
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 17 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Critical Reviews in Analytical Chemistry
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713400837

Current Trends in Enzymatic Determination of Glycerol
I. Lapenaitea; A. Ramanavicieneab; A. Ramanaviciusac

a Laboratory of Immunoanalysis and Nanotechnology, Institute of Immunology of Vilnius University,
Vilnius 21, Lithuania b Laboratory of Ecological Immunology, Institute of Immunology of Vilnius
University, Vilnius 21, Lithuania c Department of Analytical and Environmental Chemistry, Vilnius
University, Vilnius 6, Lithuania

To cite this Article Lapenaite, I. , Ramanaviciene, A. and Ramanavicius, A.(2006) 'Current Trends in Enzymatic
Determination of Glycerol', Critical Reviews in Analytical Chemistry, 36: 1, 13 — 25
To link to this Article: DOI: 10.1080/10408340500451973
URL: http://dx.doi.org/10.1080/10408340500451973

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713400837
http://dx.doi.org/10.1080/10408340500451973
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Critical Reviews in Analytical Chemistry, 36:13–25, 2006
Copyright c© Taylor and Francis Group, LLC
ISSN: 1040-8347 print / 1547-6510 online
DOI: 10.1080/10408340500451973

Current Trends in Enzymatic Determination of Glycerol

I. Lapenaite
Laboratory of Immunoanalysis and Nanotechnology, Institute of Immunology of Vilnius University,
Vilnius 21, Lithuania

A. Ramanaviciene
Laboratory of Immunoanalysis and Nanotechnology, Institute of Immunology of Vilnius University,
Vilnius 21, Lithuania; and Laboratory of Ecological Immunology, Institute of Immunology of Vilnius
University, Vilnius 21, Lithuania

A. Ramanavicius
Laboratory of Immunoanalysis and Nanotechnology, Institute of Immunology of Vilnius University,
Vilnius 21, Lithuania; and Department of Analytical and Environmental Chemistry, Vilnius University,
Vilnius 6, Lithuania

This review focuses on the enzymatic glycerol detection methods. Importance of glycerol as
biologically active compound, chemical glycerol determination methods, and current trends in
enzymatic glycerol determination are reviewed. Application of FAD-dependent glycerol oxi-
dases, NAD-dependent dehydrogenases, lipases and multi-enzymatic systems for glycerol and
polyglyceride detection by optical and electrochemical methods are analyzed in detail. The ap-
plication of PQQ-dependent enzymes is predicted as one of alternative and promising ways
for detection of glycerol in complex biological samples. Future trends in application of PQQ-
dependent glycerol dehydrogenases are predicted.

Keywords biosensor, PQQ, glycerol dehydrogenase, polypyrrole, electrochemical detection, food,
beverage, wine

INTRODUCTION
Recently food and beverage analysis is becoming

highly important in analytical chemistry, because the pres-
ence/concentrations of metal ions (1) and some organics (2, 3)
is playing a role on various biological functions of living or-
ganisms (4). Detection of trace metals in wine (1), pesticides
and polychlorinated biphenyls in biological samples and foods
(2), pesticide residues in juice and beverages (3) were critically
reviewed in this journal. According to our opinion presented in
this article glycerol possesses physiological activity and its de-
termination in food and beverages is important task of analytical
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chemistry. However, the detection of this analyte in complex bi-
ological samples is still complicated and needs to be improved.
To solve this problem alternative ways based on application of
biosensors might be applied.

Importance of Glycerol Determination. Glycerol is the
backbone of triglycerides, the most important storage form of
animal and vegetal fats and oils. It is an important metabolite
in energy metabolism, involved in oxidation and synthetic pro-
cesses. The two sources of triglycerides in serum are dietary
intake and synthesis in fatty acids containing tissues (5). Under
various physiological or pathological conditions both sources
are metabolized by a variety of lipases to form free fatty acids
(i.e., non-esterified) and glycerol. The plasma concentration of
glycerol, the backbone of triglycerides and the end product of
triacylglycerol breakdown, is considered to reflect lipolysis in
adipose tissue. Glycerol released into the systemic circulation
is utilized mainly by liver also kidney and muscle (6). That’s
why glycerol measurement is useful in clinical studies to eval-
uate lipolysis under various conditions. Glycerol concentration
is different for the white and black population, for different age
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14 I. LAPENAITE ET AL.

TABLE 1
Glycerol occurrence

Glycerol Reference

Table wines
White 56–63◦ mM 10
Red 67–76◦ mM 10

Port wine 51–66◦ mM 10
Desert wine 30–166◦ mM 11
Grape juice

White 6.66◦ mM 12
Red 9.85◦ mM 12

Honey
Blossom honey Up to 300◦ mg/kg 9

Pastilles 1.482◦ g/100◦ g 12
Biomedicine Triglyceride Reference
Clinical measurements in general 0.3–2.25◦ mM 7
Blood

Newborns 0.3–0.4◦ mM 13
Children 0.8–1◦ mM 13
Adults (50–60 years old)

Men 3◦ mM 13
Women 2.3–2.4◦ mM 13

and sex individuals (Table 1). An increased level of triglycerides
is an indirect coronary disease risk factor (7). The high serum
triglycerides are an independent risk factor for atherosclerosis
and various forms of hyperlipoproteinaemia (5). Why, the areas
where, it is important to estimate the amount of glycerol are
related to its relevance in clinical chemistry, medicine, pharma-
ceutics and production of food and beverages. In biomedicine,
measurements of glycerol are useful for the correction of glyc-
erol interference in the measurement of triglycerides in refer-
ence materials and in serum from patients with elevated glyc-
erol concentrations. It has diagnostic value in the identification
of patients with a deficiency of glycerol kinase (EC 2.7.1.30),
an X-linked inborn error of metabolism characterized by hyper-
glycerolemia and glyceroluria (8).

