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Abstract

Novel electrochemical cells based on a microflow system combined with
amperometric enzyme electrodes were developed and served for quantita-
tive determination of various compounds, such as organophosphates and
lactose. The resulting biosensors are selective and efficient owing to immo-
bilization of the sensing elements on the electrodes. The sensors are easy to
operate, and the procedures are rapid, accurate, reproducible, and inexpen-
sive, requiring neither special skills and training nor complicated instrumen-
tation. The use of a microflow cell ensures the continuous flux of a new
substrate, thus preventing the accumulation or adsorption of products to the
electrode. Miniaturization of the sensor has two main advantages: (1) it is
easy to carry and therefore can be used outdoors as well, and (2) it allows
working with low volumes of compounds and reagents, which is highly
important when dealing with hazardous compounds.

Index Entries: Microflow; amperometric biosensor; injection; electrode.

Introduction

The ability to identify selected compounds qualitatively as well as
quantitatively is one of the primary concerns of environmentalists. Along
withmany advantages, progress in technology has evoked crucial environ-
mental and ecological problems. Vast numbers of toxic compounds are
released into the atmosphere during industrial and agricultural manufac-
turing processes, threatening human health and welfare. However, the
immense progress in scientific research and medicine have enabled us to
relate certain illnesses and defects to one or more biochemical components.
Therefore, the quantitative identification of certain compounds is of great
importance.

*Author to whom all correspondence and reprint requests should be addressed.
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Biosensors are an attractive as well as powerful tool to achieve this
goal. They allow “on-the-spot” detection of desired factors such as chemi-
calresidues, nutritive compounds, bacterial contaminators, and antibiotics
(1). Bioelectrochemical sensors generally consist of a biologically sensitive
component, such as an enzyme, an antibody, and a receptor attached to an
electrode, and a suitable substrate. During the biochemical reaction, ions
or electroactive substances may be produced (2). By using well-established
electrochemical techniques, the biochemical response is converted into an
amplified, quantifiable electrical signal.

The natural choice of bioactive component in a bioelectrochemical
sensor would be the enzyme because it comprises high selectivity and sen-
sitivity. Redox enzymes are especially useful. The electrons transferred by
these enzymes can be trapped and shuttled through an electric circuit,
resulting in a current proportional to the enzymatic reaction (3,4).

Major efforts are being made to develop a small biosensor that would
allow decentralization of analytical measurements from the laboratory to
the field. This kind of biosensor should be inexpensive and simple to oper-
ate by a nonqualified person. It should provide immediate results and
be amenable to mass production. Miniaturization of biosensors may pro-
vide another advantage: it offers the ability to work with small amounts of
materials, which is of great importance while working with hazardous
compounds.

We have developed a microthin layer flow system in which the
enzyme is immobilized onto the electrode and a tested solution passes
along the electrode’s surface. The flow rate could be optimized according
to the system’s characteristics in order to obtain maximal reaction effi-
ciency together with minimal productaccumulation. In this way we reduce
the amount of enzyme needed for detection and the time response, because
the diffusion distance is decreased. We have tested several configurations
of the electrochemical cells. In two cases, a homemade flow cell and the
electrodes used were surface-modified screen-printed electrodes (SPEs)
(5). In a third system, a commercial electrochemical flow cell with a small
modified glassy carbon electrode was used. In all cases, the working elec-
trode was covered with an enzymatic membrane. The resulting biosensors
are cheap, small, efficient, reliable, disposable, and stable for a relatively
long time.

We describe three distinct examples of the usage of enzyme-based
biosensors:

1. A direct biosensor for determining the presence of parathion by
measuring enzymatic activity.

2. A biosensor based on inhibition of enzymatic activity for the detec-
tion of organophosphates.

3. Abiosensor based on a three-enzyme cascade reaction for the detec-
tion of lactose in milk and milk products.
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The first and second systems deal with a group of substances known
as organophosphate compounds. A variety of these compounds have been
and still are widely used asinsecticides in modern agriculture (6). The acute
toxicity of organophosphate compounds to the human nervous system
results fromits strong binding to the enzyme acetylcholine esterase (AChE),
forming a very stable complex that inhibits enzymatic activity. Detection of
organopollutants that threaten living organisms is a crucial civil issue, not
tomention a military concernbecause they are used in chemical warfare (7).

