
28

Sensor Electronics and Microsystem Technologies. 2/2008

Á²ÎÑÅÍÑÎÐÈ 
——

BIOSENSORS 

UDC 577.150.87+543.8:547.262

INTACT RECOMBINANT CELLS OF THE YEAST HANSENULA 
POLYMORPHA, OVER-PRODUCING FORMALDEHYDE 

DEHYDROGENASE, AS THE SENSITIVE BIOELEMENTS FOR 
AMPEROMETRIC ASSAY OF FORMALDEHYDE 

Solomiya Paryzhaka,b, Olha Demkivb, Wolfgang Schuhmannc, Mykhailo Goncharb* 

aIvan Franko National University of Lviv, Hrushevs’kyi Str. 4, 79005 Lviv, Ukraine; 
bDepartment of Analytical Biotechnology, Institute of Cell Biology,

Drahomanov Street 14/16, 79005, Lviv, Ukraine; 

cAnal. Chem. — Elektroanalytik & Sensorik, Ruhr-Universität Bochum, 
Universitätsstr. 150, D-44780, Bochum, Germany 

*Corresponding author: Ìykhailo Gonchar, tel.: +38-032-2612144; fax: +38-032-2612108 
E-mail: gonchar@cellbiol.lviv.ua, myg52@yahoo.com; Address: Analytical Biotechnology Dept., 

Institute of Cell Biology, Drahomanov Str. 14/16, 79005 Lviv, Ukraine. 

Abstract 

INTACT RECOMBINANT CELLS OF THE YEAST HANSENULA POLYMORPHA, OVER-PRODUCING 
FORMALDEHYDE DEHYDROGENASE, AS THE SENSITIVE BIOELEMENTS 

FOR AMPEROMETRIC ASSAY OF FORMALDEHYDE 

Solomiya Paryzhak, Olha Demkiv, Wolfgang Schuhmann, Mykhailo Gonchar 

Intact cells of the gene-engineered thermotolerant methylotrophic yeast Hansenula polymorpha 
with a high content of NAD+- and glutathione-dependent formaldehyde dehydrogenase (FdDH, 
EC 1.1.1.284) were used as the biorecognition elements for amperometric assay of formaldehyde 
(FA). The yeast cells were immobilized on the graphite working electrode by physical fixation of the 
cell suspension by means of dialysis membrane (phenazine methosulphate was used as a free-dif-
fusing redox mediator). It was supposed that the mediator reacts in cytosol with FdDH-produced 
NADH after entering the cells in the presence of FA. The biosensor based on recombinant yeast 
cells exhibited expanded linear range toward FA as compared to similar sensors based on the paren-
tal cells of H. polymorpha (leu 1-1 and leu 2-2) and detection limit for it was found to be 0.1 mM. 
The developed biosensors are selective, inexpensive and stable over several days, as well as simple to 
manufacture and operate. The constructed microbial biosensors were successfully applied for FA de-
termination in real samples of commercial chemical product (formalin), pharmaceutical (Formid-
ron), disinfectant (Descoton forte) and rabbit vaccine against viral haemorrhage. A good correlation 
was observed between the biosensors’ approaches and chemical methods. 

Keywords: Formaldehyde, recombinant yeast cells, amperometric biosensor, analysis of real sam-
ples 
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Àíîòàö³ÿ 

²ÍÒÀÊÒÍ² ÐÅÊÎÌÁ²ÍÀÍÒÍ² ÊË²ÒÈÍÈ ÄÐ²ÆÄÆ²Â HANSENULA POLYMORPHA, 
ÍÀÄ-ÏÐÎÄÓÖÅÍÒÈ ÔÎÐÌÀËÜÄÅÃ²ÄÄÅÃ²ÄÐÎÃÅÍÀÇÈ, ßÊ ×ÓÒËÈÂ² Á²ÎÅËÅÌÅÍÒÈ 