The second major area where glycerol concentrations play a
very important role is determination of quality and authenticity
of food and alcoholic beverages. For example, honey spoilage
can be estimated by measuring glycerol content. Harvesting
honey with a too high water content leads to spoilage by fer-
mentation, resulting in a product with an off-taste, high levels of
yeast, glycerol, butanediol and ethanol (9). A limit of 300 mg/kg
glycerol has been proposed for blossom honey (Table 1). Hon-
eydew honeys have higher glycerol content and a limit for these
honeys has not yet been proposed.

Glycerol is a secondary product in wine fermentation, con-
tributing to the sensory properties (Table 1). Glycerol is a com-
ponent of high quality wines. The sweet taste of glycerol gives
the wine “body.” Adulteration by addition of industrial-grade
glycerol to the wine is common case, it can be detected by de-

termining typical substances formed during the production pro-
cess. If the concentration of glycerol is higher e.g., than 6 to
10% of the ethanol concentration, the wine may be adulterated
(“improved”) by the addition of glycerol. In other alcoholic bev-
erages, such as beer and distilled spirits, glycerol is also added to
improve taste. The genuine Scotch whiskeys are differentiated
from lower grade material produced by different manufacturing
methods, and sold as Whisky by measuring glycerol content.
Adulterated whisky samples are prepared by addition of com-
mercial glycerol to a distilled cane spirit since genuine samples
do not posses glycerol. The quality of alcoholic beverages pro-
duced from sugarcanes or grapes is then related to the glycerol
content. Glycerol is not (or only in traces or small amounts)
contained in grape juice from healthy grapes (Table 1). A higher
content of glycerol in grape juice may indicate the use of spoiled
material in production. So glycerol is subjected to strict supervi-
sion prescribed by law, the determination of glycerol should be
routinely performed in a wide variety of beverage matrices (14).
Moreover, glycerol is one of the most important compounds to
be monitored in a sugar-fermentation plant in order to improve
the quality control of the process (15).

The third area appendant to industrial glycerol uses e.g.,
humectant, solvent, plasticizer, soap industry, monitoring of the
glycerol concentration in lixivia and as a derivative employed in
plastics, coatings, explosives (15). Glycerol is used as a mois-
turizer in the production e.g., of marzipan, paper, tobacco and
cosmetics.

Glycerol concentration in different samples can be assayed
using various chemical and enzymatic methods.

The aim of the review is to overlook various glycerol detec-
tion methods and to discuss current trends in enzymatic detection
of this compound.

DISCUSSION

Chemical Determination of Glycerol
One of the simplest chemical methods involve glyc-

erol oxidation to formaldehyde with periodate and then the
formaldehyde formed can be quantitatively measured by vari-
ous formaldehyde detection methods based on specific reactions
with: (i) mixture of chromotropic acid and sulfuric acid
spectrophotometrically determined at 570 nm (16); (ii) mixture
of phenylhydrazine, ferricyanide and hydrochloric acid spec-
trophotometrically determined at 540 nm (17); (iii) mixture of
3-methyl-2-benzothiazolinone and ferric chloride spectropho-
tometrically determined at 620 nm, with ferroin determined at
510 nm (17); (iv) ammonium acetate and acetylacetone col-
orometrically determined at 412 nm, fluorometrically by using
400 nm primary and 485 nm secondary filters (18). Glycerol
oxidation to formaldehyde with periodate might be monitored
potentiometrically with periodate ion selective electrode (19). A
single-line flow injection system including a tubular periodate-
selective electrode without inner reference solution is proposed
for glycerol determination in distilled spirit, based on oxidation
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ENZYMATIC GLYCEROL DETECTION METHODS 15

of this polyol by periodate. With potentiometric detection, prob-
lems associated with the transparency of the samples are not rele-
vant and measurements within a wide concentration range, typi-
cally within 4 orders of magnitude, can be performed. Therefore,
sample lots with high variability in analyte concentration can be
assayed without extensive dilutions. However, the determination
can be strongly affected by foreign chemical species usually
present in distilled spirits, such as oxidized compounds other
than glycerol, and by high ethanol content that may affect the
poly(vinyl chloride) membrane of the electrode (14). The official
standard methods for glycerol determination in wine are based
on spectrophotometric detection of the colored product formed
after the reaction of formaldehyde with phloroglucinol, the for-
mer being produced after glycerol oxidation by periodate (14).

The official standard methods for the determination of free
glycerol in soaps, detergents, cosmetics, etc. were based on its
oxidation by peroxidates. The formic acid produced by the oxi-
dation reaction could be titrated with standard sodium hydrox-
ide. I. L. Mattos et al. presented a flow-injection amperometric
method for glycerol determination in samples relevant to the in-
dustrial production of soaps, detergents and such samples where
the glycerol electrocatalytic oxidation in an alkaline medium
was exploited. A nickel-chromium alloy micro-cylindric elec-
trode was used as the electrochemical detector. The nickel alloys
retained the electrochemical characteristics of the base metal and
usually are cheaper than noble metals. Nickel electrodes exhibit
catalytic activity in the oxidation of a wide variety of organic
compounds in alkaline solutions (15). Glycerol is oxidized by
Ni(III), usually described as NiOOH, which is formed in the
range from 0.40 to 0.5 V vs. Ag/AgCl. Therefore glycerol can
be determinated by monitoring the Ni(II) and re-oxidizing this
species by applying a suitable potential (15).

