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Abstract: We have developed a biosensor for the detec-
tion of residual triazine-, urea- and phenolic-type herbi-
cides, using isolated photosystem II (PSII) particles from
the thermophilic cyanobacterium, Synechococcus elon-
gatus, as biosensing elements. The herbicide detection
was based on the fact that, in the presence of artificial
electron acceptors, the light-induced electron transfer
through isolated PSII particles is accompanied by the re-
lease of oxygen, which is inhibited by the herbicide in a
concentration-dependent manner. The PSII particles
were immobilized between dialysis membrane and
the Teflon membrane of the Clark oxygen electrode
mounted in a flow cell that was illuminated. Inclusion of
the antibiotic chloramphenicol in the reaction mixtures
prolonged, by 50%, the lifetime of the biosensor. The use
of highly active PSII particles in combination with the
flow system resulted in a reusable herbicide biosensor
with good stability (50% of initial activity was still re-
maining after 35-h use at 25°C) and high sensitivity (de-
tection limit for diuron was 5 × 10−10 M). © 1998 John Wiley
& Sons, Inc. Biotechnol Bioeng 60: 664–669, 1998.
Keywords: herbicides; photosystem II; thermophilic cya-
nobacteria; biosensor

INTRODUCTION

During the last several decades, herbicide application in
agriculture has markedly increased, resulting in mass pro-
duction and herbicide pollution of soil and water. Because
herbicides can be highly toxic to human and animal health,
their indiscriminate use has serious environmental implica-
tions. Understandably, therefore, dinoseb was banned in the
U.S. and in most other countries for its high toxicity (U.S.
Federal Register, 1986), while atrazine, a possible human

carcinogen, was also banned (U.S. EPA, 1988). The Euro-
pean Union introduced the European Drinking Water Act of
1980, which does not allow concentrations of pesticides in
drinking water to exceed 0.1 mg/L of an individual pesticide
or 0.5 mg/L of total pesticides. To monitor such low re-
sidual herbicide levels a need has arisen for developing
sensitive and reliable detection methods.

Currently, three methods are generally employed to de-
termine the presence of most herbicides, HPLC, GC-MS,
and ELISA. HPLC and GC-MS represent reliable and rou-
tine methods, but their disadvantages are that they require
expensive equipment, organic solvents, and purification of
samples prior to assay, thus limiting the number of samples
that can be analyzed (Pacakova et al., 1996). A recently
developed, immunochemical method (ELISA) has high sen-
sitivity (2 × 10−10 M for diuron; 1 ×10−10 M for atrazine)
(Giersch, 1993; Schneider and Hammock, 1992; Schneider
et al., 1994), but involves preparation of monoclonal anti-
bodies, which is difficult, time-consuming, and expensive.
Furthermore, the antibodies generated are specific either to
one compound or a few of its structural analogs.

About one half of the herbicides presently used in agri-
culture inhibit the light reactions in photosynthesis, mostly
by targeting the photosystem II (PSII) complex (Draber et
al., 1991). PSII is a pigment–protein membrane complex
made up of the reaction center D1/D2 heterodimer carrying
the main functional groups of PSII, the chlorophyll (Chl)
proteins CP47 and CP43 acting as inner antennae,a- and
b-subunits of cytochrome b559, and the oxygen-evolving
complex (Mattoo et al., 1989). The D1 protein is the main
target of herbicides that inhibit photosynthesis. Based on
chemical structure and binding properties, PSII herbicides
fall into two main groups: (1) phenylureas and triazines and
(2) phenols (Trebst and Draber, 1979). Although both
classes replace the QB acceptor on the D1 protein (Mattoo et
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al., 1981; Pfister et al., 1981), they interact with different
amino acid residues on D1 (Draber et al., 1991). The high
binding affinity of these herbicides to D1 offers a unique
opportunity to use the PSII complex for herbicide detection.