ÄËß ÀÌÏÅÐÎÌÅÒÐÈ×ÍÎÃÎ ÂÈÇÍÀ×ÅÍÍß ÔÎÐÌÀËÜÄÅÃ²ÄÓ 

Ñ. ß. Ïàðèæàê, Î. Ì. Äåìê³â, Â. Øóìàí, Ì. Â. Ãîí÷àð 

²íòàêòí³ êë³òèíè ðåêîìá³íàíòíèõ òåðìîòîëåðàíòíèõ ìåòèëîòðîôíèõ äð³æäæ³â Hansenula 
polymorpha ç âèñîêèì âì³ñòîì NAD+- ³ ãëóòàò³îí-çàëåæíî¿ ôîðìàëüäåã³ääåã³äðîãåíàçè 
(ÔäÄÃ, ÊÔ 1.1.1.284) âèêîðèñòàíî ÿê á³îñåëåêòèâí³ åëåìåíòè äëÿ àìïåðîìåòðè÷íîãî âè-
çíà÷åííÿ ôîðìàëüäåã³äó (ÔÀ). Äð³æäæîâ³ êë³òèíè ³ììîá³ë³çóâàëè íà ãðàô³òîâîìó ðîáî÷îìó 
åëåêòðîä³ ô³çè÷íîþ ô³êñàö³ºþ êë³òèííî¿ ñóñïåíç³¿ çà äîïîìîãîþ ä³àë³çíî¿ ìåìáðàíè (ôåíà-
çèíìåòîñóëüôàò ñëóæèâ ó ðîë³ â³ëüíîäèôóíäóþ÷îãî ðåäîêñ ìåä³àòîðà). Ïåðåäáà÷àëîñü, ùî 
ìåä³àòîð ï³ñëÿ ïðîíèêíåííÿ â êë³òèíó âçàºìîä³º â öèòîçîë³ ç NADH, ÿêèé óòâîðþºòüñÿ â 
ðåàêö³¿ ç ÔäÄÃ ó ïðèñóòíîñò³ ÔÀ. Á³îñåíñîðè ç ðåêîìá³íàíòíèìè äð³æäæîâèìè êë³òèíàìè 
ìàëè øèðøèé ë³í³éíèé ä³àïàçîí âèì³ðþâàííÿ ÔÀ ó ïîð³âíÿíí³ ³ç ñåíñîðàìè, â ñêëàä³ ÿêèõ 
ì³ñòèëèñÿ êë³òèíè âèõ³äíèõ øòàì³â H. polymorpha (leu 1-1 ³ leu 2-2), ³ ïîð³ã âèçíà÷åííÿ ÔÀ 
äëÿ íèõ ñêëàäàâ 0,1 ìM. Ðîçðîáëåí³ á³îñåíñîðè º äîñòàòíüî ñåëåêòèâí³, íåäîðîã³ ³ ñòàá³ëüí³ 
ïðè çáåð³ãàíí³ ïðîòÿãîì ê³ëüêîõ äí³â, à òàêîæ ïðîñò³ ó ïðèãîòóâàíí³ ³ åêñïëóàòàö³¿. Ñêîí-
ñòðóéîâàí³ ì³êðîáí³ á³îñåíñîðè áóëè óñï³øíî âèêîðèñòàí³ äëÿ âèçíà÷åííÿ ÔÀ â ðåàëüíèõ 
çðàçêàõ: äåç³íô³êóþ÷èõ òà ôàðìàöåâòè÷íèõ çàñîáàõ, âàêöèí³ ïðîòè â³ðóñíî¿ ãåìîðàã³÷íî¿ 
õâîðîáè êðîë³â. Ïîêàçàíî äîáðó êîðåëÿö³þ ðåçóëüòàò³â, îòðèìàíèõ á³îñåíñîðíèì ï³äõîäîì, 
òà õ³ì³÷íèìè ìåòîäàìè. 

Êëþ÷îâ³ ñëîâà: ôîðìàëüäåã³ä, ðåêîìá³íàíòí³ äð³æäæîâ³ êë³òèíè, àìïåðîìåòðè÷íèé á³î-
ñåíñîð, àíàë³ç ðåàëüíèõ çðàçê³â 

Àííîòàöèÿ 

ÈÍÒÀÊÒÍÛÅ ÐÅÊÎÌÁÈÍÀÍÒÍÛÅ ÊËÅÒÊÈ ÄÐÎÆÆÅÉ HANSENULA POLYMORPHA, ÑÂÅÐÕ-
ÏÐÎÄÓÖÅÍÒÛ ÔÎÐÌÀËÜÄÅÃÈÄÄÅÃÈÄÐÎÃÅÍÀÇÛ, ÊÀÊ ÁÈÎÝËÅÌÅÍÒÛ 