The rate of appearance of glycerol in the systemic circulation
can be determined from the enrichment of arterial blood glycerol
when 2H-, 13C- or 14C-labelled glycerol is infused intravenously.
Lipolysis occurs primarily in adipose tissue, (although other tis-
sues contribute), notable muscle. Measurement is based on the
difference in the enrichment of glycerol entering and leaving the
tissue. Lipolysis is underestimated by the extent to which glyc-
erol released by lipolysis does not enter the systemic circulation,
as occurs when lipolysis takes place in the non-hepatic tissue of
the splanchnic bed. Glycerol presenting in systemic circulation
is mainly utilized in liver, although kidney and muscle are also
important users of glycerol. Measurement of glycerol utiliza-
tion is based on the amount of labeled glycerol utilized by the
tissues (6).

Gas chromatography (20, 21), gas chromatography-mass
spectrometry (22, 23) and high-performance liquid chromatog-
raphy (24–30) can also be used for glycerol determination. These
determination procedures are less suitable for glycerol analysis,
especially considering the complexity of the investigated matri-
ces (14).

All these above mentioned methodologies are usually expen-
sive and require a long time for sample and standard preparation.

Some of them have very specific and sometimes limited use and
are not suitable for routine analysis as well as process monitor-
ing. Alternatively to all above described methods enzyme based
catalytic assays or biosensors might be developed (31). Com-
pleted enzymatic systems eliminate the use of caustic reagents,
extraction solvents, high-temperature baths and adsorption
mixtures (32).

ENZYMATIC GLYCEROL DETERMINATION

Triglyceride Detection using Lipase
Recent triglyceride and glycerol determination are primarily

enzymatic. The first step of triglyceride analysis is hydrolysis
of triglycerides to glycerol and fatty acids with lipase (lipolysis)
(33–36). R, R′ and R′′ represent three different alkyl groups:

CH2OCOR CH2OH| |
CH2OCOR′ + 3H2O

Lipase−−−−→ CH2OH + R′COOH + R′′COOH| |
CH2OCOR′′ CH2OH

Triglyceride Glycerol Fatty acids

[1]

The production of fatty acids by means of lipolysis reaction
in the specific reaction conditions may result in pH changes due
to dissociation of fatty acids. The change in pH is proportional
to the concentration of triglyceride in solution. D. G. Pijanovska
et al. presented an indirect potentiometric method for determi-
nation of triglycerides based on the pH-determination. Here mi-
croreactor packed with lipase immobilized onto a glass beads
coated with keratin and nitrocellulose sheets, and the pH-sensor
of ISFET type was applied (7). The chemical bond of lipase
to the surface of glass beads coated with keratin and entrap-
ment within the alginate gel were found to be effective. The
systems consisting of microreactors packed with surface im-
mobilized lipase were adopted for three substrates: triacetin,
tributyrin and triolein. The highest sensitivity was obtained
for tributyrin, while the widest linear range was obtained for
triacetin (7). Enzymatic, porous silicon (PS) based potentio-
metric method for estimation of triglycerides was reported by
R. R. K. Reddy (37). Lipase was immobilized on thermally
oxidized p-type (100) crystalline silicon. The pH change was
detected by electrolyte-oxidized PS—crystalline silicon struc-
ture. The surface of SiO2 is hydrolyzed in contact with water
containing solution and silanol groups then are formed. These
groups might be positively charged, negatively charged, or ap-
pear at neutral state, dependent upon the pH of the solution.
Varying surface charge at the interface of SiO2 and the elec-
trolyte affects the flat-band voltage of the electrolyte-oxide-
semiconductor system thereby shifting the capacitance-voltage
curves (37).

Other triglyceride detection methods involve successive en-
zymatic detection of glycerol produced by triglyceride hydrol-
ysis using one or more reactions and are overlooked below.
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16 I. LAPENAITE ET AL.

Glycerol Detection Based on Consecutive Action
of Several Enzymes

The group of the glycerol detection methods involves phos-
phorylation of glycerol with glycerol kinase (GlyK) in the pres-
ence of ATP to form glycerol-3-phosphate and ADP:

Glycerol + ATP
GlyK, Mg2+

−−−−−−→Gglycerol-3-phosphate + ADP

[2]

This reaction can be combined with several different subse-
quent reactions for glycerol-3-phosphate (Eq. (3)) or ADP de-
tection (Eq. (5–7)). All further overlooked enzymatic glycerol
determination methods are summarized in Table 2.

Glycerol-3-phosphate can be oxidized by oxygen (Eq. (3)),
producing dihydroxyacetone phosphate and hydrogen peroxide,
in the presence of glycerol phosphate oxidase GlyPO (5, 38, 39)
or by glycerol-3-phosphate dehydrogenase (GlyPDH) to pro-
duce NADH (Eq. (4)):

Glycerol-3-phosphate + O2 + H2O
GlyPO−−−→

Dihydroxyacetone-3-phosphate + H2O2 [3]

Subsequently, the concentration of H2O2 can be determined
optically, using commercially available kits, or electrochemi-
cally. The oxygen consumption can be assayed also. Ferrician-
ide was also used for the electrochemical determination of H2O2

produced in the enzymatic oxidation of glycerol (36). How-
ever, the ferri/ferrocenium redox couple is unstable and fer-
rocenium is easily re-oxidized by oxygen. In addition, these
compounds can be easily diffused away from the electrode
surface.

Glycerol-3-phosphate + NAD+ GlyPDH−−−−−→
Dihydroxyacetone-3-phosphate + NADH [4]

The conversion of NAD+ to NADH can be detected spec-
trophotometrically at 340 nm or fluorometrically at 450 nm or
amperometrically. The amount of NADH oxidized is stoichio-
metric to the amount of glycerol converted by glycerol kinase.

