VI4) wniwso-ddH-XOV/dO
150] K)NIADOE JO 9589
SouIM IJIYM 4 71 193y “1s0] A1IAnode jo (yoreg) [2501pAYy reuojns
4! pue poy (IDSV/3V sa) AW 009+ ru NW GL'€-20°0 %SE—0¢ sKep g1 YV (1Aureqeo)Kjod-XOV/1d
QUAOLIRY-dYH-XOV
LT 12g A 00 N 61 NW GT-INT ¢ ru -ursar Axode-DAY
XOV s
I 1og (TOSV/SY "SA) AW O0— ru Ww g o1 dp ru Pa1eod “gOdS-0d0D
150] ANANOE JO 96808
skep (g I1oye edmmew Add
150] AJIATIOE JO %G/ SAEP ()T XOV/Add-09-dD
91 ru ru Iu Iru 19y omew Add-09-dD pue XOv/Add
J g ur no
PALLIBD SJUSUIAINSBAW ()T
131Je SSO[ ON “1SO] AJIAnOR (yojeq) aueiquowt
S1 stonbry ‘s1oog ru N 0€ NW 8°0-90°0 JO %pE] ‘syuow ¢ 1)y [194s359-XOV/LIHO
‘150] Aj1Anjoe
4! SOUIM AIIYM PUE Py (HDS sA) AW Q0E— T ST F L6T NW [0 F L0 o dn JO 9%9°LS ‘SYooM ¢ TPV XOV/INd/F4D
150] KJIAT)OR
JO 950f ‘SjuduRINSLIW
000°T 1033V "150] AnAnoe
€l SOUIM UM pue Py (IDSV/3V sa) AW (0g— ru Ww g o1 dn 30 %06 ‘skep 1 1YV do/X0V/65dv-sO/ddH/dD
QIUAIYY sodweg [eoy [enud)0g SUIIop\ uord3)3(J Jo Ny [oueyry Anqels uoneIn3yuo)) I0suasorg

10} Ajureour|

898

SI0SUISOI PIseg-X OV SNOLIEA JO SIDUBULIOJIJ Jo uosLiedwio) T d[qe],



Biotechnol. Prog., 2009, Vol. 26, No. 3

7 ) ") .

hs A

Lo S y=m-iny-ie

| 0

'S~y 5 h:m-(pb‘-r&
4 . g [ ¥ 2
: e T LS il : ‘s,‘-.sﬂw‘_h\m\ms,;nm,
e - O 0 T T
3 8 ‘L‘s ", = ‘rO&

s, T .

[s Ay 0

T T

Scheme 1.

Materials and Methods

Chemicals and reagents

Alcohol oxidase (AOX; Alcohol: O, oxidoreductase, EC
1.1.3.13. from Pichia pastoris species) with a specific activ-
ity of 22 U/mg of protein was purchased from Sigma Chem.
Co. (St. Louis, MO), cysteamine hydrochloride, and sodium
borohydride were acquired from Fluka (Steinheim, Ger-
many), Poly (amidoamine) (PAMAM- 25% C;, Dendrimer
Generation 4) and glutaraldehyde solution (% 25, v/v) were
obtained from Sigma Aldrich (Dorset, UK). Alcohol (% 96,
v/v) was obtained from Riedel-de Haen (Germany). The
other chemicals were of analytical grade. Distilled and
deionized water (GFL, Germany) was used through this
work. Commercial alcohol beverages were purchased from
local market. Sodium phosphate buffer (50 mM, pH 7.0) was
used as a working buffer solution.

Apparatus

Measurements were carried out by PalmSens Electrochem-
ical Measurement Unit (Palm Instruments, Houten, Nether-
lands). Three electrodes configuration was employed,
consisting of gold working electrode (BASI), Ag/AgCl refer-
ence electrode (with 3M KCI saturated with AgCl as the in-
ternal solution, Metrohm, Switzerland), and platinum counter
electrode (Metrohm, Switzerland).

Flow injection mode of analysis was performed using a
single-line flow injection manifold with an electrochemical
flow through cell of the wall-jet type with gold working, Ag/
AgCl reference, and Pt auxiliary electrodes (CHI130, Austin,
www.chinstruments.com). A peristaltic pump (FIAtron, Oco-
nomovoc, WI) equipped with silicon tubing (0.89 mm i.d)
propelled the working buffer solution as the carrier into the
flow line with a flow rate of 1 mL min '. The flow line was
made of Teflon tubing (0.5 mm i.d). Sample solution (50
uL) containing substrate was injected into the carrier stream
via a eight-port injection valve (FIAtron, Oconomovoc, WI).
FIA system was connected to Palmsens potentiostat for the
electrochemical measurements. FIA system was assisted by
software program written in C# which developed at Institute
of Technical Chemistry, Leibniz University, Hannover.

