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Gold interdigitated planar electrodes

and NAD"- and glutathione-dependent formaldehyde dehydrogenase,

isolated from the recombinant strain Tf 11-6 of the thermotolerant yeast Hansenula polymorpha, were used
for development of conductometric biosensor sensitive to formaldehyde. New approach was proposed for
preparing the sensor’s bioelement, which includes immobilisation of low-molecular cofactors (NAD" and
glutathione) in bioselective layer to permit multiple assays without addition of the co-factors to an analyzed

sample. Dependence of the
concentration was investigated using

biosensor’s response on analyte concentration, pH value and buffer

model samples. The selectivity, operational and storage stabilities of

the sensor developed were studied. A linear detection range for formaldehyde was shown to be 1-100 mM.
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Introduction. Nowadays the importance of constant
monitoring of environmental conditions, quality of
food products, and diagnostics of various diseases is
indisputable. Therefore, the problem of development
of novel promising techniques to analyse xenobiotics,
toxic components of food products, and key metabolic
elements becomes timely [1].

Formaldehyde is one of those insufficiently studied
pollutants, which attract attention of many scientists
[2]. Itis widely used to synthesize tars in woodworking
industry, in the production of detergents, lubricants, oil
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products, in cosmetic, and textile industries. The
application of formaldehyde in medicine is to disinfect
and eliminate pathogens; it is also used in medical tools
[3]. Annually around 10 million tons of formaldehyde
are produced worldwide [4].

In everyday practice formaldehyde is detected by
colorimetric methods, introduced in the beginning of
the 20" century. The majority of these methods are not
selective, moreover, both reagents and products of the
reaction are as harmful to the environment as
formaldehyde itself. Some spectral methods — highly
effective fluid chromatography, gas chromatography,
fluorometry — require the application of toxic agents for
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derivatization of formaldehyde, and are performed in
laboratories with high cost equipment by highly skilled
personnel [5]. Besides, the aforementioned methods
are inapplicable for express analysis as derivatization
of analyte, installation of equipment, and analysis
proper are very time-consuming. Thus, novel analytic
achievements are aimed at the development of
biosensor approach for the detection of formaldehyde
contents in various samples. Laboratory prototypes of
amperometric [6, 7], conductometric [9, 10], and
piezoelectric biosensors as well as those based on
enzymes and DNA-protein interactions [11] have been
developed for detection of formaldehyde in different
environmental conditions. However, neither of these
prototypes has been introduced into manufacturing due
to the series of disadvantages and structural complexity
of the transductors.

The current work presents a conductometric
biosensor, based on glutathione-dependent
formaldehyde dehydrogenase (FDH), isolated from
cells of recombinant strain Tf 11-6 of thermotolerant
yeast Hansenula polymorpha, capable of producing
surplus of this enzyme. Unlike other available
commercial FDH preparations, i.e. bacterial —
Pseudomonas putida and yeast — Candida boidinii, the
recombinant enzyme obtained is of higher specific
activity and is more temperature tolerant [12].

Materials and Methods. Glutathione-dependent
FDH (EC 1.2.1.1), isolated from recombinant strain Tf
11-6 of thermotolerant yeast Hansenula polymorpha,
capable to produce surplus of this enzyme was used in
our work [13]. The enzyme with specific activity 17
U/mg was isolated using the method described in [12].
Formaldehyde was obtained by hydrolysis of paraform
(Sigma-Aldrich  Chemie, France), DEAE-dextran
(Fluka Biochemica, France), 5% alcohol solution of
Nafion (Sigma-Aldrich Chemie, France). To
immobilise the enzymes 50% aqueous solution of
glutaric aldehyde (Serva, Germany) was used; bovine
serum albumin (BSA) (fraction V) (Serva) was used to
stabilise bioselective membranes with FDH. All the
other chemicals were of analytical grade and were used
without any additional treatment.

Conductometric set-up, described by A. A. Shulga
et al, was used in our experiments [14].
Conductometric transducers were produced at the
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Lashkarev Institute of Semi-Conductors Physics,
National Academy of Sciences of Ukraine. The
transducers consist of two identical pairs of golden
interdigitated electrodes, produced by vacuum
deposition of gold on pyroceramic substrate (5x40
mm). The size of sensitive surface of each of the
electrode pairs was 1.0x1.5 mm. The distance between
the digits and the width of digits were 20 um [15].