Interestingly, in the 1950s, selection for the most effec-
tive herbicides took advantage of the fact that herbicides
could inhibit the Hill reaction in isolated chloroplasts
(Good, 1961; Wessels and Van der Veen, 1956). Based on
a similar strategy, isolated chloroplasts and thylakoids have
been used, conversely, to detect herbicides, by testing inhi-
bition of the Hill reaction (Loranger and Carpentier, 1994;
Rouillon et al., 1994), inhibition of DCPIP photoreduction
(Brewster and Lightfield, 1993; Brewster et al., 1995), or
change in Chl fluorescence (Conrad et al., 1993; Merz et al.,
1996). These observations have initiated interest in devel-
oping biological sensors to detect low levels of herbicides in
water and soil using PSII. So far, the practical use of her-
bicide biosensors based on isolated PS II preparations has
been limited by their instability, particularly upon illumina-
tion. Here we present data showing that, by manipulating
PSII particles from the thermophilic cyanobacteriumSyn-
echococcus elongatus,it is possible to construct a stable and
sensitive PSII-based biosensor for detecting herbicides.

MATERIALS AND METHODS

Preparation of PSII Particles

Mature plants of potato (Solanum tuberosum), pea (Pisum
sativum), and broad bean (Vicia faba), grown in a green-
house, were used for isolation of thylakoids and of PSII
particles by the method of Berthold et al. (1981) using a
Triton X-100:Chl ratio of 15 for broad bean and 20 for
potato and pea (Giardi et al., 1994). Chl content was deter-
mined in 80% (v/v) acetone extracts of tissue (Lichtenthaler
and Wellburn, 1983). Hill activity for PSII particles from
higher plants was about 300mmol O2 mg−1 Chl h−1.

A continuous culture of the thermophilic cyanobacterium
Synechococcus elongatus(30 to 40 mg Chl/L) was grown at
56°C. Spheroplasts were prepared by lysozyme treatment of
the cells and, following osmotic shock, thylakoid mem-
branes were collected by centrifugation. PSII particles from
thylakoids were obtained by using either a zwitterionic de-
tergent sulfobetain 12 (SB12) at a detergent:Chl ratio of 3.5
(Komenda et al., 1992), or a nonionic detergent heptylthio-
glucoside (HTG) at a detergent:Chl ratio of 8 (Satoh et al.,
1995). After addition of 10% detergent solution, the mem-
branes were gently stirred for 20 min at 4°C and then cen-
trifuged at 250,000g for 30 min. The PSII particles solubi-
lized by this procedure were frozen in liquid nitrogen and
stored at∼75°C . The Chl content was determined in metha-
nol extracts of the particles (Lichtenthaler and Wellburn,
1983).

The PSII preparations were standardized and the varia-
tion among three different batches was <15%. Each prepa-

ration was aliquoted in small portions (100mg Chl) and
stored at −20°C without a significant decrease of activity for
several months.

Both types of PSII particles contained all cyanobacterial
PSII polypeptides with few to none PSI polypeptides (Ko-
menda et al., 1992; Satoh et al., 1995). The HTG prepara-
tion contained bound plastoquinone (Satoh et al., 1995).
Hill reaction activity for SB12 and HTG-particles was about
920 and 860mmol O2 mg−1 Chl h−1, respectively, with
FeCy and BQ as electron acceptors at 35°C.

Measurement of PSII Activity

Activity of PSII particles was determined by measuring the
rate of DCPIP photoreduction using a spectrophotometer
(Shimadzu, UV-3000) with a side illumination unit (Giardi
et al., 1994). Measurements were performed in 2 mL of the
reaction medium (50 mM-MES [pH 6.5], 15 mM NaCl, 5
mMCaCl2, 0.1% BSA, 0.5M sucrose, and 0.08 mM DCPIP)
containing 10mg Chl equivalent of the PSII particles. The
illumination time was 30 sec.