The third biosensor concerns the identification and determination of
a naturally occurring ingredient: lactose. The major source of lactose in
food industriesis cow’s milk. Itis a disaccharide that contains two different
monosaccharide units: D-glucose and p-galactose. The normal concentra-
tion of lactose in milk is about 4 to 5% (40-50 mg/mL), and only small
amounts of nonlactose carbohydrates have been found. Lactose is widely
used in baking ingredients, ready-to-eat products, and commercial milk
formulas for infants. Because it is a basic component in various kinds of
edible products, its amount determines the nutritive value of products.
Also note that for 5-15% of the population, the consumption of lactose is
forbidden because these individuals lack one of the enzymes (mostly lac-
tase) along the digestion cascade of this sugar. To these people consump-
tion of lactose might be harmful. Therefore, the development of an
inexpensive and simple sensor to determine lactose concentration in vari-
ous edible components is worthwhile.

Several procedures are currently available for lactose determination.
Among the physical methods are gas, liquid, and high-pressureliquid chro-
matography (8); polarimetry (9), and gravimetric analysis (10). The major
disadvantages of these methods are that they are time-consuming, relatively
insensitive, require rather complex sample preparation, and expensive.

Materials and Methods

Chemicals and Reagents

Pseudomonas sp. was isolated from the Upper Galilee soil (11), con-
taminated with residues of organophosphate pesticides, and obtained from
Migal-Galilee Technology Center (Kiryat Shmona, Israel). Parathion
hydrolase from Pseudomonas sp. was purified by successive precipitation of
cell extract after sonication with protamine sulfate and ammonium sulfate,
followed by dialysis against 50 mM Tris buffer (pH 8.8) and fractionation
by DE-cellulose (DE52, Whatman, England) (12). Acetylthiocholine chlo-
ride (ATCh), pyridine 2-aldoxime methiodide (PAM), and acetylcholine
esterase (AChE) type V-S from electric eel were purchased from Sigma
(St. Louis, MO). Dimethyl 2,2-dichlorovinyl phosphate (DDVP) was obtained
from Machteshim (Israel), and K,[FeCN,]* and K, [Fe(CN), ] were from
Merck. Nylon membranes (6.6) (Immunodyne® ABC, 5- and 3-um cutoff)
were purchased from Pall. f-Galactosidase (EC 3.2.1.23, from Escherichia
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coli, type VIII; 520 U/mg of solid), glucose oxidase (GOD) (EC 1.1.3.4, from
Aspergillus niger, type VII; 151 U/mg of solid), horseradish peroxidase
(HRP)EC1.1.7, type VI;210 U /mg of solid), water-polyethyleneimine (PEI)
solution (50%), and B-lactose were obtained from Sigma. Water-GA solu-
tion (50%) was purchased from Fluka. Raw milk samples were obtained
fromthe Volcanic Agriculture Institute. All other reagents and buffers were
analytical reagent grade. Any reagent or electrolyte solution was prepared
using double-deionized water.

Determination of Organophosphates

The electrochemical system was based on amperometric measure-
ments. The working apparatus was composed of SPEs including a working
electrode, a reference electrode, and a counterelectrode placed in a home-
made microflow cell (cell volume of 30 uL). The cell was washed with buffer
solution using a 1-mL syringe. The enzymes were attached to the working
electrode via an activated membrane. The substrate solution was injected
into the cell through a 5-uL injection loop. The use of a flow cell system
allowed fast repetitive measurements of an enzymatic reaction as the prod-
uct was removed and the substrate readded. The flow rate was optimized
for each system. The electrodes were connected to a computer-controlled
potentiostat. The potentiostat and the software used were from BAS.
Bioanalytical Systems. Figure 1 illustrates the electrochemical cell.

Fabrication and Surface Modifications of SPEs

SPEs were obtained from EmTech (Israel). The electrodes were com-
posed of a carbon ink working electrode, a Ag/AgCl reference electrode,
and a carbon ink counterelectrode. The electrodes were printed on a mylar
layer. Two different biosensors using the same apparatus with slight modi-
fications are described next.