The following procedure was used to produce
bioselective membranes: 0.2 M NAD" solution in 0.2 M
K-phosphate buffer solution, pH 7.25, was prepared
and neutralized by concentrated NaOH to pH 7.2. To
prepare  bioselective membranes the mixture,
containing 20 pl of NAD" solution, 16 ul of FDH
solution with specific activity of 90 U/ml, stabilized by
ammonium sulfate, 2 mg BSA, 2 mg DEAE-dextran,
and 4 pl of 0.2 M of neutralized glutathione solution,
was prepared. The output solution for the referent
membrane was prepared in the same way as for the
bioselective membrane, but instead of aliquot of
enzymatic solution 16 pl of 20 mM of phosphate buffer
solution, pH 7.5, were added. Each of the output
solutions were dropped on the corresponding
(measuring or referent) interdigitated electrode of
conductometric transducer, which was then sustained
for 25 min in the atmosphere of saturated vapors of
glutaric aldehyde at 25°C. The chip with bioselective
and referent membranes was dried at room temperature
for 15 min, washed with 10 mM borate buffer, pH 8.7,
for 24 hours at 4°C and then used in further
experiments. We also experimented with stabilization
of biomatrix with additional nafion membrane. In this
case we did not add DEAE-dextran to the membrane,
but formed additional membrane on the surface after
immobilization in glutaric aldehyde vapors [16, 17].

The measurements were performed in the day light
at room temperature (20°C) in glass cell. A biosensor
was immerged into a vigorously stirred sample
solution, 2 ml of 10 mM borate buffer solution, pH 8.9.
After baseline stabilization, formaldehyde was added to
the vessel, and the differential output signal between
the measuring and reference sensitive elements was
registered with the experimental set-up described
above. The steady state or kinetic response of the
conductometric biosensor was plotted as a function of
the formaldehyde concentration.
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Fig.1 Scheme of enzymatic reaction with formaldehyde
dehydrogenase

Results and Discussion. The operation of
formaldehyde biosensor, based on

glutathione-dependent FDH, is based on a reaction

producing ions — formic acid, which is dissociated to
formate-anion and proton. This process determines the
increase in electroconductivity of the analyte near the
electrode surface, which is registered with a method of
conductometric analysis (Fig.1).

We have used a new approach for formation of a
bioselective element on the surface of thin-layer planar
electrodes, which includes co-immobilisation of FDH
with its co-factors — NAD" and glutathione. The
introduction of DEAE-dextran to the biosensitive layer
and additional covering with nafion membrane prevent
the washing out of low-molecular co-factors from
biomatrix, which allows developing a reagentless
biosensor of multiple use, which does not require the
introduction of FDH co-factors to the analysed
solution. Securing the co-factors in the bioselective
layer is achieved by the electrostatic interaction
between positively charged DEAE-dextran and
negatively charged phosphate groups NAD' and
carboxylate groups of glutathione, as well as by putting
the ionic barrier by negatively charged sulphate groups
of nafion membrane. Besides, a high concentration of
NAD" in the bioselective membrane (~100 mM)
eliminates the need for an additional enzymatic system
of NAD" regeneration. It is noteworthy that the
majority of former FDH biosensors were based on
covalent binding of NAD’, which decreased the

accessibility and effectiveness of enzyme-substrate
interactions significantly.

To define the optimal conditions of functioning of
FDH, immobilised in vapours of glutaric aldehyde, the
dependences of the biosensor responses to
formaldehyde on pH wvalue, concentration of buffer
solution, and ionic force of the solution have been
studied.

Optimal pH value for functioning of native H.
polymorpha FDH is known to be approximately 8.3 [5].
The experiments with enzyme, immobilised in vapours
of glutaric aldehyde, showed insignificant shift on
pH-optimum towards the alkaline region, as the highest
values of responses to the introduction of substrate
were registered at ~ pH 8.9 (Fig.2). Slight change in
pH-optimum for FDH, immobilised on the surface of
conductometric transducers, may be determined by
both insignificant conformation change of the enzyme
while interacting with glutaric aldehyde molecules and
specificity of interaction of ionic groups of
DEAE-dextran, albumin, and FDH co-factors with the
buffer system components.

