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INTRODUCTION 

 

Environmental monitoring, as well as a quality control of food and drinking 

water is becoming increasingly important in programs to improve the living 
conditions and human nutrition. Although many physico-chemical methods of 

determination of methanol, ethanol and formaldehyde are available, there is a 

growing interest in bioanalytical approaches (Reshetilov et al., 2011; Trotsenko 

& Torgonskaya, 2011). They exploit highly specific enzymes, as well as 

enzyme-based and microbial biosensors. For the implementation of biosensor’s 

methods in wide practice, research is required on designing bio-elements with 
optimal parameters, including the creation of enzymatic and microbial sensor 

elements with the necessary bioanalytical characteristics.  

 

Ethanol, methanol and formaldehyde 

 

Ethanol (EtOH) is produced in large amounts; about 75% of it is used as a fuel 
for internal combustion engines and only 15% - for the preparation of alcoholic 

beverages and other aims. Global ethanol production will rise to over 90 billion 
liters in 2014 (www.globalrfa.com, 2014).  

Methanol (MeOH) plays an important role as a raw material in chemical 

synthesis. Most of the methanol is used in the production of formaldehyde. 
MeOH is also used in the plastics industry, for production of biofibers, as well as 

an additive to gasoline. MeOH occurs naturally in very low amounts in tissues of 

humans, animals and plants. It is a natural constituent of blood, urine and saliva 
and expired air and has also been found in mother's milk. Humans have a 

background body burden of 0.5 mg/kg body weight. Levels of methanol in 

expired air, of normal, healthy non-smoking subjects are reported to range from 

0.06 to 0.49 µg/L (Krotoszynski et al., 1979). It is believed that dietary sources 

are only partial contributors to the total body pool of methanol (Stegink et al., 

1981). It has been suggested that methanol is formed by the activities of the 
intestinal microflora or by other enzymatic processes (Axelrod & Daly, 1965). 

Methanol is also very toxic alcohol to mammals. Drinking methanol, mostly 

accidentally, causes severe metabolic acidosis leading to blindness, and 
neurological changes to the inevitable and death (Medinsky et al., 1997). Oral 

lethal dose of methanol for human ranges from 340 µg to 1 mg/kg of body weight 

(Wang et al., 2004) Alcoholic beverages may contain the minimum allowable 
impurities of methanol, however, there are cases of poisoning including fatal 

when consuming beverages, acquired in the trade network. In 2012 in the Czech 

Republic reported 38 fatal poisoning with methanol. In Poland, with 21 

confirmed methanol poisoning, 12 proved fatal. Methanol has become a serious 
problem when in 2010 the European Union has committed to add it to 

concentrate antifreeze windscreen fluid instead of ethanol (much cheaper).  

Formaldehyde (FA) like methanol is an important analyte in monitoring of many 
industrial products, foodstuffs and pharmaceuticals (Gerberich & Seaman, 

1994). In 2013, the annual world production of formaldehyde was estimated to be 

more than 40 million metric tonnes (Magnusson, 2013). FA causes 
histopathological damages and DNA-protein cross-linking in the nasal mucosa of 

rats and rhesus monkeys (Casanova et al., 1989). FA is generated also in some 

advanced technologies of potable water pre-treatment including the ozonation 
process, as a result of the reaction of ozone with humus traces (Schechter & 

Singer, 1995). In extreme cases, some frozen fish, especially of the Gadoid 

species, can accumulate up to 200 mg of FA per kg of wet weight due to the 
enzymatic degradation of a natural fish component – trimethylamine oxide 

(Rehbein et al., 1995; Pavlishko et al., 2003). 
Most of the known methods for determination of ethanol, methanol and 
formaldehyde are not very selective and sensitive enough or they are too 

expensive. Among enzymatic approaches, methods based on alcohol oxidase 
isolated from yeast overproducer – Hansenula (Ogataea) polymorha are most 

promising. Alcohol oxidase in vitro is capable of oxidizing methanol, as well as 

aliphatic alcohols, including ethanol. Another H. polymorpha enzyme of 
important bioanalytical value is formaldehyde dehydrogenase, which can be used 

in formaldehyde determination.  