Additionally, HPLC with a refractive index detector (RID)
controlled by a HP-Chemstation from Agilent (Karlsruhe,
Germany) was used as the reference method for independent
analysis of the ethanol content. HPLC column (GL Sciences,
Inertsil NH, 5.0 um (4.6 LD x 250 mm), Japan) was used
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Surface modification and immobilization procedure.

for the chromatographic separation at 30°C. Injection volume
was 20 pL. The mobile phase was H,SO4 (5 mM).3! The
flow rate was 0.6 mL/min. Initially, standard curve for etha-
nol was plotted (2.5-50 mM for ethanol). After dilution with
mobile phase and centrifugation, samples were applied to the
column and then ethanol levels were calculated using cali-
bration plot.

Construction of PAMAM/AOX biosensor

The gold surface was initially polished with alumina pow-
der (Gamma, 0.05 pm). Then, etched in 0.5M H,SO, solu-
tion by cyclic-potential scanning between 0 and +1.5 V
until a reproducible voltammetric response was obtained.
Each preparation step of alcohol biosensor was summarized
in a Scheme 1. The cleaned gold electrode was first
immersed in 100 mM of aqueous cysteamine solution for 30
min. To remove the excess cysteamine, the surface was fully
rinsed with distilled water. After that it was placed into glu-
taraldehyde solution (5%) in 0.05M sodium phosphate buffer
(pH 7.0) for 30 min and rinsed with distilled water. So that,
crosslinkages were formed in between amine groups of
PAMAM and cysteamine on the surface. Then, the electrode
was transferred into G4 PAMAM dendrimer (1%) dissolved
in 50 mM sodium phosphate buffer (pH 7.0) for 1 h. The
Schiff bases formation was reduced by treatment with
NaBH, solution (5 mM) for 30 min.*? Finally, 5 uL AOX
(6.25 U) and 10 uL of glutaraldehyde solution (1% in pH
7.0, 50 mM sodium phosphate buffer) were dropped onto the
electrode surface, respectively. Then, the electrode was
allowed to dry at ambient conditions. The obtained biosensor
was stored in contact with the working buffer at 4°C when
not in use. Daily prepared electrodes were used during the
experiments.

Surface characterization

The morphology of cysteamine/PAMAM and cysteamine/
PAMAM/AOX-modified gold surfaces were imaged by
Atomic Force Microscopy (AFM, NanoMagnetics Istru-
ments, UK). Imaging was carried out at ambient temperature
in noncontact mode.

Measurements

The response of the ethanol biosensor shows the decrease
of dissolved O, content upon exposure to ethanol solution.
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The decrease of dissolved O, concentration could be deter-
mined as the analytical signal of the biosensor.®> Related
reaction diagrams are given below,

Cathodic reactions : O, +2H,0 — 2H,0, 2)
2H,0, + 4.~ — 40H™ 3)

Anodic reaction : 4,, — 4Ag" +4e”

Lo )
4Ag" +4C1 — 4AgCl

Total reaction :

4Ag+4Cl" +0; + 2H,0 — 4AgCI+40H™ ©)
Proposed system is based on the chronoamperometric moni-
toring of the current that occurs due to the oxidation of the
ethanol by enzymatic reaction of AOX. All measurements
were carried out at 25°C under continuous and constant
magnetic stirring. The three electrodes were immersed into
the electrochemical cell that contains 10 mL working buffer.
After each run, the electrodes were washed with distilled
water. When the current background was stable, ethanol sol-
utions were added to the electrochemical cell and the steady-
state current values recorded as amount of current (Al, pA)
which were followed by a potentiostat at —0.7 V. The
steady-state current was typically achieved in less than 100
s. The obtained current signals were plotted vs. various
standard ethanol concentrations. This calibration curve was
used to calculate the ethanol amount in real samples. Cyclic
voltammetry was carried out in working buffer including
[Fe(CN)l* "~ (5 mM).