Parathion Sensor

Two hundred microliters of 0.5% PEl in water was spread on the SPEs.
After 20 min at room temperature, the electrodes were washed in distilled
water and placed in a 2.5% GA in phosphate buffer, pH 7.0, for 1 h. The
electrodes were then washed in phosphate buffer and 5 uL of parathion
hydrolase solution (600 U/mg) was spread on the electrode surface. The
electrodes were left for 2 h at room temperature and then washed in phos-
phate buffer. The modified SPEs were deposited in the lower part of the
flow cell. Tris-HCI (0.1 M) flowed continuously and various concentrations
of parathion were injected.

DDVP Sensor

The DDVP biosensor was designed to measure the initial activity of
the enzyme AChE and the subsequent decrease in enzymatic activity after
exposure to DDVP (13). AChE was dissolved in 0.1 M phosphate buffer,
pH 7.5, to a final concentration of 0.1 mg/mL. The enzyme was attached to
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Fig. 1. Electrochemical cell setup: I, screen-printed electrodes; 11, electrochemical
microflow cell; III, entire measuring system.

the working electrode via an activated nylon membrane (Immunodyne
ABC, 5- and 3-um cutoff, from Pall). The membrane was cut into discs
(6 mm in diameter). Five microliters of the AChE solution (100 ug/mL in
0.1 M phosphate buffer, pH 8.0) was applied onto each disc of the
Immunodyne membrane. After air-drying, the discs were transferred to a
blocking solution of 0.1 M phosphate buffer, pH 7.5, containing 0.1 M gly-
cine and then washed with 0.1 M phosphate buffer. The discs were stored
at 4°C in the same buffer solution and were active for several months.
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Scheme 1. Decomposition of parathion by parathion hydrolase.

To measure the organophosphates, the discs was placed on the SPEs
in the flow cell. Measurements were done at 300 mV vs Ag/AgCl. Phos-
phatebuffer (0.1 M) solution containing 0.1 mM K,Fe(CN), flowed continu-
ously and 5 uL of the substrate ATCh, or the inhibitor DDVP, or the activator
PAM were injected.

Lactose Sensor

The flow cell used for lactose determination was a Unicell manufac-
tured by BAS. It contained a 2-mm-diameter glassy carbon electrode
(MF-1025) and auxiliary and reference electrodes block (MF-1005) with
four 2-mL round gaskets (MF-1059). The total electrochemical cell volume
was 8 uL.

Preparation of Electrode and Working Procedure

Three enzymes were immobilized on the glassy carbon electrode via
cross-linkage with PEI (14). The immobilization solution consisted of
2mg/mL of f-galactosidase, 1 mg/mL of GOD, 1 mg/mL of HRP, 0.25% PEI,
0.025% glutaraldehyde, and 0.02 M phosphate buffer, pH 7.5. Five micro-
liters of this solution was successively applied on the electrode, with drying
intervals between additions. The electrodes were left to dry completely
following the last addition and then washed and stored in 0.1 M phosphate
buffer, pH 7.5, at 4°C.

Measurements were taken in a solution composed of 0.05 M phos-
phate buffer (pH 7.0), 0.05 M KC1, 2 mM MgCl, and 5 mM K Fe(CN), at a
flow rate of 50 mL/min. The working potential was —200 mV vs the refer-
ence electrode in the flow cell.

Results and Discussion

Quantitative Determination of Parathion

A direct sensor was designed to identify and quantify parathion in
solution. Parathion is hydrolyzed by the enzyme parathion hydrolase
according to the reaction in Scheme 1. Parathion was injected into the flow
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Fig. 2. (A) Time-dependent response of modified electrode to parathion. Flow rate,
0.5 mL/min. (B) Calibration curve for parathion.

system and the change in the current owing to the enzymatic hydrolysis in
the electrochemical cell was monitored. The p-nitrophenol formed was
detected electrochemically atanodic potentials. We have characterized and
optimized the p-nitrophenol current signal and have chosen 900 mV vs
Ag/AgCl as the working potential.