 

Ethanol, methanol and formaldehyde analyzing with the use of enzymes 

 

One of the most used enzymatic method for the determination of ethanol is based 

on the oxidation of ethanol to acetaldehyde by alcohol dehydrogenase (ADH) 

(http://www.sigmaaldrich.com/content/dam/sigma-

aldrich/docs/Sigma/Bulletin/1/mak076bul.pdf; http://www.worthington-

biochem.com/ADH/assay.html; Zanon et al., 2007). This reaction produces 

NADH, which is determined photometrically. An alternative method of analysis 

is the use of alcohol oxidase (AOX) from methylotrophic yeast, which contains 
as a coenzyme tightly protein-bound FAD. AOX catalyzed reaction is irreversible 

and its ability to form hydrogen peroxide in the presence of alcohols, including 

ethanol, is used for quantitative determination of alcohols: 
 

СН3СН2ОН + О2  → СН3СН=О + Н2О2 

 

There is a need for the development and the use of analytical methods for assaying ethanol, methanol and formaldehyde in foods. 

Ethanol is a major component of a variety of alcoholic beverages and is an ingredient of a number of foodstuffs. Formaldehyde and 

methanol are produced on the large scale, are very toxic and have mutagenic and carcinogenic action on living organisms. The presence 

of toxic methanol and formaldehyde in foods can lead to severe poisoning and even death. Many current methods for the determination 

of ethanol, methanol and formaldehyde are based on the use of enzymes. The article presents an overview of the classical enzymatic and 

biosensors’ methods for the analysis of these compounds. 
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Hydrogen peroxide, generated by AOX, is monitored in the coupled peroxidative 
reaction with the appropriate chromogen. Alcohol oxidase-peroxidase (AOP) 

method and corresponding assay kit "Alcotest" was developed in the Institute of 

Cell Biology, Academy of Sciences of Ukraine (Gonchar et al., 2001; Gonchar 

& Sybirny, 1991). Its modification in the form of Multiple Addition Test (MAT) 

was used for the quantitative determination of ethanol in wines, soft drinks and 

juices. Analysis of ethanol by three different methods: gas-liquid 
chromatography, method with alcohol dehydrogenase (kit produced by "Sigma-

Aldrich") and with alcohol oxidase ("Alcotest") showed a high correlation of all 
three methods (R> 0.98) (Kamińska-Kiszka et al., 2011). Analysis of the 

alcohol content in the tested samples by gas chromatography (GC) showed minor 

differences in ethanol concentration as compared with the results obtained by 
enzymatic method (Table 1). To improve the assay sensitivity in analysis of 

juices and soft drinks, 5-fold increased enzyme concentration in the reaction 

mixture was used. 
 

 

Table 1 Ethanol content in selected fruit wines, determined by the use of different analytical methods (Kamińska-Kiszka et al., 2011). 

Wine 

 

                 Method 

Ethanol content [%] Difference between methods 

AOP Routine 

Method 

Multiple 
Addition 

Test 

(MAT) 

Gas 

Chromatography 
(GC) 

AOP-GC 

routine 
MAT-GC 

Peach Wine „Canelli” 9.80+0.50 8.63+0.43 9.02+0.11 +0.72 -0.39 

Wild strawberry 
wine „Special” 9.22+0.46 9.94+0.53 8.2+0.11 +0.70 +1.42 

 

MAT-variant of the assay allowed detecting trace amounts of alcohol, which is 

not possible using standard technique. Besides, this variant is five-fold more 
sensitive (Table 2). 

 

 

Table 2 Ethanol content (in %) in juices and non-alcoholic beverages, determined by AOP routine method using 5-fold higher concentration 
of the enzymes (Kamińska-Kiszka et al., 2011). 

 Juices and non-alcoholic  beverages 

Strawberry 

drink „Cappy” 

Apple juice 

„Fortuna 

Raspberry 

passion „Karmi” 

Non-alcoholic 

beer „TESCO” 

AOP routine method 0.035+0.003 0.024+0.002 0.009+0.001 0.005+0.0005 

AOP with the use of 

5-fold higher enzyme 
concentration [%] 

 

0.068+0.004 

 

0.043+0.003 

 

0.022+0.002 

 

0.049+0.003 

 

 

The obtained results demonstrate the possibility of using the AOP method for 
ethanol assay in alcoholic beverages and soft drinks, juices and wines.  