ÄËß ×ÓÂÑÒÂÈÒÅËÜÍÎÃÎ ÎÏÐÅÄÅËÅÍÈß ÔÎÐÌÀËÜÄÅÃÈÄÀ 

Ñ. ß. Ïàðèæàê, Î. Ì. Äåìêèâ, Â. Øóìàí, Ì. Â. Ãîí÷àð 

Èíòàêòíûå êëåòêè ðåêîìáèíàíòíûõ òåðìîòîëåðàíòíûõ ìåòèëîòðîôíûõ äðîææåé Hansenula 
polymorpha ñ âûñîêèì ñîäåðæàíèåì NAD+- è ãëóòàòèîí-çàâèñèìîé ôîðìàëüäåãèääåãèäðîãå-
íàçû (ÔäÄÃ, ÊÔ 1.1.1.284) èñïîëüçîâàíû êàê áèîñåëåêòèâíûå ýëåìåíòû äëÿ àìïåðîìåòðè-
÷åñêîãî èçìåðåíèÿ ôîðìàëüäåãèäà (ÔÀ). Äðîææåâûå êëåòêè èììîáèëèçîâàëè íà ãðàôèòîâîì 
ðîáî÷åì ýëåêòðîäå ïóòåì ôèçè÷åñêîé ôèêñàöèè êëåòî÷íîé ñóñïåíçèè ñ ïîìîùüþ äèàëèçíîé 
ìåìáðàíû (ôåíàçèíìåòîñóëüôàò áûë èñïîëüçîâàí â ðîëè ñâîáîäíî-äèôôóíäèðóþùåãî ðå-
äîêñ ìåäèàòîðà). Ïðåäïîëàãàëîñü, ÷òî ìåäèàòîð ïîñëå ïðîíèêíîâåíèÿ â êëåòêó âçàèìîäåéñ-
òâóåò â öèòîçîëå ñ NADH, êîòîðûé îáðàçóåòñÿ â ðåçóëüòàòå ðåàêöèè NAD+ ñ ÔäÄÃ â ïðè-
ñóòñòâèè ÔÀ. Äëÿ áèîñåíñîðîâ ñ ðåêîìáèíàíòíûìè äðîææåâûìè êëåòêàìè íàáëþäàëè áîëåå 
øèðîêèé ëèíåéíûé äèàïàçîí èçìåðåíèÿ ÔÀ ïî ñðàâíåíèþ ñ ñåíñîðàìè, â ñîñòàâå êîòîðûõ 
áûëè êëåòêè ðîäèòåëüñêèõ øòàììîâ H. polymorpha (leu 1-1 ³ leu 2-2), è ïîðîã îïðåäåëåíèÿ ÔÀ 
äëÿ íèõ ñîñòàâëÿë 0,1 ìM. Ðàçðàáîòàííûå áèîñåíñîðû äîñòàòî÷íî ñåëåêòèâíû, íåäîðîãèå è 
ñòàáèëüíû ïðè õðàíåíèè íà ïðîòÿæåíèè íåñêîëüêèõ äíåé, à òàêæå ïðîñòû â ïðèãîòîâëåíèè 
è ðàáîòå. Ñêîíñòðóèðîâàííûå ìèêðîáíûå áèîñåíñîðû áûëè óñïåøíî èñïîëüçîâàíû äëÿ èç-
ìåðåíèÿ ÔÀ â ðåàëüíûõ îáðàçöàõ: äåçèíôèöèðóþùèõ è ôàðìàöåâòè÷åñêèõ ïðåïàðàòàõ, âàê-
öèíå ïðîòèâ âèðóñíîé ãåìîððàãè÷åñêîé áîëåçíè êðîëèêîâ. Ïîêàçàíî õîðîøóþ êîððåëÿöèþ 
ðåçóëüòàòîâ, ïîëó÷åííûõ áèîñåíñîðíûì ïîäõîäîì, è õèìè÷åñêèìè ìåòîäàìè. 

Êëþ÷åâûå ñëîâà: ôîðìàëüäåãèä, ðåêîìáèíàíòíûå äðîææåâûå êëåòêè, àìïåðîìåòðè÷åñ-
êèé áèîñåíñîð, àíàëèç ðåàëüíûõ îáðàçöîâ 

Solomiya Paryzhak, Olha Demkiv, Wolfgang Schuhmann, Mykhailo Gonchar
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1. Introduction 