The method using a modified reagent kit for spectrophotomet-
ric hydrogen peroxide detection that contained higher amounts
of enzymes GlyK, GlyPO and lipoprotein lipase for quantitative
detection of triglycerides (TG) in serum lipoproteins and serum-
free glycerol (FG) by high-performance liquid chromatography
(HPLC) was reported (5). After separation of serum constituents
using a new gel-permeation column, which eliminated non-
specific adsorption of lipoproteins to TSK-gel materials, and
a new eluent, TG and FG were spectrophotometrically detected
at 550 nm by on-line reaction. HPLC patterns showed five peaks
corresponding to chylomicrons, very-low-density (VLDL),
low-density (LDL), high-density (HDL) lipoproteins and
FG (5).

A flow injection chemiluminescent method for the determina-
tion of glycerol using a co-immobilized enzyme reactor contain-

ing glycerokinase and glycerol-3-phosphate oxidase is described
(39). The hydrogen peroxide produced is monitored by using a
luminol chemiluminescence reaction in the presence of catalyst
such as Co(II). The method is applied for the determination of
glycerol in blood serum produced off-line from triglycerides
using lipase isolated from bovine pancreas (39).

A tri-enzyme system for glycerol determination can be
prepared by using GlyK, pyruvate kinase (PK), and pyru-
vate oxidase (PO) (40) or lactate dehydrogenase (LDH) (8).
Formed in PK catalyzed phospho-transfer reaction (Eq. (5))
pyruvate is oxidized with oxygen (Eq. (6)) by PO or by LDH
(Eq. (7)):

Phosphoenolpyruvate + ADP
PK, Mg2+

−−−−→Pyruvate + ATP [5]

Pyruvate + Phosphate + H2O + O2
PO−→ Acetyl phosphate

+ HCO−
3 + H2O2 [6]

The consumption of oxygen through the PO catalyzed reac-
tion can be monitored amperometrically.

Pyruvate + NADH + H+ LDH−−−−−−→Lactate + NAD+ [7]

Evaluation of glycerol amount is based on the detection of
NADH consumed from the decrease in absorbance at 340 nm.

An automated polyenzymatic procedure using enzymatic set
of soluble GK, PK and LDH was evaluated for the measurement
of micromolar levels of glycerol in human plasma (8). It was
determined that high concentrations of bilirubin (>85 µM) may
interfere glycerol detection.

Nowadays, environment-friendly analytical procedures are
very much appreciated, and a significant contribution to this
aim is the generation of less environmentally unfriendly wastes.
This requirement could be achieved by using immobilized en-
zymes. Compagnone et al. constructed biosensor for the mea-
surement of glycerol in FIA using covalently immobilized GlyK
and GlyPO enzymes (Eqs. (2–3)) in conjugation with a hydro-
gen peroxide sensitive electrode (38). Different immobilization
strategies of the enzymes have been studied including random
and asymmetric immobilization onto a polymeric support (ny-
lon net, BSA-glutaraldehyde, cellulose acetate, polycarbonate
membranes) and immobilization onto two different commer-
cialized membranes (Immobilon and Biodyne). The most ef-
fective configuration was the GlyK immobilization on glass
beds and packed to form a reactor while GlyPO was kept at
the electrode surface immobilized onto preactivated Immobilon
AV membrane. The working electrode of this analytical sys-
tem was covered by enzyme enclosed within cellulose acetate
and polycarbonate membranes and was allocated in a Universal
Sensors flow-through electrochemical cell (38).

An amperometric tri-enzyme sensor for glycerol determina-
tion in wine was prepared by immobilizing GK, PK, and pyru-
vat oxidase (PO) on a polydimethylsiloxane coated Pt electrode
(40). Tri-enzyme membrane was prepared from the mixture of
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the photo-crosslinkable poly(vinyl alcohol) and enzyme solu-
tions. The consumption of oxygen through the PO catalyzed re-
action was monitored amperometrically at −0.4 V vs. Ag/AgCl.
The permselectivity of the PDMS membrane made it possible
to monitor the enzymatic oxygen consumption without inter-
ference by reducible species such as hydrogen peroxide, which
is often used as a sterilizer of containers (bottles etc.) or pro-
duced during the oxidase-catalyzed reaction, and often persist
in conserved food.

Glycerol detection can be also achieved by single enzyme
catalyzed reaction.

Glycerol Detection Using Single Enzyme-Based
Analytical Systems

Such detection principle of glycerol involves direct oxida-
tion using glucose oxidase (GlyO), galactose dehydrogenase
(GalO) NAD-dependent or PQQ-dependent glycerol dehydro-
genases (GlyDH-NAD, GlyDH-PQQ) resulting in the produc-
tion of dihydroxyacetone and H2O2 or reduced cofactors (NADH
or PQQH2).

Oxidases. Oxygen is a natural electron acceptor of oxi-
dases, therefore glycerol oxidation using oxidases are dependent
on oxygen concentration in analytical systems.

Glycerol + O2

GlyO−−−→Dihydroxyacetone + H2O2 [8]

As glycerol oxidase is not commercially available these meth-
ods are not widely used.