Sample applications

Proposed alcohol biosensor was applied to both commer-
cial beverages and fermentation medium. Samples were
injected into the reaction medium instead of substrate solu-
tion. Commercial samples were diluted with working buffer
to adjust the ethanol content of the sample to be in the linear
range, but fermentation broth was injected to the reaction
medium with no pretreatment.

Biological Material for Fermentation Experiments. The
distillery strain of Saccharomyces cerevisiae H620 was sub-
cultured in agar medium containing 4 g L~' glucose,
4 g L' yeast extract, and 10 g L' malt extract. Yeast cells
were inoculated in liquid-modified Schatzman medium of the
following composition (in g L™"): Glucose 30 g L™, sodium
citrate 1.25 g L~!, 1 mL of vitamin solution (Myo-Inosit(ol);
6.0 x 1072 g L', calcium-p-pantothenate; 3.0 x 1072 g
L', thiaminhydrochloride (vit By); 0.6 x 107% g L™", pyri-
doxolhydrochloride (vit Bg); 0.15 x 1072 g L™, biotin; 0.3
x 107* g L™! and 1 mL of antibiotic solution (Ampicilin;
0.5 x 107* g L™, tetracycline; 0.2 x 10~* g L', chloram-
phenicol; 0.3 x 107* g L™"). After precultivation, 12.5 mL
of fermentation broth was transferred into 62.5 mL of fresh
liquid Schatzman medium containing 2.5 g glucose dissolved
in 25 mL distilled water, 75 pL vitamin, and 75 pL antibi-
otic solution.®® Cultures were incubated in an orbital shaker
(New Brunswick Scientific) at 30°C and 200 rpm for 16 h.
Batch ethanol fermentation process was monitored and sam-
ples were collected from fermentation broth during 10 h.

Biotechnol. Prog., 2010, Vol. 26, No. 3
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Figure 1. Effect of pH (sodium citrate buffer at pH 6.0; 6.5,
sodium phosphate buffer at pH 7.0; 7.5; 8.0 and
Tris-HCI buffer at pH 8.5, 25°C, —0.7 V, [EtOH];
0.5 mM).

The cell density was determined by offline counting with
Neubauer chamber.

Commercial Samples. Alcohol content in alcoholic bev-
erages (gin, whisky, tequila, raki, and vodka) was measured
by ethanol biosensor and results were compared with those
given by the company.

Results and Discussion

From the immobilization point of view, a first rapid protein
adsorption by ionic exchange, followed by the covalent reac-
tion occurs when glutaraldehyde is used for the immobiliza-
tion of AOX. The enzyme is immobilized to the previously
activated dendrimer via this mechanism. In this form, the glu-
taraldehyde molecule bound to the both ¢-amino groups of
lysines and primary amino groups of the enzyme could cova-
lently react with the glutaraldehyde molecule bound to the pri-
mary amino groups of PAMAM dendrimer establishing a
multipoint covalent enzyme-dendrimer attachment.

This technique suggests that the possibility of achieving
an intense multipoint covalent attachment (that is a strong
enzyme-dendrimer interaction) are quite high using a mild
modification of amino groups in dendrimer and the protein
with glutaraldehyde.®*

Optimization studies

The effect of pH on the biosensor response was investi-
gated in the range pH 6.0-8.5 in stirred solutions at —0.7 V.
The biosensor subjected to 0.5 mM ethanol substrate
between pH 6.0-8.5 by using sodium citrate, sodium phos-
phate, and Tris-HCI buffers. AOX from P. Pastoris has a pH
optimum in the range of pH 7.0-8.0. The sensor with that
enzyme showed maximum response in the range of pH 7.0—
7.5 (Figure 1). Other pH values resulted in the loss of the
enzyme activity. It is logical that the enzyme sensor is more
resistant to alkaline pH values. Because of the local proton
formation in acidic values, the enzyme could be denatured.??
Consequently, the optimum pH was chosen at pH 7.0 for
further studies.