Formaldehyde (FA) is a ubiquitous environmen-
tal contaminant of our planet. It is found in paints, 
clothes, medicinal and industrial products, and is a 
component of diesel and gasoline exhaust, as well 
as being endogenously produced in all living organ-
isms as a result of metabolism (methionine, hista-
mine, methanol, and methylamine), spontaneous 
dissociation of 5,10-methylene tetrahydrofolate, 
or oxidative demethylation of DNA and RNA [1,2, 
3-8]. FA is one of the chemical mediators of apop-
tosis and induces gene mutations in bacteria, fungi, 
yeast, Drosophila larvae, and causes chromosomal 
aberrations and sister chromatid exchange in the 
cultured rodent and human cells [9-11]. As a cross-
linking agent, it readily reacts with thiol and amine 
groups, causing polymerization of proteins [12]. In 
semicarbazide-sensitive amine oxidase (SSAO)-
related pathogenesis of Alzheimer’s disease, FA 
interacts with β-amyloid and produces irreversibly 
cross-linked neurotoxic amyloid-like complexes. 
The potential effect of FA on protein misfolding 
may be significant, even if FA remains in the human 
body for only a short time [13-16]. All these facts 
have been the topic of considerable interest and 
convincingly demonstrate a need for development 
of simple, cheap, sensitive, and selective methods 
for FA analysis. 

The existing enzymatic methods of FA assay are 
laborious, not enough selective and specific, and are 
still unavailable at the world market. To solve this 
problem, a number of attempts to develop biosen-
sors for the detection of FA were reported [17-22] 
including amperometric sensors [23-25], potentio-
metric detection schemes [19, 26 — 29] and opti-
cal sensors [21, 30]. Biosensors for FA detection are 
usually based on either highly-purified alcohol oxi-
dase (AOX) or bacterial FA dehydrogenase. How-
ever, due to a non-sufficient stability of FA dehy-
drogenase and to a broad specificity of AOX, they 
did not succeed in the practical applications [23]. 

Previously, it was shown that cells of the meth-
ylotrophic yeast H. polymorpha, capable of me-
tabolizing FA, can be employed as FA-selective 
biorecognition elements in the pH-FET-based 
potentiometric biosensors [26, 28, 29]. Microbial 
sensors for FA assay based on genetically modified 
intact and permeabilised cells of the yeast H. poly-
morpha with a high level of AOX activity were also 
constructed [31]. 

This paper reports the development of microbial 
sensors for FA determination, based on the use of 

genetically modified intact cells of methylotroph-
ic yeast H. polymorpha, over-producing FdDH, as 
FA-sensitive bioelements. The recombinant strains 
are able to produce a high quantity of FdDH (4-
6-fold when compared to the parental strain). The 
use of cell-based amperometric biosensors looks 
very promising due to several advantages over con-
ventional enzyme electrodes: simplicity, cheapness, 
stability and versatility. 

2. Materials and methods 

2.1. Chemicals 

Ethylenediaminetetraacetic acid (EDTA) was 
from Serva (Heidelberg, Germany); (NH

4
)

2
SO

4, 

Na
2
HPO

4
, KÍ

2
ÐÎ

4
, MgSO

4
, CaCl

2
 were from 

Merck (Darmstadt, Germany), ferrocene, for-
malin and methanol were obtained from Merck-
Schuchardt (Hohenbrunn, Germany). Methylene 
blue was obtained from Riedel-de Ha¸n (Seelze, 
Germany); paraformaldehyde, phenazine metho-
sulphate, phenylmethylsulfonyl fluoride (PMSF), 
potassium hexacyanoferrate (III), potassium hexa-
cyanoferrate (II), methylglyoxal, 2,6-dichloroph-
enolindophenol (DCIP), phenazine methosulfate 
(PMS) were from Sigma (Deisenhofen, Germany). 
Glutathione (reduced) was from Fluka (Buchs, 
Switzerland), NAD+ and NADH were from Gerbu 
Biotechnik (Gailberg, Germany). Nafion, butyral-
dehyde, propionaldehyde and acetaldehyde were 
from Aldrich (Deisenhofen, Germany). Dialysis 
membranes (cut-off 10 kDa) were from Biomol 
(Hamburg, Germany). The cathodic electrodepo-
sition polymer 2CPOs was synthesized following 
previously published procedures [32, 33]. 

All chemicals were of analytical-reagent grade 
and all the solutions were prepared using HPLC-
grade water. Formaldehyde solution (1 M) was pre-
pared by hydrolysis of the corresponding amount of 
para-formaldehyde in water (300 mg; 10 ml water) 
by heating the suspension in a sealed ampoule at 
105 oC for 6 h. 

2.2. Strains and cultivation conditions 

The following yeast strains were used in the 
present study: H. ðolymorpha NCYC 495 (leu1-1) 
and H. ðolymorpha CÂS 4732 (leu2-2) — parental 
strains from collection of the Institute of Cell Biol-
ogy (Lviv, Ukraine); Tf 11-6 and Tf 22-126 — re-
combinant FdDH-overproducing strains [34, 35]. 