Vega et al. developed a biosensor combined with flow in-
jection system for determination of galactoside conjugates and
glycerol (41). The biosensor was based on the enzymatic re-
action of galactose oxidase (GalO) using galactose, raffinose,
lactose and glycerol as substrates. Galactose oxidase was ad-
sorbed onto polymer matrix of epoxy-vinyl alcohol and disposed
into Mobicol cartridge. GalO converts galactoside conjugates
to galactohexodialdose conjugates and glycerol to glyceralde-
hyde with formation of hydrogen peroxide and consumption of
oxygen:

Glycerol + O2
GalO−−−−−−→Glyceraldehyde + H2O2 [9]

Sensitivity of the biosensor was higher for galactose followed
by raffinose, lactose, and glycerol. The system needs to be regen-
erated with cupric ions to avoid enzyme inactivation due to loss
of copper from the active site (41). Unfortunately, the potential
of electrochemical oxidation of H2O2 is high, and many elec-
troactive compounds can interfere with the amperometric de-
termination of glycerol, so variation of dissolved oxygen in the
carrier was estimated utilizing an amperometric oxygen probe.
Additional disadvantage of oxidase based analytical systems is
that oxygen usually competes with the artificial acceptor for
binding sites of the enzyme and fluctuations of oxygen concen-

tration often observed in biological liquids can distort results of
analysis.

NAD-Dependent Dehydrogenases. Dehydrogenases are
not sensitive to oxygen. NAD-dependent dehydrogenase based
analytical systems are often used for analysis of glycerol (10, 34–
36, 42–48). Although NAD-dependent dehydrogenase sensors
are not dependent on oxygen the addition of the free-diffusing
coenzyme NAD+ is necessary.

Glycerol concentration in NAD-dependent glycerol dehydro-
genase (Gly/NAD) catalyzed reaction is quantitatively related to
NAD (NADH):

Glycerol + NAD+ GlyDH/NAD−−−−−−→Dihydroxyacetone

+ NADH + H+ [10]

Rate of conversion of NAD+ to NADH monitored spec-
trophotometrically at 340 nm (10, 34 42, 46) or amperomet-
rically (35, 36, 42, 47, 48).

Spectrophotometric NADH Detection. Masoom and Wors-
fold described automated flow injection manifold with stopped
flow and merging zones for determination of triglycerides and
glycerol (34). A single reagent cocktail is synchronously merged
with sample and the rate of formation of NADH monitored spec-
trophotometrically. Flow analysis process is presented as prof-
itable design allowing high data precision, high throughput and
robustness. Addition advantages have been gathered by coupling
a solid-phase reactor with immobilized enzyme (10, 42, 46). An
aminopropyl derivatized controlled pore glass was used for en-
zyme immobilization very often (10, 42, 46). The development
of automatic methods of analysis associated with enzyme im-
mobilization could make the enzymatic assays cost effective.
Flow injection analysis (FIA) method with parallel multi-site
spectrophotometric detection for the sequential enzymatic de-
termination of glycerol and ethanol in wines was reported (42).
A 50-fold dilution of the samples before introduction into the
system was necessary. Sequential injection analysis (SIA) is an
attractive alternative to flow injection analysis because of its sim-
plicity, flexibility and reduced reagent consumption. Despite of
that this method is criticized for its low sampling frequency.
Sequndo and Rangel presented the SIA system with increased
throughput rate for spectrophotometric determination of glyc-
erol and ethanol in wines (10). Since glycerol concentration in
wines is higher than the response range for majority enzyme
procedures based on spectrophotometric NADH detection, an
off-line diluting step is required, thus causing an increase in the
time consumed to carry out the analysis. An automatic flow pro-
cedure for spectrophotometric glycerol analysis in wine aimed
at on-line sample dilution and less waste generation under the
software control of the flow system network has been described
(46).

NADH oxidase might be applied for oxidation of NADH:

NADH + H+ + O2
NADH.oxidase−−−−−−→NAD+ + H2O2 [11]
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20 I. LAPENAITE ET AL.

The possibility to combine reactions presented in (Eqs. (10)
and (11)) was shown and hydrogen peroxide formed was de-
tected chemiluminometrically via a luminol-hexacyanoferrate
(III) reaction in combination with flow injection analysis
(42). Glycerol dehydrogenase and NADH oxidase were co-
immobilized on poly(vinyl alcohol) beads and incorporated in a
flow-injection system.

A simultaneous method for the determination of ethanol
and glycerol in wines based on the coupling of pervaporation-
chemical derivatisation-photometric detection for ethanol and
biochemical derivatisation-fluorimetric detection for glycerol
is proposed (43). The determination of glycerol is based on
its oxidation by oxidized NAD+ catalyzed by glycerol dehy-
drogenase immobilized on porous-glass, the reduced form of
the coenzyme (NADH) being spectrofluorimetrically monitored
(λex = 340 nm, λem = 460 nm) (43).

Amperometric NADH Detection. However the spectropho-
tometric detection is complicated if colored and non-transparent
samples are investigated. To solve such problems electrochem-
ical measurements might be applied. Moreover, it allows elim-
ination some difficulties encountered in photometric detection,
such as the overlap of absorbing species and turbidity.

The formal potential of the NAD/NADH couple is −540 mV
vs. SCE. Theoretically, NADH should be easily oxidized at po-
tentials near 0 V vs. SCE. Due to slow kinetics, however, di-
rect oxidation of NADH at the electrode surface does not take
place at significant rates below +400 mV. In addition, the direct
oxidation of NADH at a solid electrode surface is irreversible
and frequently results in electrode fouling. However, direct an-
odic oxidation of NADH has been reported. M. I. Promodis
et al. constructed a flow injection analysis system incorporating
amperometric detection and GlyDH/NAD reactor for estimat-
ing glycerol in alcoholic beverages such as wines, beers and
champagne (48). NADH, the product of the enzymatic reac-
tion, was detected with graphite working electrode at +0.5 V
vs. Ag/AgCl. No fouling effect at electrode surface was ob-
served. According to previous investigations the graphite elec-
trodes proved to be very efficient with respect to stability, repro-
ducibility and sensitivity for the determination of NADH (49).
GlyDH/NAD was immobilized through chemical modification
of several supporting materials such as aminopropyl and isoth-
iocyanate controlled pore glass, aminopolystyrene resin and m-
aminobenzyloxymethyl cellulose.