The conductometric method is based on the
measuring of changes in an analyte conductivity
dependent on the course of enzymatic reaction and the
features of working buffer solution. Taking into
account the aforementioned facts, we have studied the

dependence of the biosensor response on
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Fig.2 Dependence of FDH-based biosensor response on pH value of
10 mM working borate buffer with 5 (/) and 10 (2) mM of
formaldehyde; for this experiment bioselective membrane was
formed with DEAE-dextran
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Fig.3 Dependence of FDH-based biosensor response on
formaldehyde concentration with 5 (1), 10 (2), 15 (3), 25 (4), and 50

(5) mM borate buffer, pH 8.9; for this experiment bioselective
membrane was formed with DEAE-dextran
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Fig.4 Dependence of FDH-based biosensor response on
formaldehyde concentration with 5 (7), 10 (2), 15 (3), 25 (4), and 50
(5) mM borate buffer, pH 8.9; additional nafion membrane was
formed on the biosensor surface

concentrations of formaldehyde and buffer solution.
Fig.3 and 4 show that linear range of detection is 1-100
and 1-50 mM of formaldehyde for the biomatrix with
DEAE-dextran and additional nafion membrane,
respectively. The foreseen bottom threshold of the
biosensor was 1 mM of the analyte, however, it may be
decreased via the increase in conductometer sensitivity.
The optimal concentration of the working buffer for
glutathione-dependent formaldehyde dehydrogenase,
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immobilised in the vapours of glutaric aldehyde, is 10
mM. Such optimal value of the buffer solution may be
explained by sufficient buffer capacity for operating of
the enzyme and relatively low background
conductivity. Therefore, the optimal condition for the
conductometric biosensor, based on H. polymorpha
FDH, immobilised in vapours of glutaric aldehyde, is
10 mM buffer solution with pH 8.9.

As it has been expected, the biosensor developed is
highly selective to formaldehyde, the basic substrate
(Fig.5). Other compounds, methanol and ethanol in
particular, cause an insignificant shift in response of the
conductometric biosensor. However, the presence of
methanol and ethanol in samples may result in the
increase of the biosensor response value towards
formaldehyde. The latter fact may be explained by
their ability to influence the dissociation of formic acid
as aresult of alteration of solution dielectric constant by
alcohols.

Operational and storage stabilities are known to be
among the most important features of any biosensor.
To investigate the operational stability of the biosensor
developed, we registered the response for two
concentrations of formaldehyde, 10 and 25 mM,
throughout the day with one hour interval. Fig.6 shows
highly reproducible response of the conductometric
biosensor to each of the formaldehyde concentrations
along with a standard deviation of the sensor response
not exceeding 4%. The best conditions in terms of
storage stability (Fig.7) were obtained for the storage of
the biosensor in 10 mM borate buffer solution, pH 8.9,
4°C. The biosensor preserved the capacity of stable
response in the course of at least 140 days.

Conclusions. The conductometric
formaldehyde-sensitive biosensor, based on NAD" and
glutathione-dependent formaldehyde dehydrogenase
isolated from the recombinant strain Tf 11-6 of
thermotolerant yeast Hansenula polymorpha, was
developed. The gold interdigitated planar electrodes
were used as transducers. The new approach for the
preparation of bio-element, which includes the
immobilisation of low-molecular co-factors (NAD" and
glutathione) in the bio-selective layer to allow multiple
analysis without their introducing into an analysed
sample, was proposed. The dependence of the
biosensor response on the concentration of target
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Fig.5 Dependence of response value of conductometric biosensor,
based on FDH Hansenula polymorpha on the concentration of
methanol (/), ethanol (2), formaldehyde (3), equimolar mixtures of
formaldehyde and methanol (4), formaldehyde and ethanol (5),
formaldehyde, methanol, and ethanol (6) in the measured solution;
for this experiment bioselective membrane was formed with
DEAE-dextran
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Fig.6 Reproducibility of biosensor response to 10 mM (/) and 25
mM (2) formaldehyde; the measurements were carried out in 10 mM
borate buffer solution, pH 8.9; for this experiment bioselective
membrane was formed with DEAE-dextran

analyte, pH, and buffer concentration was investigated.
The operational and storage stabilities as well as
selectivity of the biosensor were studied. In comparison
with the biosensor based on commercially available
bacterial formaldehyde dehydrogenase [10], the
proposed conductometric biosensor revealed higher
storage stability and better specificity. The
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Fig.7 Stability of response biosensor, stored in 10 mM borate buffer
solution, pH 8.9 (/) and after dry storage at 4°C (2); for this

experiment  bioselective  membrane was formed  with
DEAE-dextran
investigation of the proposed conductometric

biosensors analytical performances in real samples,
such as pharmaceuticals, waste waters, fish meat
extracts and biological fluids, is in progress.