RESULTS

Selection of Material

To develop a biosensor with the capability of generating
reproducible data, the choice of the biosensing material is
critical because it should remain active for several cycles at
room temperature. Therefore, we compared half-lives of
oxygen evolution activity in PSII particles isolated from
various photosynthetic organisms. The activity was mea-
sured at 25°C spectrophotometrically, with DCPIP as elec-
tron acceptor. We found that the DCPIP reduction by PSII
preparations from higher plants was inactivated with a half-
life of ∼10 h, whereas that of the SB12 particles from the
thermophilicSynechococcushad a half-life of∼20 h (Table
I). Interestingly, photoreduction of DCPIP was most stable
with Synechococcusthylakoids solubilized by the nonionic
detergent HTG (HTG particles), with a half-life of∼24 h
(Table I). Photochemical activity of PSII particles from cya-

Table I. Comparative half-lives of the electron transport activity of PS II
particles isolated from various organisms.a

Source

Residual activity after:
t1/2 of PS II
activity (h)10 h (%) 20 h (%)

Potato 56 35 13
Pea 42 18 8.5
Broad Bean 50 30 10
Synechococcus

SB12 exract 95 50 20
HTG extract 98 54 24

aThe PS II particles were incubated in the dark at 25°C and the electron
transport from H2O to DCPIP was measured spetrophotometrically. Half-
life in each case was calculated from semi-log plots.
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nobacteria declined by only 2% to 5% after 10 h of dark
treatment at 25°C, whereas that of PSII particles from
higher plants decreased by 44% to 58% (Table I). After 20
h of incubation,∼50% of the activity of cyanobacterial
preparation was lost compared with 65% to 82% from the
higher plant material. From these data, it was apparent that
the PSII preparations most appropriate for biosensor con-
struction would be those from the thermophilic cyanobac-
terium.

Description of Biosensor and Flow-Cell System

To design the biosensor, we entrapped about 1mg of Chl
equivalent of either the SB12 particles or the HTG extract of
Synechococcusthylakoids between the dialysis membrane
and Teflon membrane of the Clark electrode (Oxyliquid
Model 22 Idronaut, Brugherio, MI, Pt-electrode diameter 1
mm; inner gas permeable Teflon membrane, No. 670597,
Beckman). A potentiostat (Metrohm 641, Herisau SW) was
used to maintain the correct potential (−700 mV for Ag/
AgCl) and record the electrical current on the platinum elec-
trode. The flow cell (Fig. 1d, e) connected to the electrode
had a ‘‘dead’’ volume of about 3mL. The HTG PSII par-
ticles immobilized on the electrode were continuously
washed with the reaction medium containing 15 mM MES
(pH 6.5), 0.5M-mannitol, 0.1M NaCl, 5 mM MgCl2, and an
artificial electron acceptor (Fig. 1a), at a flow rate of 0.25
mL/min. A test herbicide was dissolved in the reaction me-
dium and introduced into sample reservoir (Fig. 1b). A
valve was used to switch between the reaction medium res-
ervoir and the test (herbicide) solution reservoir (Fig. 1c).

Oxygen evolution was measured upon 20-sec illumina-
tion of the biosensor with a cluster of seven red light-
emitting diodes (LEDs, ultrabright type, wavelength maxi-
mum at 660 nm, 150mmol m−2 s−1 (Fig. 1m). The light

was controlled by a custom-made control box (Fig. 1n). The
light source and the valve were switched either manually or
by a computer using a modified Gilson HPLC system. The
signal usually ranged between 2 and 20 nA.

Optimization of Biosensor Activity

We measured the time-dependent (at intervals of 20 min)
decline in the oxygen-evolving activity of the biosensor
with immobilized SB12 and HTG particles in the presence
of eitherp-benzoquinone (BQ), duroquinone (DQ), or fer-
ricyanide (FeCy). These three electron acceptors were cho-
sen due to their low affinity for the QB niche on D1 and thus
they do not compete with herbicide binding (Satoh et al.,
1995). The SB12 biosensor showed good initial activity
with BQ and FeCy but not with DQ (not shown). On the
other hand, the HTG-biosensor exhibited high activity with
all the three acceptors. The SB12 particles are likely de-
pleted of the bound QB and, therefore, DQ cannot act as the
electron acceptor. This could be explained by the model of
Satoh and coworkers (Kashino et al., 1996; Satoh et al.,
1995) who proposed that DQ can accept electrons only via
plastoquinone bound in the QB niche. Therefore, for the
remaining experiments, we used only the HTG biosensor.
Figure 2 shows the stability of HTG particles at 25°C for the
three acceptors. Addition of the antibiotic chloramphenicol
(CAP; 5 × 10−5 M final concentration), an inhibitor of pro-
tein synthesis on 70S ribosomes, greatly improved the bio-
sensor stability. In the presence of quinones, a consistent
increase (30% to 40%) in oxygen-evolving activity was ob-
served within the first 2 h of theassay (Fig. 2). The reason
for this observation is not fully understood, but the absence
of such an activation in isolated thylakoids (not shown) and