In a set of experiments, various amounts of parathion were added to
the electrochemical cell. Optimal flow rate was found tobe 0.5 mL /min and
allowed enough time for the enzyme to react with the substrate and for the
product to diffuse toward the electrode. Figure 2A depicts the correlation
between the amount of parathion and the current developed in response.
Each peak represents the increase in current followed by the addition of
parathion and the subsequent decrease after cell wash with the buffer
solution. The area under each peak was calculated by integration of the
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signal and reflected product concentration. Successive additions of differ-
ent amounts of parathion resulted in a linear correlation between the
amount of parathion and the current response. Figure 2B gives a calibration
curve for parathion.

It is evident that this biosensor can trace small amounts of a desired
substrate by using a naturally occurring hydrolysis reaction that produces
an electrochemically active measurable product. When dealing with haz-
ardous environmental pollutants, the ability to detect low concentrations
is extremely important. Moreover, the flow system ensures high accuracy
and allows repetitive measurements. Because the biosensor is small and its
price is low, it is a useful as well as convenient candidate for an outdoor
on-the-spot detector.

Quantitative Determination of DDVP

Biosensors for the detection of organophosphate compounds (15,16)
including techniques based on the inhibition of the enzyme AChE are
described in the literature (17-19). The innovation of the present study is
the use of SPEs in a microflow system. The sensor is based on the following
reactions:

(CH,)N*CH,CH.S — OCCH, + H,0 > (CH,) N*CH,CH,SH + CH,COOH
2(CH,) NCH,CH,SH + 2[Fe(CN),J° — (CH.),N"CH,CH.S - SCH,CH,N*(CH,), + 2[Fe(CN),*
[Fe(CN),J* — [Fe(CN), ] +

The thiocholine formed by the enzymatic reaction reduces the [FeCN, |
to [FeCN_ ], which is oxidized back to [FeCN, ] at the electrode, generat-
ing the amperometric signal. Various concentrations of the substrate
acetylthiocholine were added and the electrode response was monitored
(Fig. 3A). Integration of the signals resulted in a calibration curve (Fig. 3B).

The reaction between the inhibitor and the enzyme is as follows:

o) o)
I . I
E-OH + (RO) - P - X = (RO) - P - OE + HX
| |
(RO) (RO)

A complex is formed between the serine group on the enzyme and the
phosphate group of the inhibitor. The rate of complex formation is given in
the following expression:

d[EI]
dt

= K{[E] - [EI} [1]

in which [I] is the inhibitor concentration; [E] is the enzyme concentration
prior to exposure to the inhibitor; and [EI] is the complex concentration.
Integration of this equation will result in a linear dependence of complex
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Fig. 3. (A) Chronoamperometric curves showing the response of AChE-based sen-
sor to injection of 10 uL of different concentrations of ATCh. Each concentration was
injected twice. 1,0.39 mM; 2,0.78 mM; 3, 1.58 mM; 4, 3.12 mM; 5, 6.25 mM; 6, 12.5 mM,;
7,25 mM; 8, 50 mM. (B) Calibration curve for ATCh.

formation rate on the inhibitor concentration. The slope of the graph is K|,
which is the inhibition coefficient (20,21):

2.3 x 1og[100(A,/ At = K[I]

We measured the enzyme activity before and after exposure to the
inhibitor and checked various substrate concentrations. A substrate con-
centration of 1 mM and a flow rate of 100 uL/min were found to yield the

Applied Biochemistry and Biotechnology Vol. 89, 2000



226 Eshkenazi et al.

100
80 1123 7
2):c\ 15 1617
= 60 T 8 910
[=
o
S5 40
O
20
20 1 4 13 19
112 iy 18
\Jt DDVP L ooveh [ oans LL DOVP
0 —-h 1 1

0 500 1000 1500 2000 2500

Time (s)
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highest reproducibility. Enzymatic activity could be recovered either by
washing with a high concentration of the substrate or by adding 0.1 mM of
PAM, which displaced the DDVP.

In a typical experiment, 5 uL of a 1 mM solution of ATCh was injected
into the system and the initial enzyme activity was recorded. The exact time
in seconds, T, between the injection and the beginning of the current peak
was determined. Thereafter, 5 uL of DDVP was injected and after t s the
flow rate was changed from 100 to 1 uL/min. After incubation with the
inhibitor at a specific time period, the flow rate was changed again to
100 uL/min, the unbound inhibitor was washed away, and a new sample
of the enzyme was injected.