0. @. Cocoscvka, I'. M. Ilasniwxko, C. A. [lapuscax, M. B. I'onuap,
A. 1. Kopnan

dopmanbaeriiHui KOHIYKTOMETPUYHUI 6i0CeHCOp HA OCHOBI pe-
koMOiHaHTHOI opmanbaeriguerigporenasu Apixkis Hansenula

polymorpha
Pesrome

Jnst po3pobKku KoHOyKmomempuuno2o Oiocencopa, 4ymiugoco 00
Gdopmanvoecioy, ukopucmaHo 3010mi 2pebiHuacmi nNiaHapHi eiex-
mpoou ma NAD" - i enymamiou-3anescty gpopmanvoeziodeziopoze-
Ha3y, GuolleHy 3 KIimuw pekombOinanmuozo wmamy Tf 11-6
mepmomonepanmuux opiscoxcie H. polymorpha, 30amuux 0o nao-
npoOYKYSAHHS Yb020 (hepmenmy. 3anponoHo8aHo HoGull Nioxio 0o
cmeopenns bioeremenma cencopda, AKUll 8KA0YAE IMMOOLNI3ayio y
Giocenekmuenomy wapi HusbKOMoAeKyIapnux kogpaxmopie (NAD"
ma enymamiony) i 00380J5€ NPo6oOUmMuU 6a2amopazosuil anaiiz 6es
ixnvoeo enecenns 6 3pasox. Kpim mozo, snukae neobxionicms y pe-
cenepayii NAD™ 3a paxymnok 11020 6ucoxoi 10kaibnoi konyenmpayii
6 membpani. J{ocnioxnceHo 3anencHicmy 8eTuyUHY CueHaLy 0ioceH-
copa 6i0 KoHyenmpayii anarimy, eeaudunu pH ma xonyenmpayii
oygepa.  Busueno  makooc  onepayitiny — cmabinvHicmo,
cmabinbHicmb npu 30epieanHi ma CeieKmugHIiCmb CMBOPEeHO20
6iocencopa. Jliniinuii OuHamiyvHull 0ianason GUHAYEHHs KOHYeH-
mpayii gopmanvoecioy cmanosums 1—100 mM .

Kuwouosi cnosa: konoyxmomempuunuii 6iocencop, Hansenula
polymorpha, NAD'- i anymamion-3anescna ¢popmansoe2iooe2iopo-
2enaza, hopmanvoezio.
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O. @. Cocosckas, I'. H. Illasnuwxo, C. A. Ilapusxcax, M. B. I'onuap,
A. U. Kopnan

DopManbAeruAHbIH KOHIYKTOMETPHUECKU OHOCEHCOP Ha OCHOBE

peKoMOnHaHTHOI (dhopManbaerueruAporeHassl ZpOKKEH

Hansenula polymorpha

Pesrome

Hna paspabomru KoHOYKmMoMempuuecko2o buocencopa, wyecmeu-
MenvHo20 K Popmanvoe2udy, UCnoib306anvl 30J10mvie epedenua-
moule naanapuvie 1exmpodsl, NAD - u enymamuon-3asucumyio
Gopmanvoecuddecudpozenasy, nOAYUeHHYIO U3 KIEMOK peKxomoOu-
Haumuoeo wmamma Tf 11-6 mepmomorepanmuvlx Opodicocelt
H. polymorpha, cnocobuuvix ceepxnpodyyuposams smom ¢ep-
menm. Ilpednosicen HOBbLIL NOOXOO K CO30AHUIO OUOIIEMEHNA CeH-
copa, noopazymesaouuil. UMMOOUIUIAYUIO HUZKOMONEKYIAPHbIX
kogaxmopoe (NAD' u anymamuona) é 6uoceaexkmugenoii mampuye,
umo Oenaem GO3MOJCHBIM NPOGedeHUe MHOLOKPAMHO20 AHAIU3A
be3 ux enecenus 6 uccredyemuiii oopazey. Kpome moeo, ucuesaem
neobxooumocms pezenepayuu NAD" 3a cuem e2o évicoxotl 10Ka1b-
HOU KOHYyenmpayuu ¢ memopane. M3yuena 3a6ucumocms geauyunbl
cueHana buocencopa om KOHYEeHmpayuu usmepsaemoo eeuecmad,
senuuunvl pH u konyenmpayuu 6ygpepa. Hcciredosana maxaice one-
Payuonnas cmaduibHOCms, CMadUILHOCIb NPU XPAHEHUU U CeleK-

muenocmes  co30anno2o  buocencopa. Jlumelinviii  duanazon
usmepenusi  KOHyemmpayuu  @Qopmarvoeeudda  cocmagiiem
1-100 mM .

Kniouesvle  cnoga:  KOHOYKMOMempuueckuii — OU0CeHcop,

Hansenula polymorpha, NAD'- u enymamuon-zagucumas ¢op-
Manvoezuddecudpozenasd, hopmanrboe2uo.
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