AOX can be also used to determine methanol. AOX-catalyzed oxidation of 

methanol by atmospheric oxygen forms formaldehyde and hydrogen peroxide. In 
the next peroxidative reaction, hydrogen peroxide oxidizes a chromogen to a 

colored product, the amount of which can be determined photometrically. Such 
colored products can be produced during peroxidative oxidation of 2,2'-azinobis 

(3-ethylobenzotriazoline-6-sulfonic acid) (ABTS) (Verduyn et al., 1984), or a 

mixture of phenol with 4-aminoantipyrine (Alcool PAP Unitaire, 1992).  
Modification of AOP-method for determining an ethanol and methanol using 

3,3',5,5' - tetramethylbenzidine (TMB) was developed. This chromogen, in 

contrast to the others, is non-toxic and non-carcinogenic (Holland et al., 1974).  
An enzymatic method for formaldehyde assay based on formaldehyde 

dehydrogenase was developed and used for testing real samples (Demkiv et al., 

2007).  
Fish products are an important source of food protein. The fish species Gadidae 

is only the second (after Clupeidae) in the size of industrial catch, but is much 

preferred as a food product, whereas Clupeidae is more frequently used in 
agriculture and industry. The tissues of the Gadidae fish under inappropriate 

storage, that is, at non-deep freezing conditions (t >–30 °C), accumulate highly 

toxic concentrations of FA due to endogenous metabolic reactions, involving 
namely the natural osmoprotectant trimethylamine-N-oxide, which acts as 

antifreeze (Reihbein, 1995). Generated FA can cause spoilage of fish, and even 

make it dangerous for human health if consumed. Fish belonging to the Gadidae 
family has the highest FA (from 6.4 ± 1.2 mg kg−1 to 293 ± 26 mg kg−1), 

exceeding in four cases (among 14) the allowable value of 60 mg kg−1, accepted 

by the Italian Ministry of Health (Bianchi et al., 2007). 
There are described two enzymatic methods for assay of formaldehyde in fish 

food products using AOX and FdDH isolated from the methylotrophic yeast H. 

polymorpha. AOX-based method exploits an ability of the enzyme to oxidize a 
hydrated form of formaldehyde to formic acid and hydrogen peroxide, monitored 

in peroxidase-catalyzed colorimetric reaction. In FdDH-based method, a 

monitored coloured formazane is formed from nitrotetrazolium salt during 

reduction by NADH, produced in formaldehyde-dependent reaction. The both 

methods demonstrated that some fish products (hake and cod) contain 

formaldehyde in high levels (up to 100 mg kg-1 per wet weight) (Sibirny et al., 

2011). 
Table 3 shows FA content, as measured by different methods. To compare the 

validity of both enzymatic methods and to evaluate possible interference by the 
chemical background of the tested samples on analytical results, FA content was 

analyzed in fish protein-free extracts using a routine method (with an external 

calibration) as well as a multiple standard addition test (MSAT). Simultaneously, 
FA content was also analyzed by two chemical methods, using chromotropic acid 

and MBTH (3-methyl-2-benzothiazolinone hydrazone). As shown in Tab. 3, 

there is a good correlation between all analytical data obtained in the MSAT-
variant of analysis, which was not the case for the results obtained by the routine 

variant of analysis with external calibration. This may be due to the interference 

of some components which are co-extracted by TCA (trichloroacetic acid) from 
the fish tissue. This suggestion is clearly supported by the data obtained by the 

FdDH-based method (Fig. 1). 
 

Table 3 Results of FA assay (in mg FA per kg of wet weight of muscle tissue) in 

protein-free extract of the fish hake, using three independent approaches: FdDH-
method, MВТH and chromotropic acid (Sibirny et al., 2011). 

