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Abstract Previous works on organic phase enzyme
electrodes (OPEE) applied methods that worked mostly
under stirred conditions. The aim of our present work was
to develop a flow-through measuring set-up for determi-
nation of cholesterol content in organic media. For
determination of free cholesterol content cholesterol
oxidase (COD) was used, while for measuring the total
cholesterol content a bi-enzyme cell containing immo-
bilised cholesterol esterase (CE) and cholesterol oxidase
was developed. Enzyme immobilisation took place on a
natural protein membrane, by a glutaraldehyde cross-
linking method, in a thin-layer enzyme cell made from
Teflon. The enzyme cell was connected into a stopped-
flow injection system (SFIA), with a flow-through
amperometric detector. The parameters of biochemical
and electrochemical reactions were measured. The effect
on amperometric detection of different organic salts as
electron mediator or conducting salts was studied. The
optimal concentration of (TBATS) was 2.4 mg L�1 while
for (FMCA) an optimal concentration was found at
0.4 mg L�1. The minimum amount of water, necessary for
enzymatic activity in the organic phase, was also
determined. Changing the concentration of toluene in
acetonitrile carrier solution, the peaks increased definitely
in the range 10–40% toluene. Since CE and COD were
immobilised together in the enzyme cell, the conversion
rate was found to be about 0.7–0.8 when the toluene
content was higher then 30%. The linear measuring range
for cholesterol oleate and cholesterol was 0.1–0.5 mM.
Total cholesterol content of lard, butter and pasta samples
were determined. It is concluded that an organic phase bi-
enzyme cell may be suitable for cholesterol determination
in food.
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Introduction

Cholesterol is essential to the human body in small
amounts for the manufacture of hormones. However, a
high level of blood cholesterol increases the risk of heart
diseases. Saturated fats raise cholesterol levels in the
blood while unsaturated fats help lower it. Cholesterol is
also a constituent of animal foods such as eggs, meat and
diary products. Determination of the cholesterol content
in food is of primary importance to select a diet for low
intake of cholesterol. In the analytical practice well-
known GC and HPLC methods are used for cholesterol
measurement, but they are time- and labour-intensive.

In the last few years a lot of research has gone into
establishing rapid, routine methods for fast determination
of the free and bound forms of cholesterol. The
measurement of cholesterol is usually performed by
employing the enzymes cholesterol oxidase (COD)
together with cholesterol esterase (CE) to monitor the
native and esterified cholesterol level by biosensors. COD
catalyses the oxidation of cholesterol, whereas CE
catalyses the hydrolysis of esterase esterified cholesterol,
which is an important factor for the determination of total
cholesterol, since about 70% of the cholesterol is found to
be esterified [1].

Ram [2] described a biosensor where COD and CE
enzymes were bound to a collagen membrane or immo-
bilized on a conducting polymer matrix. The electro-
chemical redox processes of the enzyme-layered films
deposited either on platinum or ITO coated glass plate
were investigated. Amperometric determination of cho-
lesterol was carried out in the water phase by platinised
electrodes vs. Ag/AgCl using artificial (FMCA) and
natural (flavin nucleotides) mediators [3]. Gobi and
Mizutani [4] constructed a direct amperometric biosensor
by a layer-by-layer nanothin film formation using COD
and poly(styrenesulfonate) on a monolayer of microper-
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oxidase covalently immobilised on Au-alkanethiolate
electrodes.

Situmorang and co-workers [5] studied the conversion
of esterified cholesterol by flow injection potentiometry
using a tungsten electrode, which followed the ferri-
cyanide–ferrocyanide conversion and gave well-defined
peaks for cholesterol samples. FIA measurements were
carried out by immobilisation of the enzymes (COD,
HRP) within a polymeric film on the surface of pyrolytic
graphite electrode [6].

Different research groups investigated a FIA method
for the determination of total and free cholesterol by
immobilising the enzymes by covalently binding to the
silica in packed-bed reactors (IMMER) and using an
amperometric peroxidase electrode or photometric deter-
mination of hydrogen peroxide [7, 8, 9].