Moreover, performance of the biosensor strongly depends
on the amount of immobilized enzyme because this would
affect biosensor sensitivity directly. To examine this effect,
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Figure 2. Effect of enzyme amount on the biosensor response
(in sodium phosphate buffer, 50 mM, pH 7.0; 25°C,
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Figure 3. Cyclic voltammograms of bare gold electrode (a),
cysteamine (b), cysteamine/PAMAM (c) and cyste-
amine/PAMAM/AOX (d) in 50 mM sodium phos-
phate buffers, pH:7.0 with the presence of 5 mM
[Fe(CN)s]*~" at 100 mV/s

three different biosensors prepared with 3.125 U, 6.25 U,
and 12.5 U of AOX drop-dried on the surface. Figure 2
shows that lower enzyme amounts (3.125 U) lead to lower
responses due to the insufficient enzyme activity. When
enzyme amounts were increased (6.25 U and 12.5 U), higher
signal responses were obtained. Moreover, if 12.5 U of
enzyme solution were used, biocomponent surface becomes
thicker and this causes diffusion problem. This could be the
reason to obtain similar signals. It is also possible that the
increase in enzyme amount may cause the saturation of
the surface because the dendrimer amount is always stable,
its capacity of enzyme loading may be overloaded. As a
result, optimum enzyme amount (6.25 U) which has nearly
the same biosensor sensitivity as 12.5 U enzyme was chosen
for further experimental steps.

Characterization

Initially, the stepwise biosensor construction process was
followed by cyclic voltammetry using ferricyanide as redox
mediator. Figure 3 shows CV responses in working buffer
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Figure 4. Cyclic voltammograms of cysteamine/PAMAM modi-
fied electrode in 50 mM pH 7.0 sodium phogphate
buffer with the presence of 5 mM [Fe(CN)6]4_/ at 5,
10, 25, 50, 75, 100 mV/s. Inset: Plots of anodic and
cathodic peak currents vs. scanrate'’?

solution containing 5 mM [Fe(CN)6]47/37 at a scan rate of

100 mV/s. Well-defined cyclic voltammogram was observed
at bare Au surface, self assembly of cysteamine monolayer
and PAMAM modified electrodes. Higher peak current val-
ues obtained in each step as 13.638 uA (AEp. = 0.258 V,
Figure 3a), 14.411 uA (AEp. = 0.246 V; Figure 3b), 16.023
UA (AEp. = 0.247 V; Figure 3c), respectively. This is an
expected result and because of the presence of increased
number of functional amino groups as a result of step by
step modification with cysteamine and PAMAM that
attracted the negatively charged [Fe(CN)e]* >~ to the elec-
trode surface. However, when biomolecule was added into
the surface structure diminished electron transfer properties
were observed and this resulted in lower peak current 9.914
UA (AEp. = 0.256 V) due to the possible diffusion layer
which can be seen in Figure 3d.

Additionally, Figure 4 shows cyclic voltammograms of
cysteamine/PAMAM-modified Au electrode at different scan
rates. Both anodic and cathodic peak currents linearly pro-
portional to the square root of scan rate, in the range from 5
to 100 mV/s (Figure 4 (inset), linear regression equations:
P,y = 1.688x + 0.762, R* = 0.998 and P, = —1.587x —
0.443, R*> = 0.998) which indicates diffusion-controlled elec-
trode process.

Apart from cyclic voltammetry experiments, chronoamper-
ometry was used for analytical characterization of the bio-
sensing system. The enzyme electrode rapidly responses to
the ethanol concentration changes and reaches a steady state
after less than 100 s. Figure 5 depicts a strictly linear cali-
bration curve obtained from 0.025 to 1.0 mM ethanol in 50
mM potassium phosphate buffer at pH 7.0. Deviation from
the linearity for the high ethanol concentration might be due
to the AOX saturation by ethanol as well as to oxygen limi-
tation in microenvironment. The results indicate that
PAMAM/AOX-modified gold electrode is an advantageous
detector for ethanol because a wide linear range is achieved.
Moreover, LOD was calculated as 0.016 mM according to
SIN = 3.

On the other hand, a calibration graph was also plotted by
measuring the produced peroxide due to the enzymatic
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reaction at +0.7 V at the same working conditions and quite
lower response signals were obtained in the same linear
ranges of ethanol. In this case, Schatzman medium, which
was used as the culture medium for yeast cultivation, caused
interferences, which was not observed at —0.7 V so that to
avoid this effect in case of bioprocess monitoring experi-
ments, —0.7 V was selected as the working potential and
conducted for further experimental steps.

To examine the repeatability of the biosensor responses,
signals corresponding to 0.5 mM ethanol standard solutions
were measured for eight times. The standard deviation (S.D)
and coefficient of variation (c.v) were calculated as 4+0.017
mM and 3.3%, respectively. The signals were recorded under
the same experimental conditions. According to the data, it
can be said that this PAMAM/AOX electrode presented a
good repeatability in our experimental conditions.