Due to high overpotential (0.4, 0.7 and 1V vs. SCE for car-
bon, Pt and Au electrodes, respectively) (47) and considerable
dimerization, NAD/NADH will not be detected properly by
direct electrochemical oxidation on a solid electrode surface.
In this way, significant efforts have been given in the last few
decades toward identification of materials, which can effectively
overcome the kinetic barriers necessary for the electrochemical
regeneration of NAD+. A way to decrease high overpotential
and minimize the side reactions is to use an appropriate catalyst
for NADH electrooxidation (for example, ferricianide) that can

improve electron-transfer kinetics:

NADH + Fe(CN)3−
6 −→ NAD+ + Fe(CN)4−

6 [12]

Fe(CN)3−
6

+e−(electrode)−−−−−−−−→Fe(CN)4−
6 [13]

Among the best-known structures, which can be active in the
electrocatalytic oxidation of NADH o-quinones, p-quinones,
and phenothiazine as well as phenoxazine derivatives are found.
Nevertheless, most of the mediators are strongly pH depen-
dent. The majority of commonly used mediators such as Mel-
dola Blue, Nile Blue, p-benzoquinone, ferrocenes and Methy-
lene Blue are inactive in alkaline media (>8). Ferricianide and
dichlorophenolindophenol tested at pH 9.0 showed good electro-
chemical behaviour, but their analytical performance was limited
in the absence of the enzyme diaphorase (48).

Another possibility to realize NADH amperometric detection
can be executed by coupling with a second enzyme that regen-
erates the reduced NAD+. Enzymatic regeneration of NAD+

has been described using different schemes such as diaphorase,
horseradish peroxidase (HRP), lipoamide dehydrogenase, or ty-
rosinase and salicylate hydroxylase. NADH indirectly moni-
tored amperometrically using a membrane oxygen electrode ac-
cording to the horseradish peroxidase (HRP) catalyzed reaction
(35):

NADH + H+ + 1

2
O2

HRP, Mn2+
−−−−−−→NAD+ + H2O [14]

It was observed that the GlyDH reaction proceeded much
more slowly than horseradish peroxidase 1, which adversely af-
fected the analysis time and the sensitivity. This problem was de-
termined by increasing the NAD concentration, maintaining the
reaction at 33◦C for 5 min. However, during incubation feedback
inhibition by both NADH (competitively) and dihydroxyacetone
(uncompetitively) took place, which resulted in a non-linear cal-
ibration graph (approximately a logarithmic response over wide
concentration ranges) and reduced sensitivity compared with
that of NADH-oxygen reaction (35).

Therefore, there is a great interest in the development of new
materials or new immobilization strategies for already known
electron-transfer mediators as shown by the number of publi-
cations on the subject. Thus, the most recent efforts to prepare
modified electrodes that show electrocatalytic activity toward
NADH oxidation have been focused on the use of electropoly-
merized films as new materials, either redox polymers (poly(o-
aminophenol), poly(o-phenylenediamine) (42), polydimethyl-
siloxane(40)) or conducting polymers such as poly(aniline) (47,
50, 51). Potassium ferrocyanide and polyaniline modified Al
electrode amperometric response to glycerol achieved at 0.4 V
vs. SCE (47). Electrochemical oxidation of NADH using carbon
electrodes modified with irreversibly adsorbed electron trans-
fer mediators Toluidine Blue O, Nile Blue and Meldola Blue
was realized at 0 V vs. saturated Ag/AgCl electrode (36, 52).
GlyDH/NAD was adsorbed on the electrode entrapped in gelatin,
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ENZYMATIC GLYCEROL DETECTION METHODS 21

immobilized in polylysine gel, or trapped in two types of organic
salts (36).

Alvarez-Gonzalez et al. detected that electrochemical oxi-
dation of the adenine moiety in NAD+ and other adenine nu-
cleotides on carbon paste electrodes after anodic polarization
at potentials above 1.2 V (vs. Ag/AgCl) in alkaline solutions
gives rise to redox-active products, which are strongly adsorbed
on the electrode surface. Carbon paste electrodes modified with
the oxidation products of NAD+show excellent electrocatalytic
activity toward NADH oxidation, reducing its overpotential by
about 400 mV (42). The catalytic oxidation current allows the
amperometric detection of NADH at an applied potential of +50
mV (vs. Ag/AgCl). In such amperometric glycerol sensor NAD+

acts not only as cofactor of the dehydrogenase enzyme but also
as precursor of the NADH electrocatalytic system. The enzyme
GlyDH and its cofactor NAD+ were co-immobilized in a car-
bon paste electrode using an electropolymerized layer of non-
conducting poly(o-phenylenediamine). Amperometric signals
useful for glycerol detection were obtained at applied potentials
as low as 0 V. Glycerol dehydrogenase suffers from the lack of
selectivity. Moreover, other species that could be present in the
sample may be oxidized at the working electrode potential. Cit-
ric, tartaric, and malic acids are generating amperometric signals
lower than 5% of the corresponding one recorded for glycerol
at the same concentration level. Significant interference was ob-
served for 1,2-ethanediol and 1,2-propanediol (the signal was
equal to the corresponding one registered for the same glycerol
concentration) and ascorbic acid (twice higher as the signal for
the same glycerol concentration) (42).

One important advantage of the enzymatic systems employ-
ing electrochemical detection schemes is that no interference
from absorbent species and turbidity is usually observed.