Method 
Multiple standard addition 

test 
Routine test 

FdDH-based, M±m 101.8±3.2 (p<0.05)* 64.38.6 

AOX-based, M±m 95.3±3.7 (p>0.05)** 98.03.5 

MВТH, M±m 104.3±5.6 (p>0.05)** 106.47.9 

Chromotropic acid, M±m 100.5±1.2 (p>0.05)** 102.87.3 
   *Difference between routine test and MSAT is statistically significant;  

**Difference between routine test and MSAT is statistically insignificant. 

 

 
Figure 1 Multiple standard addition test for FA assay in hake, using the FdDH-

based method. Curve 1 corresponds to the calibration experiment performed for 
aqueous solutions of FA (external traditional calibration), and curves 2 and 3 
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correspond to the multiple standard addition test (FA was added at different 
concentrations to the diluted real sample). Some statistical data are presented on 

the graphs: parameters of linear regression (coefficients of the equation Y 

=A+BX, where Y - optical density, X - FA concentration (mM), A – optical 
density for the sample without addition of exogenous FA, and B - slope value); R 

– linear regression coefficient (Sibirny et al., 2011). 

 
A flow injection analysis (FIA) system for determination of formaldehyde in 

frozen fish products was described (Bechmann, 1996). The system provides a 

rapid and selective determination of formaldehyde in aqueous fish extracts by the 
combination of a deproteinization procedure and a stopped-flow enzymatic 

approach in a FL4 system. The FL4 system is furnished with a gel-filtration 
chromatography column for on-line removal of the proteins from the extract 

before the enzymatic analysis is performed. Compared with the standard methods 

for determination of formaldehyde in fish products, the present method is much 
faster and less affected by interferences. The limit of formaldehyde detection by 

the proposed method is 2.5 mg L-1. The sampling frequency is about 10 

determinations per hour.  
Combination of alcohol oxidase (AOX=MOX) and basic fuchsine was confirmed 

effectively in determining methanol content in model and real systems. The 

optimal reaction conditions for 20 ppm formaldehyde were determined: 0.1% 
basic fuchsine; 35 oC; 2 hours; 0.25 N HCl; detection at 560 nm, while those for 

MOX: 0.8 unit per 1 mL; 25 oC; 30 min. Gas chromatography (GC) confirmed 

the validity of the developed method with an accuracy of >95%. Presence of food 
additives such as sulfite (100 ppm) interfered greatly (−92%) with the 

quantification of methanol, while fruit juice components, galacturonic acid, 

pectin, glucose, did not apparently interfere the quantification results of 
methanol. Ethanol (>100 ppm) revealed a competitive inhibition with methanol 

on MOX. In real samples, fresh fruit juices such as Sunkist, water melon, carrot, 

carambola, melon, tomato, and papaya were detected to contain 8; 31; 36; 17; 8; 
42, and 38 ppm methanol, respectively, with an accuracy of 93–97%, as 

compared to that determined by a GC, suggesting the feasibility of MOX–basic 

fuchsine method developed for juice industry (Wu et al., 2007). 
 

Biosensor methods 

 

The degree of selectivity or specificity of the biosensor is determined by the type 

of the biocomponent. Biological recognizers are divided into 3 groups: 

biocatalytic, bioaffinity and hybrid receptors (Mello & Kubota, 2002). The 
selection of an appropriate immobilization method depends on the nature of the 

biological element, type of the transducer used, physicochemical properties of the 

analyte and operating conditions for the biosensor system (Luong et al., 1988). 
Biosensor can be categorized in several types according to the transducer: 

potentiometric (Ion-Selective Electrodes (ISEs), Ion-Sensitive Field Effect 

Transistors (ISFETs), amperometric, impedimetry, calorimetric, optical and 
piezoelectric transducers. (Turner et al., 1987; Turner, 2013). Among catalytic 

bioelements of biosensors, the most used are enzymes and microbial cells (Zhao 

& Jiang, 2010; Lei et al., 2006; Adeniran et al., 2014). 
For determination of formaldehyde, different biosensors have been developed, 

based on microbial cells (Korpan et al., 2000) or enzymes, either AOX 

(Dzyadevych et al., 2001) or FDH (Herschkovitz et al., 2000; Kataky et al., 

2002). The measurement of formaldehyde is based on enzymatic oxidation of 

formaldehyde by formaldehyde dehydrogenase to formic acid with simultaneous 

reduction of NAD+ to NADH. A number of sensor approaches for the detection 
of formaldehyde have been published, including systems operating in gas and 

organic phases (Dennison et al., 1996; Hämmerle et al., 1996; Vianello et al., 

1996). For formaldehyde detection with potentiometric biosensors, there were 
used pH sensitive field effect transistor (as a transducer) and either the enzyme 

AOX, or permeabilized yeast cells (containing AOX), as a biorecognition 

element (Korpan et al., 2000). This biosensor has demonstrated a high 
selectivity to formaldehyde with no interference response to methanol, ethanol, 

glucose and glycerol.  