Yeast cells (recombinant and parental) were cul-
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tivated in flasks on a shaker (200 rpm) at 30 oC until 
the middle of the exponential growth phase (~24 h) 
in a medium containing (g/L): (NH

4
)

2
SO

4
 — 3.5; 

KH
2
PO

4 
-1.0; MgSO

4
x7H

2
O — 0.5; CaCl

2 
—

 
0.1; 

yeast extract — 0.5 with the supplement of standard 
microelements (Demkiv et al., 2005). As a carbon 
source, 1% methanol was used. For cultivation of 
the strains leu 1-1 and leu 2-2, leucine was added 
up to 40 mg/L. 

After washing, the cells were re-suspended in 
0.05 M K, Na-phosphate buffer, pH 8.0 (PB), con-
taining 1 mM PMSF and 1mM EDTA with the fol-
lowing lyophilization and kept at 0 °C. Before each 
experiment, lyophilised yeast cells were re-suspend-
ed in the corresponding volume of initial buffer to 
final cell concentration 33 mg/ml and allowed to 
swell during 30 min at room temperature. Just after 
the swelling, the suspension of the cells was used in 
the electrochemical experiments. 

2.3. Construction of cells-based amperometric 
biosensors 

2.3.1. Electrodes 

Graphite rods (type RW001, 3.05 mm diameter, 
Ringsdorff Werke, Bonn, Germany) were used as 
working electrodes. First, they were sealed in glass 
tubes by means of epoxy glue forming disk elec-
trodes, then polished with emery paper of decreas-
ing size and cleaned in ultrasonic bath. The prop-
erties of amperometric biosensors were evaluated 
by means of constant-potential amperometry in a 
three-electrode configuration with a Ag/AgCl/KCl 
(3 M) reference electrode and a Pt-wire counter 
electrode. 

2.3.2. Immobilization of recombinant FdDH-
producing yeast cells 

Physical adsorption of the cells and fixation by 
means of dialysis membrane: 5 μl of fresh suspen-
sion of intact cells (10 mg/ml) was put on the sur-
face of the carbon electrode and dried for 5 min at 
room temperature. On the top of a cells-modified 
electrode, 3 μl of a 50 mM neutralized solution 
of reduced glutathione and 2 μl of 25 mM NAD+ 
were dropped. After drying (2-4 min), 5 μl of a 1% 
neutral Nafion solution were dropped on the sensor 
surface. The Nafion membrane was allowed to dry 
for 20 — 25 min at +4 oC. Then, the electrode was 
covered with a piece of standard dialysis membrane 
(1x1 cm). An “O”-ring with a diameter of about 5 
mm was used for membrane holding. Before use, 

the electrode was washed with 50 mM PB, pH 8.0. 
Phenazine methosulfate was used as a free-diffus-
ing redox mediator (10 ml of a 1 mM solution of 
the mediator in 50 mM PB, pH 8.0 was added to 
the electrolyte solution). In these experiments, the 
glass cell was wrapped with aluminium foil as phen-
azine methosulfate is light sensitive. 

Immobilization of recombinant cells by entrapment 
within the polymer layer of a cathodic electrodeposi-
tion paint 2CPOs: 5 μl of fresh suspension of intact 
cells (10 mg/ml), 2 μl of cathodic paint (2CPOs), 3 
μl of a 50 mM neutralized solution of reduced glu-
tathione and 2 μl of 25 mM NAD+ were mixed and 
dropped onto the surface of a graphite electrode. In 
a miniaturized electrochemical cell, the cathodic 
paint was precipitated using a potentiostatic pulse 
sequence with pulses to a potential of -1200 mV for 
0.2 s and a resting phase at a potential of 0 mV for 
5 s [32]. At the applied cathodic potential, water is 
reduced at the electrode surface leading to an in-
crease of the pH-value in a diffusion zone in front 
of the working electrode surface. Subsequently, 
the cathodic paint is deprotonated imposing a sig-
nificant change in its solubility which leads to the 
precipitation of the polymer on the electrode sur-
face simultaneously entrapping the cells. Then, 
the electrode was covered with Nafion membrane. 
Microbial electrodes were stored in 50 mM PB, pH 
8.0, at 4 oC. 