Buckland and co-workers [10] reported first that the
conversion of cholesterol to cholestenone could be done
in the presence of a very high concentration of water-
immiscible solvents of low polarity. The use of CCl4
resulted in a much faster reaction rate than was observed
without organic solvent present. Liu [11] found that long-
chain hydrocarbons with high logP values, such as
hexane, dodecane and hexadecane gave much higher
conversions when using COD than those of solvents with
low logP values, such as ethyl acetate and diethyl ether.
Narayan and Klibanov [12] found that neither solvent
apolarity nor water-immiscibility in itself is essential for
optimal enzymatic activity. When it was first observed
that enzymatic activity was higher in hydrophobic
solvents than in hydrophilic ones, the proposed explana-
tion for this was that hydrophilic solvents have a much
higher propensity than hydrophobic solvents to strip the
essential water from enzyme molecules, thereby lowering
their activity. Kazandjian and co-workers [13] studied
enzymatic determination of cholesterol in organic sol-
vents. Water indeed had a strong activating influence;
upon addition of 0.1 mM aqueous phosphate buffer
(pH 7.0), the rate of cholesterol oxidation accelerated to
reach a maximum of about 27 nM/min at 0.4% water.
This is due to the fact that the water essential for the
enzymatic activity is rather tightly bound to the enzyme
mono-molecules and may remain bound even when the
bulk water is replaced with an organic solvent [14].

Non-cofactor-requiring steroid oxidation in mono-
phasic solvents has been performed in toluene using
COD adsorbed to glass beads. Efficient conversion of
cholesterol to cholestenone was carried out in organic
solvents using p-anizidine as colour reactant for determi-
nation of the hydrogen peroxide produced [15]. Pineiro-
Avila and co-workers [16] presented a method by using a
non-covalently co-immobilised bi-enzyme reactor of HRP
and COD, operating in a continuous flow system of
toluene saturated with p-anizidine-containing buffer
(pH 7.0) for cholesterol determination in animal fats.

Kumar et al. [17] described a new immobilisation
support, Formvar, for the preparation of enzyme mem-
brane in the presence of organic solvents. The immo-
bilised enzyme membrane has a long life due to its

hydrophobic nature, as compared with other ones.
Recently, Hall and Turner [18] described an amperomet-
ric OPEE using cholesterol oxidase enzyme for deter-
mining cholesterol concentration in a chloroform/hexane
mixture. Campanella and co-workers [19] suggested the
use of a supporting electrolyte, TBATS, because of the
high resistance to the passage of current through the
water-saturated chloroform solution. Pena and co-workers
[20] reported a bi-enzyme amperometric composite
biosensor for determination of free and total cholesterol
in food samples. COD and HRP, together with potassium
ferrocyanide as a mediator, were incorporated into a
graphite–70% Teflon matrix. The compatibility of this
biosensor design with predominantly non-aqueous media
allows the use of reversed micelles as working medium
formed with ethyl acetate. Determination of free and total
cholesterol content in food samples such as butter, lard,
egg yolk was carried out.

Klibanov [21] investigated a biosensor in which COD
was deposited onto glass beads together with HRP
enzyme. Poorly water-soluble analytes present in minute
concentrations could be assayed by this approach if they
are extracted from a large volume of water with a small
volume of a water-immiscible solvent. For example,
cholesterol is enriched during extraction, and the analyte
that originally was present below the sensitivity level can
thereby become readily measurable in organic solvents.
Selective extraction may also prove useful for separating
interfering compounds. Rong-Zhen-Zhang and co-work-
ers [22] presented an improved method for sample
preparation for cholesterol determination in egg yolk.
Egg yolk was diluted and then cholesterol was extracted
with ether and petroleum ether and quantified by reversed
phase HPLC using a mobile phase of acetonitrile and 2-
propanol (4:1). No differences in cholesterol concentra-
tion were observed between egg yolk samples with and
without saponification. Rapid and reproducible quantifi-
cation of cholesterol in egg yolk can be completed with
this simplified method. Johnson et al. [23] studied the
sample preparation for the determination of cholesterol in
a wide range of matrices. A solution of n-hexane/2-
propanol was substituted for the traditional methanol-
chloroform extractions.