As for reproducibility, three biosensors were prepared
under the same experimental conditions on different days
and calibrated for ethanol. For each biosensing system fol-
lowing equations defining the linear graphs were obtained in
the range of 0.025 — 1.0 mM ethanol; y; = 1.249x + 0.076
(R* = 0.978), y,=1.435x + 0.024 (R* = 0.998), and y; =
1.566x + 0.017 (R2 = 0.995). Additionally, electrode to
electrode reproducibility was calculated with those three in-
dependent biosensors by measuring of the current responses
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<
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0.5 -
y =1.435x + 0.025
R®=0.998
0.0+ T T v T ¥ T T T T 1
0.00 0.25 0.50 0.75 1.00 1.25
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Figure 5. Calibration curve for ethanol (in 50 mM sodium
phosphate buffer, pH 7.0; 25°C; —0.7 V).
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to 0.2 and 0.5 mM ethanol at the optimized working condi-
tions, and 0.8% and 4.9% relative standard derivations
(RSD) were obtained. Similarity in the slope of equations
and RSD values of points calculated indicates good reprodu-
cibility for the proposed AOX biosensor.

AOX biosensor was also used in flow injection analysis
(FIA) mode and linearity was achieved with y = 0.270x +
0.118 (R?* = 0.997), where y is the sensor response in current
(uA) and the x is the substrate concentration in mM. When
the biosensors were used in the flow injection mode due to
the restricted contact time of the substrate with the bioactive
layer and the dilution of the sample concentration in the
flow system before reaching the electrode surface, lower
responses were observed in compare to ones obtained via
batch measurements. The repeatability of the system was
also evaluated for 0.7 mM ethanol concentration by 10 sub-
sequent injections and SD and CV% values were calculated
as 0.68 + 0.03 and 5.65%, respectively.

Additionally, to monitor the nature of the resulting
PAMAM (Figure 6a) and enzyme (Figure 6b) layers
obtained onto the gold surface, AFM which provides mor-
phological information was used in noncontact mode.
According to surface area coefficient (sa) from the histo-
grams roughness, averages are obtained as 11.715 nm
(PAMAM) and 4.810 nm (PAMAM/AOX), respectively. It is
clear that after combining biomolecule with dendrimer, more
homogeneous structure formed on the surface as it can be
seen from roughness averages.

Substrate specificity

The enzyme electrode measurements were carried out for
methanol, ethanol, n-butanol, and 2-propanol. A comparison
of the relative biosensor responses for different short chain
aliphatic alcohols is given in Figure 7. The amperometric
response decreased as the number of carbon atoms in the al-
iphatic chain increased, which is attributed to the stronger
steric impediment for the alcohols with longer chains that
hinders the access of the substrate to the active center of the
enzyme.85 Moreover, a decrease in the current is also
observed when the ramification of the aliphatic chain is
higher. An increase on the length of the aliphatic alcohol chain
results in a stronger impediment to reach the enzyme active
center. The big difference in the response obtained for
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Figure 6. AFM imaging of Cysteamine/PAMAM and Cysteamine/PAMAM/AOX modified gold surface in noncontact mode.
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Figure 7. Comparison of the biosensor response for the differ-

ent aliphatic alcohols (in phosphate buffer 50 mM,
pH 7.0; 25°C; —0.7 V, [Alcohol]: 0.5 mM).
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Figure 8. Relative activity (%) vs. consecutively injections of

0.7 mM ethanol in 50 mM sodium phosphate buffer,
pH 7.0 during 210 min.

methanol with respect to the rest of alcohols is due to the fact
that the product of the methanol oxidation is formaldehyde,
which acts also as a substrate of AOX, thus producing an
amplification of the analytical signal.'* It is not given in the
figure that the biosensor did not give any signal to 2-propanol
because the substrate is a secondary alcohol. As mentioned
earlier, the enzyme oxidizes only primary alcohols.