2.3.3. Redox mediators 

Potassium hexacyanoferrate(III), methylene 
blue, phenazine methosulfate and 2,6-dichloroph-
enolindophenol (DCIP) were used as free-diffusing 
redox mediators. 10 ml of a 1 mM solution (0.5 mM 
for methylene blue) of the selected redox mediator 
in 50 mM phosphate buffer, pH 8.0, was added to 
the electrolyte solutions. 

In contrast, ferrocene was initially dissolved in 
acetone. For the preparation of the mediator-con-
taining sensing layer, 4 μl of a 10 mM ferrocene so-
lution was dropped on the surface of the electrode 
at room temperature before the electrodeposition 
of the cathodic paint (see section 2.3.2). Elec-
trodeposition of Prussian blue was performed by 
means of cyclic voltammetry (10 cycles from 0.4 
to 1.3 V with a scan rate of 10 mV s-1 in 50 mM 
phosphate buffer, pH 8,0) in a 10 mM solution of 
K

4
[Fe(CN)

6
]. After the electrodeposition, Prussian 

blue-modified electrodes were rinsed in 50 mM 
phosphate buffer, pH 8.0. 

Solomiya Paryzhak, Olha Demkiv, Wolfgang Schuhmann, Mykhailo Gonchar
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2.3.4. Amperometric measurements 

Amperometric experiments were carried out us-
ing an Autolab PGstat12 potentiostat (Eco Chemie, 
Utrecht, Holland) controlled by the GPES4.9 soft-
ware. Measurements started after the steady-state 
current became established. The electrode with 
immobilized yeast cells was placed into the elec-
trochemical cell containing 20 ml buffer solution 
at 25 oC under continuous stirring. After 20 min of 
the background current stabilizing, the experiments 
were started by addition of FA up to 30 mM. In the 
course of the experiments, the modified electrodes 
were stored in 50 mM PB, pH 8.0 at 4 oC. All meas-
urements were repeated at least 3 times. Operation-
al stability of the obtained microbial sensors was 
evaluated using a previously described automatic 
sequential-injection analyzer [36]. 

2.4. Chemical methods of FA analysis 

Chemical assay of FA was performed by two 
methods with a usage of chromotropic acid [37] 
and 3-methyl-2-benzothiazolinone hydrazone hy-
drochloride (MBTH) [38]. 

2.5. Statistics 

Statistic treatment of the data and the level of 
correlation between experimental values have been 
calculated using computer program Origin 6.0 and 
Microsoft Excel. 

3. Results and discussion 

3.1. Design of cell-based biosensor 

Cells of recombinant strains Tf 11-6 and Tf 22-
126, overproducing thermostable FdDH, were used 
for preparation of microbial FA-selective ampero-
metric biosensors. These “sensing” cells, grown 
in methanol medium, possess 4-6-fold higher ac-
tivity (4~6 U/mg) of FdDH in cell-free extracts 
when compared to the wild type parental strains. A 
high content of rFDH in the recombinant cells Tf 
11-6 and Tf 22-126 correlates with a higher FLD1 
gene copy [34, 35]. It makes these cells ideal as the 
bioactive elements in construction of FA cell sen-
sors. For evaluation of a FA-biosensor prototype 
based on intact cells, different red-ox mediators 
were tried to establish the electron transfer between 
FdDH

 
located in the cellular cytoplasm and the 

electrode surface. For the developed biosensors, 
phenazine methosulfate (free-diffusing redox me-

diator) exhibited the best electron transfer charac-
teristics (Fig. 1). The amperometric responses of 
intact recombinant yeast cells of H. polymorpha Tf 
11-6 immobilised on the bare carbon electrodes in 
the presence of different mediators are presented in 
Fig. 1. It was assumed that PMS penetrates through 
cell membrane, collect electrons from a reduced 
form NADH and returns back to the electrode 
(3.05 mm graphite rod electrodes and of 0.0 mV po-
tential were chosen for PMS oxidation). Architec-
ture of cells-based biosensor and principal scheme 
of FA monitoring using PMS as a mediator, as well 
as a supposed mechanism of PMS reaction cycle in 
yeast cells are shown in Fig. 2. Taking into account 
that lyophilised cells are heterogeneous: a part of the 
cells would have the damaged membranes, whereas 
another part is still native, we co-entrapped NAD+ 
and glutathione in the bioactive layer and covered 
it by a negatively charged Nafion membrane. This 
membrane prevents leakage of the cofactors due to 
electrostatic interactions. 