In previous works on cholesterol determination, such
methods have been applied that worked mostly in the
water phase, or in the organic phase but under stirred
conditions using electrochemical detection or an FIA
system using optical detection. The present study demon-
strates the feasibility of amperometric cholesterol testing
in a stopped-FIA system in a non-aqueous medium. We
developed an enzyme-based biosensor used in organic
solution for measuring free and bound forms of choles-
terol. We investigated food samples to show the simplic-
ity of sample preparation and measurement by the
biosensor.
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Instrumentation and materials

Materials and reagents

Cholesterol esterase (EC. 3.1.1.13.) 683 U g�1, lyophilised from
bovine pancreas, cholesteryl oleate and ferrocene monocarboxylic
acid (FMCA) were obtained from Sigma (St. Louis, MA, USA).
Cholesterol oxidase (EC 1.1.3.6.) 150 U mg�1, lyophilised from
Pseudomonas, was obtained from ICN Biomedicals (Aurora, Ohio,
USA). Tetrabutylammonium-p-toluenesulfonate (TBATS) was ob-
tained from Aldrich (Steinheim, Germany). All other reagents were
commercially available and of analytical grade.

Acetate buffer (0.2 M) was used at pH 7 for the experiments.
The standards were prepared at various concentrations as described
below, and were always diluted with adequate carrier solution.

Samples

Different sorts of commercial butter, lard and margarine samples,
egg yolks and pasta with different egg content were bought.
Different extracting methods were used for different samples.
Acetonitrile solution used for the sample dilution contained 0.067 g
FMCA and 4 mL acetate buffer in 100 mL.

Several types of butter, lard and margarine samples were from
commercial sources. Butter I, II, III were the same sort from
different producers. Margarine I. was a hard sample containing only
vegetable fat, while margarine II and III were light products
containing both animal and vegetable fat. Half g of the
homogenised samples were weighed into a glass test-tube, then
shaken with 5 mL of toluene for 10 min. The solution was
centrifuged (800�g, 10 min) and 2 mL of it was diluted with 3 mL
of the acetonitrile solution.

Typical Hungarian dry pasta products prepared with 0, 4, 6 and
8 eggs/1000 g were bought. Powdered pasta (2g) was weighed and
mixed with 20 mL of HCl (1:1) and shaken for 10 min. After that
10 mL of toluene was added and shaken for 10 min. The toluene
phase was washed twice with distilled water, and 2 mL of the
organic phase was diluted with 3 mL of the acetonitrile solution.

Two hen eggs from different farms were investigated. The egg
yolk was separated, homogenised and 0.2 g of it was diluted and
mixed with 20 mL of distilled water for 10 min. The recovery of
cholesterol oleate standard was studied by adding standard solution
to the egg yolk samples before diluting them. After mixing, 10 mL
of toluene was added and shaken for 10 min. The toluene phase was
washed twice with distilled water, and 2 mL of the organic phase
was diluted with 3 mL of the acetonitrile solution.

Instrumentation

A stopped-flow injection analyser (SFIA) consisting of a buffer
reservoir, a HPLC pump (ESA, USA), an injection valve (Rheo-
dyne, Cotati, CA, USA), an enzyme cell and a thin-layer
amperometric cell (Mo. 5040, ESA, USA) connected to an
electrochemical detector (Coulochem II. ESA, USA) with recorder
were the basic instrumentation of our research. The polarisation
potential was ensured and fixed (+590 mV). The complete tubing of
the flow system was solvent resistant. The temperature of the
enzyme cell was set at 28 �C.

The thin-layer enzyme cell developed in our laboratory [24],
consisting of a natural protein membrane for immobilising the
enzymes, was fixed together with a Teflon plate supplied with a
channel to ensure the flow-through between two Teflon blocks. The
protein membrane (pig small intestine) was washed in buffer
solution, tightened on the Teflon block and dried at room
temperature. The enzyme solution (for measuring free cholesterol,
12 mg of COD and 5 mg of BSA suspended in 0.1 mL of acetate
buffer, pH 7, while for conversion of esterified cholesterol 12 mg of
CE, 12 mg of COD and 5 mg of BSA) was layered onto the
membrane and immobilised with glutaraldehyde solution (0.05 mL
2.5% glutaraldehyde). After preparation and drying, the sample

loop of the injector was replaced by the enzyme cell. The sample
was filled directly into the enzyme cell directly and injected into the
flow system only after the enzymatic reaction was completed. The
system worked as a stopped-flow analyser but there was no need for
complicated timing. In our approach, we always measured the
hydrogen peroxide produced in the enzymatic reaction after a well-
defined delay time in the enzyme cell. In our earlier research [25],
different solvents were investigated and maximal signals were
obtained for acetonitrile as solvent, with a flow rate of 0.8 mL min-1.