PQQ-Dependent Dehydrogenases. The most promising
tool for analysis is a relatively new class of enzymes pyrrolo-
quinoline quinone (PQQ) dependent dehydrogenases. The main
advantage of PQQ dependent enzymes as compared with pyri-
dine nucleotide and flavin dependent are insensitivity to oxygen
and redundant addition of the cofactor. Besides, some of them
exhibit direct electron transfer between the active site and suit-
able electrode (15, 44, 53–56).

Glycerol + M
GlyDH−PQQ−−−−−−−→Dihydroxyacetone + MH2 [15]

There are only few publications on the properties of PQQ-
dependent glycerol dehydrogenases. The first study on solubi-
lization, purification and properties of membrane-bound PQQ
dependent glycerol dehydrogenase from Gluconobacter indus-
trius has been published in 1985 (57). The PQQ-glycerol de-
hydrogenase (GlyDH-PQQ) was defined as an enzyme that
shows broad substrate specificity toward many kinds of polyhy-
droxyl alcohols including glycerol, D-mannitol, D-sorbotol, D-
arabitol, adonitol, propylene glycol and meso-erythriol, but not
ethanol, aliphatic aldehydes, D-glucose, D-fructose, D-gluconate
or 2-keto-D-gluconate (57). Recent experimental studies of K.

Matsushita and his group showed two different membrane-
bound quinoproteins D-arabitol (ArDH) and D-sorbitol (SlDH)
dehydrogenases purified from Gluconobacter suboxydans IFO
3257 and IFO 3255 respectively to be identical (58) and respon-
sible for almost all sugar/alcohol oxidation in Gluconobacter
species. All previously isolated quinoenzymes, such as glyc-
erol dehydrogenase, polyol dehydrogenase, mannitol dehydro-
genase, seem to be the same major polyol dehydrogenase as
SlDH or ArDH. Both these enzymes including other so-called
polyol dehydrogenases are able to recognize secondary alcohols
with R-configuration in the sugar alcohols, in which D-gluconate
is also included. ArDH is actually able to oxidize secondary
alcohols such as 2-butanol, 3-pentanol, or 2,3-butanediol. The
least unit that fulfils the essential polyol structure is glycerol in
such sugar alcohols. Thus, the quinoprotein major polyol dehy-
drogenase, so far called as SlDH, ArDH, mannitol dehydroge-
nase, or polyol dehydrogenase, would be better called glycerol
dehydrogenase (58).

The coexistence of many kinds of membrane-bound en-
zymes in the bacterial cytoplasmic membrane and separation of
such co-solubilized enzymes, especially alcohol dehydrogenase,
from glycerol dehydrogenase has been crucial for the investi-
gation of glycerol dehydrogenase (57). Due to a low stability
of the purified glycerol dehydrogenase, no analytical systems
using this enzyme have been reported yet. Therefore, several
groups of scientists suggested replacing enzymes with intact
microorganisms.

Microbial Glycerol Determination Using Microbes Produc-
ing PQQ-Dependent Dehydrogenases. Microbial biosensors
have several advantages over enzyme biosensors: the enzyme
does not need to be isolated, enzymes are usually more sta-
ble in their natural environment in the cell, and coenzymes and
activators are already present in the system. Especially favor-
able is the use of microbial biosensors for analysis of com-
plex samples, containing many substrates, such as wastewa-
ter, starch hydrolysate and lignocellulose hydrolysate (35). A
few reports dealing with bioconversion of glycerol to dihydrox-
yacetone by immobilized Acetobacter pasteurianus (59) and
Gluconobacter oxydans (33, 60) cells containing membrane-
bound PQQ-dependent glycerol dehydrogenase have been
published.

Acetic acid bacteria are the predominant species that produce
vinegar, and the activities of membrane-bound alcohol dehydro-
genase and aldehyde dehydrogenase play a key role in efficient
vinegar production by this means. Acetic acid bacteria have a
variety of oxidoreductases, such as alcohol-, aldehyde, glucose-,
and glycerol dehydrogenases, in the cytoplasmic membranes. In
order to measure the substrate-oxidizing activity of intact cells
of Acetobacter pasteurianus no. 2, a given amount of the bac-
terial cells was immobilized on a carbon-paste electrode and
the current at the electrode was measured in a buffer solution.
The electrode was prepared by packing the mixture of graphite
powder and liquid paraffin into a glass tube and smoothing the
surface on a weighing paper (61). When Fe(CN)3−

6 was added
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to the buffer solution, an anodic current was observed at +0.5
V vs. Ag/AgCl. When ethanol was added, the current started
to increase to reach a steady-state condition within 3 min. The
electrode was sensitive to acetaldehyde and lactic acid as well
as to ethanol. Culture growing conditions affected the current
response to various substances. The response of the electrode
modified with the cells grown under static conditions was much
higher than that of the electrode with the cells grown during
shaking, and the electrode with ethanol-grown cells had a high
response to ethanol and acetaldehyde compared with that of the
electrode with glucose-grown cells (61). The present method
can increase the number of viable cells within 1 h, including
the time for immobilizing the bacterial cells on the electrode,
which is much shorter than colony counting involving 3–7 days
for colony formation on an agar plate. Carbon paste electrode
modified with bacterial cells might be applied for the rapid and
simple amperometric determination of cell activity, which is es-
sential for the management of fermentation process.

Triglyceride assay based on triglyceride hydrolysis and glyc-
erol detection using non-specific lipase isolated from Candida
rugosa and intact Gluconobacter oxydans cells,’ containing
membrane-bound glycerol dehydrogenase, was developed. Here
two approaches for the estimation of analyte concentration were
applied: steady-state analysis of pre-hydrolyzed samples and a
study of reaction kinetics (33).