Fig. 1. Evaluation of the suitability of different red-ox 
mediators for recombinant (Tf 11-6) cells-based amper-
ometric biosensor. Free-diffusing redox mediators: PMS 
(0 mV vs. Ag/AgCl), DCIP, K

3
[Fe(CN)

6
], methylene 

blue; electrodeposited electrocatalysts: ferrocene, Prus-
sian blue and the Os-complex modified cathodic elec-
trodeposition paint 2CPOs (+200 mV vs Ag/AgCl) 

3.2. Properties of the cell-based biosensor 

Bioanalytical characteristics of the constructed 
biosensors were studied in detail: kinetics, dynamic 
and linear range, selectivity, dependence of sensors 
output on temperature. Biosensors demonstrated a 
good sensitivity, high selectivity to FA, and a good 
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stability. Linear range for developed cells Tf11-6-
NAD+-GSH-Nafion-modified electrode towards 
FA is shown in Fig. 3. For recombinant cells-based 
biosensor, a linear detection range for FA was 
0.25 — 8 mM. The optimal pH-value for the devel-

oped biosensors was in the range of 7.6 to 8.3 with 
an optimal temperature between 45-50 oC (data not 
shown), due to a higher thermostability of the used 
enzyme and thermotolerance of recombinant yeast 
cells. 

Fig. 2. A. Architecture of cells-based biosensor; B. The scheme of intracellular red-ox reactions coupled with electro-
chemical oxidation of the free-diffusing mediator PMS; 0.0 V vs Ag/AgCl electrode for cells-based sensor 

Fig. 3. Linear concentration range for biosensor with an 
architecture cells Tf11-6-NAD+-GSH-Nafion (3.05 mm 
diameter graphite disk electrode; PMS — free-diffusing 
redox mediator; 0 mV vs. Ag/AgCl) 

For the estimation of the difference in bioana-
lytical characteristics of microbial sensors based on 
parental and genetically engineered cells, we con-
structed different types of sensors. It is clearly seen 
(Fig. 4) that recombinant cells give a higher and 
faster response to FA than the wild type cells. The 
maximal current values I

max
 for the leu 1-1 and leu 

2-2 cells-modified sensors were 209.6 ± 5.8 nA and 
180 ± 4.4 nA, respectively, while the Tf 11-6 and 
Tf 22-126 cells-based electrodes showed an I

max
 of 

671 ± 10.3 nA and I
max

 of 574 ± 8.0 nA at the same 
conditions. The calculated values for K

M
app derived 

from the calibration curves were 9.56±0.59 mM 
and 3.64±0.23 mM for sensors based on parental 
(non-recombinant) leu 1-1 and leu 2-2 cells, while 
for Tf 11-6 and Tf 22-126 cells-modified electrodes 
these parameters were shown to be 1.84±0.09 mM 
and 5.95±0.18 mM. 
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Fig. 4. FA calibration curves for microbial sensors based 
on wild type cells (dot lines) and recombinant cells (solid 
lines). 3.05 mm diameter graphite disk electrode; PMS — 
free-diffusing redox mediator; 0 mV vs. Ag/AgCl: A. H. 
polymorpha leu 1-1 — parental strain and Tf 11-6 — re-
combinant strain; B. H. polymorpha leu 2-2 — parental 
strain and Tf 22-126 — recombinant strain 

The selectivity of the cells Tf11-6-NAD+-GSH-
Nafion biosensor for the determination of FA was 
evaluated using different structurally related to FA 
substances and potential interferents. Quantitative-
ly, the ratio of the sensor output for different poten-
tially interfering analytes compared to formalde-
hyde-derived response is as following: FA (100 %), 
methylglyoxal (10.9 %), ethanol (6 %). Output to 
acetaldehyde, butyraldehyde and propionaldehyde 
was of opposite direction (substrate reduction in-
stead of oxidation was observed). This can be ex-
plained by functioning in the cells of the other, than 

FdDH, enzymes with a different specificity. Due to 
a highly expressed difference in sensitivity toward 
FA and the tested analytes, it can be assumed that 
the developed biosensors are suitable for the deter-
mination of FA in real samples. 