Results and discussion

Effect of incubation time in the enzyme cell

We determined the kinetics of cholesterol oxidation as a
function of elapsed time as the sample remained in the
enzyme cell when only COD was immobilised (Fig. 1).
The increase of the signals showed that after 4 min the
reaction rate was high enough to measure the hydrogen
peroxide produced when using 40% toluene in acetonitrile
solution. Comparing the results measured in organic
phase we found that both in aqueous buffer solution and
in buffer solution with Triton X-100 solution (used for
dissolving cholesterol in buffer) the signal was very low.

Effect of conducting salts on cholesterol measurement

As conducting salts in non-aqueous solutions have an
effect on the electrochemical measurements, optimization
of the salt concentration was unavoidable. FMCA and
TBATS in different concentrations were added to the
organic solvents containing 2.4% acetate buffer (pH 7)
and 40% toluene. As expected, added salts in the eluent
increased the peaks in each case. When using TBATS in
the solution the peaks in the concentration range 7.5–
15.0 mg L�1 increased slowly. The peaks became about
twice as big when the TBATS concentration was 15.0–
25.0 mg L�1; at a higher amount only a small decrease
could be observed. The optimal concentration of TBATS
in the carrier solution was 24.0 mg L�1 (Fig. 2).

Fig. 1 Amperometric signals as a function of incubating time
(0.2 mM cholesterol)
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When FMCA was added into the carrier solution, the
changes were more definite, as in the case of TBATS. The
peaks increased in the concentration range 1.0–4.0 mg L�1

but if the eluent contained more FMCA (4.5 mg L�1) the
peaks of the standards decreased dramatically, the
cholesterol oxidase enzyme showed reduced activity
(Fig. 3). We assumed that not only the stripping of water
from the active site of the enzyme but also the presence of
FMCA contributed to the loss of activity of the COD
enzyme. The optimal concentration of FMCA in the
carrier solution was 3.8 mg L�1.

Effect of toluene concentration
on cholesterol measurement

It could be concluded from the literature and from the
practical applications using COD and CE in organic
solvents that the activity of these enzymes is highest in
apolaric solvents. But in non-polar organic solvents only a
small amount of added buffer is dissolved, the amount of
which is not enough to stabilise the hydrated form of the
enzymes, to dissolve the hydrogen peroxide produced and

for transfer to the electrode. Toluene exerted a significant
effect on the peaks representing cholesterol. When
toluene content was less than 10%, the sensitivity was
low. The peaks increased significantly when the toluene
concentration was changed between 10 and 40%, but the
signals decreased using a higher amount of toluene
(Fig. 4). However, when using a higher concentration of
toluene in the carrier solution the conditions were better
for the enzymatic reaction [16], but the amperometric
signal for the hydrogen peroxide produced was much
smaller.

Effect of buffer content on cholesterol measurement

The buffer quality and content is known to affect not only
the enzymatic activity in organic media but also the
sensitivity of measuring the hydrogen peroxide produced
during the reaction. In the SFIA measurements, stability
of the carrier solution during the whole process is a very
important requirement. Using acetonitrile with FMCA
and 40% toluene, we observed the stability of the solution
when adding different quantities of buffer. The signal for
hydrogen peroxide produced increased by adding an
increasing volume of buffer into the solution. At over 3%
buffer content in the carrier solution, a quick separation of
the solution into two phases was found. The stability of
carrier solution was ensured by using less buffer and a
magnetic stirrer during the whole measurement. In our
measurements 2.4% buffer was used.