Operational stability and shelf life

Operational stability of the cysteamine/PAMAM-modified
ethanol biosensor was investigated for 0.5 mM ethanol at
optimal working conditions (25°C and pH 7.0, 50 mM so-
dium phosphate buffer). After each measurement, biosensor
was washed by distilled water and kept in pH 7.0 phosphate
buffer until the next measurement. Signal responses were
measured each hour during 8 h and 2% activity loss has
observed. Similar experiment was carried out in FIA system
for 0.7 mM ethanol and biosensor tested with 66 injections
for 210 min. Activity loss is calculated as 11.64% after this
period. (Figure 8)

The shelf life of any biosensor is a very important param-
eter for long-term applications. To determine storage stabil-
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Table 2. Results for Alcohol Analysis in Real Samples by Enzyme
Electrode

Ethanol Amount

Labeled with the PAMAM/AOX Recovery

Beverages Manufacturer (% v/v) (% vIv)* (%)
Gin (Brand 1) 40 38.5 £ 0.905 96.2
Gin (Brand 2) 47 48.9 £ 0.17 104

Vodka 40 41.1 £ 2.69 102.7
Whiskey 43 42.4 + 0.28 98.6
Raki 45 42.4 + 0.36 94.2
Tequila 38 36.3 + 1.76 95.5

*Results were given as average + standard deviation (n = 3 or 4).

100- °
so-
80 4 b

70-. "

so- o
50

40

Relative Activity / %

30 ~
20 +

10 4

0

o 5 1 15 20 25 30
Time (day)

Figure 9. Storage stability of PAMAM/AOX biosensor (in so-

dium phosphate buffer, 50 mM, pH 7.0; 25°C; —0.7

V).

ity of the PAMAM/AOX ethanol biosensor, measurements
were performed each 2 days for a month by using 0.5 mM
ethanol. Biosensor was stored at +4°C in pH 7.0 phosphate
buffer when it was not in use. Figure 9 shows that after a
month, the response activity decreases by 32% of the origi-
nal value. In spite of immobilized AOX has limited storage
stability, the PAMAM/AOX has the longer storage stability
when compared with the literature.'*'*

Sample analysis

The PAMAM/AOX biosensing system allowed its applica-
tion for the direct ethanol analysis in real samples. For this
purpose, some commercial alcoholic beverages and yeast
culture media were examined.

Analysis of Alcoholic Beverages. The performance of the
biosensor was tested by using vodka, gin, whiskey, tequila,
and raki. Each sample was diluted with working buffer solu-
tion and used instead of substrate solution. Measurements
were repeated twice and obtained values were compared
with producer companies’ alcohol values. Table 2 shows the
results belonging to the sample application.

In Table 2, the recovery data are demonstrated. It is
shown that the values found via the biosensing system are
closer to 100%, which means the alcohol biosensor offers a
good, precise, and accurate method without any matrix effect
for the alcohol analysis in real samples.

Fermentation Experiments. It is well known that Saccha-
romyces cerevisiae is extensively used in fermentations to
convert sugars to ethanol. So, the optimized biosensor was
applied for off-line monitoring of continuous ethanol
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Figure 10. Time depending alcohol concentration in fermenta-
tion medium (in sodium phosphate buffer, 50 mM,
pH 7.0; 25°C; —0.7 V).

fermentation. Taking into account that the concentration of
ethanol in fermentation media is far outside the working
range of the biosensor, a 100-fold dilution of the sample is
required to adjust the sample concentration to the linear
range of the PAMAM/AOX biosensor. Obtained results rep-
resent time characterization of ethanol production (Figure
10). Ethanol production is growth associated; as we expected
the amount of ethanol produced by yeast during anaerobic
fermentation was increased equivalently to substrate con-
sumption. Additionally, ethanol was assayed by HPLC as a
reference method. Obtained results were very good agree-
ment with the biosensor measurements. Consequently, we
can claim that the possibility of applying the developed bio-
sensing system to real samples analysis is really high.

As illustrated in Figure 10, the slope of the measured cell
density was exponential for the first 9 h and became station-
ary after 10 h. During exponential growth period, ethanol
had accumulated, after 6 h, concentration of ethanol did not
change. High concentration of ethanol is inhibitory for cell
growth, so cells are most active at the earliest times of fer-
mentation. The fermentative activity decreased after the
accumulation of ethanol.

Conclusions

In this work, the use of PAMAM/AOX biosensor for alco-
hol analysis is described in both batch and FIA system. As
well as optimization and characterization studies, the system
has been used to monitor alcoholic beverages and fermenta-
tion media for off-line detection. It has been reported that af-
ter providing appropriate sampling and samples, biosensors
can be adapted to the bioprocess monitoring.*® In our case,
the proposed biosensor could be a useful alternative as a de-
vice with high stability as well as sensitivity to be integrated
as an online process monitoring sensor via flow injection
analysis system (FIA).
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