The operational stability of the developed FA 
biosensors was tested using the automatic sequen-
tial injection analyser “OLGA” [36]. The sensor 
was integrated into specifically adapted flow-
through electrochemical cells, and 12 injections of 
the FA standard solution per hour were performed 
automatically. Fig. 5 shows the peak current of the 
Tf 11-6 cells-modified sensor during sample in-
jection for about 30 hours (about 360 individual 
measurements). All subsequent tests were per-
formed at a constant temperature of 24 oC adding 
1 mM solution of FA in 50 mM phosphate buffer, 
pH 8.0. The sensor demonstrated a linear drop of 
the current response during continuous operation 
over 30 hours. The current decreased to 50% of the 
initial sensor output after 30 hours of continuous 
operation. So, developed sensors exhibit satisfac-
tory operational stability and can be used for FA 
measurements in real samples. The operational 
stability was investigated only for Tf 11-6 cells-
based sensor, because this variant demonstrated 
the best response to FA. 

Fig. 5. Operational stability of the optimised recom-
binant (Tf 11-6) cells-based biosensor tested in an auto-
matic sequential injection analyser (flow-rate 5 ml min-1; 
sample injection every 4 min). 3.05 mm diameter graph-
ite disk electrode; PMS — free-diffusing redox mediator; 
0 mV vs. Ag/AgCl 

The storage stability of the developed biosensors 
was found to be longer than 14 days at 4 oC (data 
not shown). 7.7 mM FA solution was used for the 
evaluation of the storage stability. After 4 days of 
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keeping in buffer solution in the refrigerator, the 
detected signal exceeded the initial one by about 
20 %. This effect is often observed for amperomet-
ric biosensors and is an indicative of an equilibra-
tion of the sensor architecture, potentially leading 
to an improved permeability of the immobilisation 
matrix for the substrate. 

3.3. Bioanalytical application of the cell-based 
biosensors 

The sensors were applied for FA testing in real 
samples of industrial product formalin, antimicro-
bial agent Descoton forte, antiperspirant Formid-
ron and rabbit vaccine against viral haemorrhage, 
using the multiple standard addition method, tak-
ing into consideration the possible interfering ef-
fect of real samples’ components on FA assay [39]. 
Results of such analysis are presented in Fig. 6 and 
Table 1. It is clearly seen from the Fig. 6, that in-

terfering effect of real sample components is ob-
served for all samples, but in different extent. The 
maximal interfering effect is observed for Descoton 
forte, less — for Formidron and rabbit vaccine, and 
the minimal — for formalin, that follows from the 
slope values for calibration curves obtained on the 
background of real samples in different dilutions: 
for Descoton a difference is — 47.6 % (42 and 22 
for dilutions 4000 and 4635, respectively), for For-
midron — 25.7 % (0.48 and 0.35 for dilutions 250 
and 81, respectively), for rabbit vaccine — 27.9 % 
(11.8 and 8.51 for dilutions 20 and 10 ) and for for-
malin — 0.8 % (7.15 and 7.09 for dilutions 20100 
and 14300, respectively). A good correlation was 
observed between the data of FA testing (Table 1) by 
the biosenor’s approaches (FdDH and cells-based), 
proposed enzymatic method Formatest [39] and 
routine chemical methods (if the standard addi-
tions method is performed). 

Table 1 

FA content in real samples determined by different methods: chemical and cell-based biosensor approaches 

 
Sample/ 
Method 

FA molar concentration (mole/L), Ì±m
Chemical methods FdDH-based methods

ÌÂÒÍ
Chromotropic 

acid
Formatest

FdDH- biosen-
sor

Cells- biosensor

Formidron 1.64± 0.61 1.48±0.26
1.53± 
0.31

1.57± 
0.13

1.48±0.06

Descoton 
forte

3.57± 
0.30

3.59±0.44 3.25±0.8
3.61± 
0.13

3.29±0.12

Formalin
12.6± 
0.73

14.0±0.81 13.5±0.7 13.6±0.6
13.82± 

0.54
Rabbit vaccine against 

viral haemorrhage
0.038± 
0.003

0.029± 
0.005

0.042± 
0.004

0.041± 
0.005

0.042± 
0.002

4. Conclusion 

Microbial amperometric FA-selective biosensors 
based on recombinant cells of methylotrophic yeast 
H. polymorpha, overproducing FdDH, have been 
constructed. Among seven tested mediators for bio-
sensors development, PMS was chosen as the opti-
mal one. Selectivity, operational and storage stabil-
ity of the best variant of biosensor were evaluated. 
The developed sensors were successfully applied for 
FA determination in some real samples of industrial 
product formalin and pharmaceuticals: antimicro-
bial agent Descoton forte, antiperspirant Formid-
ron, and vaccine against viral haemorrhage. A good 
correlation was observed between the data of FA 
testing by the FdDH-based biosenor’s approaches 
and enzymatic or standard chemical methods. 
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