Vostiar et al. described microbial biosensor sensitive to glu-
cose, ethanol and glycerol. Biosensor was constructed for ef-
ficient electrical wiring of whole Gluconobacter oxydans cells
using flexible polyvinylimidazole osmium functionalized poly-
mer (60).

The main disadvantages of microbial biosensors: in many
cases, they have low selectivity and rather long response
time.

A bi-enzymatic biosensor for monitoring dihydroxyacetone
production during oxidation of glycerol by bacterial cells of
Gluconobacter oxydans is presented. Galactose oxidase oxi-
dizes dihydroxyacetone efficiently producing hydrogen perox-
ide, which reacts with co-immobilized peroxidase and ferrocene
pre-adsorbed on graphite electrode.

Dihydroxy ace tone + O2
GalO−−−−−−−→

CH2OH
|
CO
|
CHO

+ H2O2 [16]

Dihydroxyacetone is considered to be a better substrate for
galactose oxidase than galactose itself. GalO is an enzyme with
the broad specificity. Thus, many compounds beside dihydrox-
yacetone can be oxidized including galactose and di- and oligo-
saccharides with D-galactose in the terminal position. Sensitivity
of GalO to glycerol is only 0.2% of the sensitivity toward dihy-
droxyacetone (61).

The system for microcalorimetric determination of dihydrox-
yacetone using Gluconobacter oxydans cells immobilized in

calcium pectate gel beads was developed by Navratil et al.
Glycerol kinase and galactose oxidase were immobilized on the
controlled pore glass and used for the determination of glyc-
erol and dihydroxyacetone, respectively. This strongly aerobic
microbial conversion is used for industrial production of dihy-
droxyacetone (62).

Towards Glycerol Biosensors Based on Purified and Semi-
Purified PQQ-Dependent Dehydrogenases. Effective combi-
nation of electrochemistry and biochemistry is often applied in
the design of electrochemical biosensors (63). Despite the fact
that PQQ-dependent glycerol dehydrogenase (GlyDH-PQQ) has
been described (57, 58), only few biosensors based on this en-
zyme have been previously designed (64–67). Biosensors have
some advantages over other analytical techniques, e.g., low re-
quirements for sample pre-treatment, easy operation, and low
price. Membrane-bound GlyDH-PQQ was immobilized onto
graphite electrode surface by cross-linking with glutaraldehyde
(64–66) under specially elaborated soft conditions (68). As elec-
tron transfer mediator phenazine methosulphate was used. Re-
sponse of biosensor was strongly interfered by glucose, sorbitol
and mannitol and less interfered by fructose, methanol and dul-
citol which can be neglected because the concentrations of those
compounds are normally lower than those of glycerol in tested
beverages (64).

The purification of GlyDH-PQQ was complicated and the
yield and stability of the purified enzyme were low (65).
Then alternative biocatalytic material—membranes of disrupted
bacterial cells containing GlyDH-PQQ—were applied for the
design of biosensors (69, 67). The application of bacterial
membranes is more promising because the enzyme is present
in the natural environment. However, the undesirable activ-
ity of intracellular and membrane enzymes will interfere with
analytical signal and reduce selectivity of such analytical
system.

The application of GlyDH-PQQ and other glycerol oxidizing
enzymes might be very promising direction in glycerol detec-
tion. Here conducting polymers might be successfully applied
as versatile immobilization matrix (70), which can be assem-
bled over redox enzymes and form nanoparticles (71). To fa-
cilitate electron transfer polypyrrole can be functionalized by
redox species like osmium-biphyridile complexes (67, 72), elec-
trochemically polymerizeable ferocene derivatives (73) nafion
(74) and soluble redox mediators (67, 75). Several approaches
might be applied for immobilization of GlyDH-PQQ on the
conducting polymer substrate, one based on the entrapment of
GlyDH-PQQ within polymer film (46) or covalent attachment
to the surface of conducting polymer (76). Different immobi-
lization methods enable to form biosensors with different se-
lectivity as it was previously show (64). This effect is mainly
based on semi-permeability of this conducting polymer (77).
Moreover, GlyDH-PQQ might be applied in the design of po-
tentiometric sensors as it was shown for other PQQ-dependent
enzymes (56) and other bioelectronic devices like biofuel cells
(55). Electrogenerated layers of insoluble redox mediators (78)
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are very promising for facilitation of electron transfer between
GlyDH-PQQ and electrode.

CONCLUSIONS
Enhancing of already known enzymatic methods is based

on continuous work in an automatic or semi-automatic man-
ner with spectrophotometric or amperometric detection. These
systems use the biocatalyst immobilized on various supports.
Recent works have been mostly focused on new immobilization
strategies such as dip-coated ion-exchanger polymers loaded
with catalysts such as Toluidine blue O and Meldola blue or con-
taining inorganic metal complexes, inclusion in self-assembled
monolayers on platinum and gold electrodes, or inclusion in
composite and sol-gel electrodes. Structural effect of the elec-
trode on the electro catalysis has also been recognized, and
a decrease in overpotential needed for NADH oxidation can
be achieved by using single-crystal or thick-film gold elec-
trodes or by electrochemical activation of carbon fiber electrode
surfaces.

The application of PQQ-dependent dehydrogenases in glyc-
erol detection is a new trend in this direction and seems to be
very promising. However, low GlyDH-PQQ stability problem
still exists. One of the ways to solve this problem is application
of GlyDH-PQQ containing cells, cell membranes or low purified
enzyme, but this way significantly reduces the selectivity of an-
alytic system. The next way is to find more convenient immo-
bilization methods for GlyDH-PQQ, here the solution might be
found by application of more protein friendly environments such
as sol gels or conducting polymers.
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