Figure 4 shows the enzyme electrode response to ATCh and DDVP.
The signals obtained are very sharp and reproducible. It is evident that
50 ng of DDVP decrease more than 80% of the enzyme activity. Applying
a high concentration of the substrate thiocholine (5 uL of 10 mM) almost
fully restored AChE activity (Fig. 4) (7). Incubation of the enzyme with
PAM had the same effect (Fig. 4) (14,15).

Two main factors influenced the degree of inhibition: the quantity of
inhibitor added, and the exposure time of the enzyme to the inhibitor.
In another set of experiments, different amounts of DDVP (12.5-100 ng)
were injected into the cell for various exposure times and the degree of
inhibition was calculated. Figure 5 shows the linear correlation found
between the amount of inhibitor and the logarithm of the relative activity
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(activity /initial activity). The inhibition coefficients at pH 7.3 and 8.0 were
4.96 x 10° and 7.5 x 10° M/min, respectively. These values are consistent
with those reported in the literature (20,21). The enzyme activity directly
depended on the applied inhibitor concentration as well as on the exposure
time, as shown in Fig. 6. As the inhibitor concentration increased, the rela-
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tive activity of the enzyme decreased. Similarly, as the incubation time was
extended, enzyme activity decreased. These results are of great importance
for determining an unknown quantity of DDVP: by changing incubation
time and monitoring residual enzyme activity, we could increase the con-
centration range of organophosphate compounds measured by the sensor.

The presented system serves as a good example for a disposable
amperometric flow injection sensor that can be applicable to the identifica-
tion and quantification of organophosphate compounds in the environ-
ment. The sensor is sensitive, rapid, small, and cheap. The miniature flow
cell system, combined with SPEs, allows the advantage of working with
low volumes of samples containing hazardous organophosphate compounds.

Quantitative Determination of Lactose

Enzymatic methods involving p-galactosidase and GOD have been
described. These methods are highly specific, using immobilized rather
than free enzymes together with colorimetric methods and chromogenic
agents (22) for response detection. We have developed a sensitive electro-
chemical biosensor for lactose determination based on three successive
enzymatic reactions:

B-GAL
lactose —— glucose + galactose

glucose + O, =2 H,O, + gluconolactone

[H,0, + Fe(CN) ]* —=> [Fe(CN),]* + H,O
The current was generated owing to the reduction in the [Fe(CN), ] at
the electrode according to the following reaction:

[Fe(CN),I* + e —— [Fe(CN), ™

Figure 7A shows the current response to injection of different concentra-
tions of lactose. Figure 7B shows the calibration curve for lactose. A linear
region was obtained between 10 and 375 ug/mL of lactose and the optimal
pH was found to be 6.2.

We have detected lactose in yogurt, milk powder, pasteurized milk,
and raw milk. Figure 8 shows an example of lactose detection in raw milk
by the standard addition method.

Ultimately, we have examined the reliability of the biosensor and its
shelf life. Lactose concentration in cow’s milk was measured at other labo-
ratoriesas well, using the same electrodes. Theresults deviated by 3% at the
most. The shelf life of the biosensor was at least 5 mo. Although the activity
of the electrodes had decreased with time, calibration of the electrode
before use overcame this problem.

The biosensor for lactose determination comprises an attractive use-
ful tool. It can trace a concentration of lactose of a few micromoles (about
6000 times diluted compared to pure milk), itis reproducible and stable for
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arelatively long time (at least 6 mo when stored in solution), it has a short
time response, and, above all, it is based on a cheap and simple procedure
and hence can be used on the spot in dairy farms.

Conclusion

We have developed a disposable amperometric flow injection sensor
that, as demonstrated, can be applicable in various instances. The sensor is
sensitive, rapid, reproducible, inexpensive, and compact. The miniature
flow cell system, combined with SPEs ensures the continuous flux of a new
substrate, therefore preventing accumulation or adsorption of products
near the working electrode. Moreover, miniaturization of the biosensor
offers theadvantage of working withlow volumes of materials and reagents
that may be hazardous, such as organophosphates. Finally, because the
sensor is inexpensive and simple to operate, it can be used equally well
indoors and outdoors and is disposable as well, thus allowing simple and
efficient measurements.
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