The amperometric biosensors (Winter & Cammann, 1989; Hall et al., 1997) 
have been suggested for the determination of formaldehyde level. Intact and 

permeabilized yeast cells were tested as the biorecognition elements for 
amperometric assay. The mutant C-105 (gcr1 catX) of the H. polymorpha with a 

high activity of AOX was chosen as the biorecognition element (Gonchar et al., 

2006). Different approaches were used for monitoring FA-dependent cell 
response including analysis of their oxygen consumption rate by using a Clark 

electrode and assay of oxidation of redox mediator at a screen-printed platinum 

electrode covered by cells entrapped in Ca-alginate gel (Khlupova et al., 2007). 
Bi-enzyme biosensor, using diaphorase from Bacillus stearothermophilus and 

NAD+- and glutathione (GSH)-dependent FDH from the genetically-engineered 

yeast H. polymorpha as bio-recognition elements, has been developed for 
determination of formaldehyde. NAD(P)-dependent dehydrogenase-based 

biosensors have possess several advantages, which make them an obvious 

candidate for formaldehyde monitoring. Therefore, in order to improve 
NAD(P)H-electrooxidation, 2 types of osmium redox polymers were tested. 

Both, poly(vinylpyridine)-[osmium-(N,N’-methylated-2,2’-bimidalzole)3]
3+/2+ 

complex (PVI-Os) and poly(1-vinylimidazole), complexed with [Os(4,4’-

dimethylbipyridine)2Cl]3+/2+ (PVP-Os), have been successfully used to wire a 
series of different redox enzymes and were applied for the construction of many 

biosensors (Nikitina et al., 2007). However, such approach has some 

disadvantages, because of tedious and time-consuming procedure of biolayer 
preparation, especially during enzyme immobilization. A new formaldehyde-

selective biosensor by capacitance versus voltage and impedance measurements 

using bi-layer bio-recognition membrane has also been developed. As 
transducers, gold electrodes SiO2/Si/SiO2/Ti/Au and Electrolyte-Insulator-

Semiconductor Si/SiO2 (EIS) structures have been used (Ben Ali et al., 2006). As 

a bio-selective element, recombinant FDH isolated from the gene-engineered 
strain of the thermotolerant methylotrophic yeast H. polymorpha Tf 11-6 was 

used as biorecognition element (Sibirny et al., 2011). On the contrary to bacterial 
FDH, produced from Pseudomonas putida (Tanaka et al., 2003; Fujii et al., 

2004), yeast FDH is dependent on 2 low molecular negatively charged 

compounds - NAD and glutathione (Schütte et al., 1976). Therefore, to solve the 
cofactors problem, NAD+ and reduced glutathione (GSH) were non-covalently 

incorporated into a bio-selective sensor membrane in high concentrations (Ben 

Ali et al., 2006), and an additional negatively charged Nafion membrane, 
covering the enzyme- and cofactors-containing layer, was used. Such architecture 

supports the high levels of the cofactors in biomembrane and creates a diffusion 

barrier, preventing a leakage of the cofactors from the bioactive zone of 
biosensors. Formaldehyde can be detected within a concentration range from 1 

μM to 20 mM (bacteria) and 10 μM to 20 mM (yeast). Besides that, the key 

problems which seriously hamper successful commercialization and a wide usage 
of the NAD+-based biosensors, developed earlier, are necessity to add exogenous 

cofactor (NAD+) into the samples to be analyzed, or to incorporate it covalently 

into biologically active membrane with supplying the analytical system by 
NAD+-regeneration system (Ben Ali et al., 2007). 