Conversion of cholesterol oleate to cholesterol

Since CE and COD were immobilised together in the
enzyme cell, the conversion of cholesterol oleate to
cholesterol was studied. During the measurements, the
conversion rate increased significantly when the toluene
concentration was changed between 10 and 50% (Fig. 5).
The highest conversion rate was found to be about 0.7–
0.8; when the toluene concentration was higher than 30%,

Fig. 3 Amperometric signals as a function of FMCA content in the
eluent (acetonitrile, 40% toluene, 2.4% buffer)

Fig. 4 Amperometric signals as a function of toluene content in the
eluent (acetonitrile, FMCA, 2.4% buffer)

Fig. 2 Amperometric signals as a function of TBATS content in
the eluent (acetonitrile, 40% toluene, 2.4% buffer)
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the conversion rate was about the same up to 50%
toluene, but the amperometric signal of hydrogen perox-
ide produced became smaller. After the optimisation steps
detailed above, we used 40% toluene in the carrier
solution in all the experiments.

Statistical parameters of cholesterol measurement

After the biochemical and electrochemical parameters
were optimised for the cholesterol measurement, the
linear concentration range of free and total cholesterol
determination and the statistical parameters of the cali-
bration curves were determined. The linear measuring
range was between 0.05 and 0.5 mM for both standards
but the signals for cholesterol oleate were smaller than for
cholesterol because of the 0.7–0.8 conversion rate of
cholesterol oleate to cholesterol. The correlation coeffi-
cients for the regression curve for free and total choles-
terol were 0.967 and 0.972, respectively.

Determination of cholesterol content in food samples

Egg yolk, pasta samples and milk products were inves-
tigated, as detailed above, to determine their total
cholesterol content.

The results for total cholesterol content in egg yolk are
summarised in Table 1. The recovery of 0.1 mM
cholesteryl oleate standard added to the samples was
86–93%, which shows that the sample preparation was
adequate for a quick determination. The total cholesterol

content was 1135 and 1310 mg 100g�1, respectively, these
results are in agreement with the data (1120 mg 100g�1)
from the food composition table [26].

As illustrated in Fig. 6, there is a linear relationship
between the total cholesterol content of pasta and the
amount of egg content. Our results showed that this
measurement could be used for quality control of pasta.

Results for margarine, lard and butter are summarised
in Fig. 7. Margarine I sample, containing only vegetable
fat, showed a small signal, while for margarines II and
III higher cholesterol contents were measured (45–
50 mg 100g�1). Margarine sample I contained sterols
typical for sunflower oil, e.g. �-sitosterol, brassicasterol,
camposterol, stigmasterol [27].

Although in substrate specificity, the 3�-hydroxy
configuration of the steroid was essential for the sub-
strates of the COD enzyme, investigations of the substrate
specificity of COD in the water phase for cholesterol,

Table 1 Results of egg yolk total cholesterol content determined by standard addition

Sample Total cholesterol Total cholesterol by standard addition Recovery Total cholesterol content
(mM) (mM) (%) (mg 100 g�1)

Egg yolk I 0.235€0.018 0.328€0.013 93 1135€87
Egg yolk II 0.271€0.015 0.357€0.019 86 1310€73

Fig. 5 Conversion of cholesterol oleate as a function of toluene
content in the eluent (acetonitrile, FMCA, 2.4% buffer)

Fig. 6 Quality control of pastas

Fig. 7 Cholesterol content in butter, margarine and lard
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dihydroxy cholesterol, ergosterol, stigmasterol, stigmas-
tanol and 7-dehydrocholesterol showed the relative
activities to be 100%, 78%, 51%, 40%, 32% and 24%,
respectively [28]. However, the most important sterol in
vegetable fats and oils was �-sitosterol; under the
dynamic conditions in our measuring system we mea-
sured only a low response for margarine I. Using OPEE
for cholesterol under stirred conditions in a chloroform/
hexane mixture, higher response was detected after
30 min [18]. Results for lard and butter agree with the
data from food composition tables [26]. Summarising the
results, we can state that the new biosensor method offers
the possibility of quality control of animal and vegetable
fat products.

Conclusions

On the basis of these results, we can conclude that
biosensors using enzymes with covalent immobilisation
can be used in an organic phase FIA system with the
eluent containing acetonitrile, toluene and the optimised
quantity of buffer. Utilising the influence of different
organic solvents on the immobilised enzyme, the biosen-
sor developed was used successfully to measure choles-
terol content in types of food that are only partly soluble
in water.
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