Conductometric enzyme biosensor for determination of formaldehyde in aqueous 

solutions using interdigitated thin-film planar electrodes and immobilized AOX 
from H. polymorpha has been developed. The operational stability was less than 

20 h (Dzyadevych et al., 2001). Biosensor, based on immobilized formaldehyde 

dehydrogenase (FDH), and exploited at continuous flow conditions, has a better 
stability (at least 3 months) (Vianello et al., 2007).  

The newly developed formaldehyde biosensor, based on FDH and NAD+, was 

used for the detection of formaldehyde in fish samples. To maximize the reaction 

rate, the enzyme acts as biorecognition immobilized with Nafion membrane 

which is chemically modified on gold electrode (Marzuki et al., 2012). In the 

system, 0.1 M potassium phosphate was used as the supporting electrolyte and 
0.5 mM NAD+ was added as the coenzyme. The optimum scan rate was found at 

0.1 V/s while the optimum pH was at 8 via cyclic voltammetry. A linear response 

was ranged from 1 to 10 ppm of formaldehyde, with correlation coefficient (R2) 
equals to 0.9865 (RSD < 3.05%). The response time was found less than 1 min. 

Formaldehyde biosensor showed reproducibility with no significant different (p > 

0.05) at 1, 5 and 10 ppm of formaldehyde (n = 10). For interferences study, it was 
showed that the biosensor response retained its specificity for formaldehyde and 

did not respond to equivalent additions of methanol and also ethanol and gave the 

percentage of formaldehyde recovered ranging from 99.0% to 99.8%.  
A portable bienzymatic analytical system was developed for the 

chronoamperometric analysis of methanol–ethanol mixtures. The system consists 

of two biosensors, one based on alcohol dehydrogenase (ADH) that responds 
only to the ethanol and the second one based on AOX that responds to both 

methanol and ethanol. The transducers were screen-printed electrodes (SPEs) 

modified with mediators: Meldola blue for ADH and Co-phthalocyanine for 
AOX (Bucur et al., 2008). The use of nanomaterials in biosensors has allowed 

the introduction of many new signal transduction technologies into biosensorics 

and the improvement of bioanalytical parameters of the nanosensors: selectivity, 
response time, miniaturization of the biorecognition unit (Murphy, 2006).  

A simple visual ethanol biosensor based on AOX immobilized onto polyaniline 

(PANI) film for halal verification of fermented beverage samples is described. 
This biosensor responds to ethanol via a colour change from green to blue, due to 

the enzymatic reaction of ethanol that produces acetaldehyde and hydrogen 

peroxide, when the latter oxidizes the PANI film. The procedure to obtain this 
biosensor consists of the immobilization of AOX onto PANI film by adsorption. 

For this, an AOX solution is deposited on the PANI film and left at room 
temperature until dried (30 min). The biosensor was constructed as a dip stick for 

visual and simple use. The colour changes of the films have been scanned and 

analyzed using image analysis software (i.e., ImageJ) to study the characteristics 
of the biosensor's response toward ethanol. The biosensor has a linear response in 

an ethanol concentration range of 0.01%–0.8%, with a correlation coefficient (R) 

of 0.996. The limit detection of the biosensor was 0.001%, with reproducibility 
(RSD) of 1.6% and a life time up to seven weeks when stored at 4 °C. The 

biosensor provides accurate results for ethanol determination in fermented drinks 

and was in good agreement with the standard method (gas chromatography) 
results. Thus, the biosensor could be used as a simple visual method for ethanol 

determination in fermented beverage samples that can be useful for Muslim 

community for halal verification (Kuswandi et al., 2014). 
Thus, biosensors are promising tools and have a potential application for the 

determination of formaldehyde, methanol and ethanol in different food products, 

http://www.sciencedirect.com/science/article/pii/S0308814605007909
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because they are simple, fast, reusable, reproducible, sensitive, valid, have good 
storage stability, and are not sensitive to many interferences.   

 

CONCLUSION  

 

Summarizing, we can conclude on the effectiveness of enzymatic and biosensor 

approaches for ethanol, methanol and formaldehyde assay in food products. 
Especially promising are the biosensor approaches, using AOX and FDH of the 

methylotrophic yeasts. 
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