Figure 1. Scheme of the biosensor flow system: (a) buffer reservoir; (b)
herbicide solution reservoir; (c) three-way valve; (d) flow cell; (e) biosen-
sor; (f) peristaltic pump; (g) waste; (h) electrochemical detector; (i) chart
recorder; (l) magnetic stirrer; (m) LEDs cluster; and (n) timer and power
supply. (Insert) Mediator entrapped on the surface of the electrode.

Figure 2. Time dependence of stability of the biosensor using HTG-
particles at 25°C in the presence of 10−3 M BQ, 2 × 10−4 MDQ, or 10−3 M
FeCy in the measuring buffer. CAP was present in all samples at the
concentration 5 × 10−5 M. A 100% value represents the maximal oxygen
evolution activity obtained in each measurement.
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in the PSII particles in the presence of FeCy suggest that
some rearrangement of the acceptor side may take place
during detergent solubilization.

The stability of the HTG biosensor was tested under con-
tinuous flow conditions also at 15°C, 25°C, and 35°C, as
shown in Figure 3. At higher temperatures, a significant
reduction in the stability of the preparation was observed,
the half-life of oxygen-evolving capacity being longer at
15°C than at 35°C. Moreover, at the three temperatures
tested, the half-life of the biosensor activity with BQ was
significantly shorter compared with DQ and FeCy (Fig. 3).
At 25°C, the half-lives of the biosensor activity were 42, 36,
and 8 h, respectively, in the presence of FeCy, DQ, and BQ
(Fig. 3). These half-life measurements were reasonable and
intermediate between 15°C and 35°C; therefore, it was de-
sirable to use the laboratory temperature, 25°C.

Sensitive Detection of Herbicides

Considering the positive and negative effects of these ac-
ceptors on stability and herbicide activity (Figs. 2 and 3)—
BQ destabilized the PSII (Fig. 3) and interfered with her-
bicide-binding activity, by reducing the inhibitory effect of
DCMU (not shown)—we tested DQ or FeCy as electron
acceptors for the remaining experiments.

Calibration curves for six herbicides (three urea/triazine
type herbicides — DCMU, atrazine, simazine; and three
phenolic type herbicides—dinoseb, ioxynil, and bromoxy-
nil) were determined in the presence of 2 × 10−4 M DQ.
Initially, the activity of the biosensor was recorded in the
absence of the herbicides, then 5 mL of herbicide solution
was loaded from the sample reservoir and the activity was
recorded again. The ratio between these two measurements
was determined. After each measurement, the herbicide was

removed by washing the system with reaction medium for
15 min. The biosensor was then tested with another con-
centration of the standard herbicide solution. The repeated
use of the biosensor did not affect the reproducibility of the
measurement. Each concentration was used in two to four
independent measurements, and calibration curves were
constructed for each herbicide (Fig. 4).

We found that the sensitivity of detection did not vary
during the lifetime of the biosensor. The results with DQ as
an electron acceptor are shown in Figure 4; similar results
were obtained when FeCy was used, but measurements with
FeCy were not always reproducible (not shown). The poor
reproducibility with FeCy is perhaps due to slow oxidation
of nonheme iron (II) by ferricyanide, resulting in the reduc-
tion of binding affinity of herbicides to the QB site, as
discussed by Diner and Petrouleas (1987) and Satoh et al.
(1992). It is also possible that FeCy accepts electrons from
the PSII reaction centers that do not bind plastoquinone.

The I50 values (herbicide concentration causing 50% in-
hibition of the initial activity) for herbicides and their de-
tection limits were calculated and are summarized in Table
II. The detection limit (LOD) was calculated using the
graphical method described by Meier and Zund (1993). Ac-
cording to this method, the limit of detection (LOD) is
possible at the 99% confidence level. The standard error in
our measurements was below 5%, due mainly to low signal
to noise ratio. The biosensor was most sensitive for the
detection of DCMU and atrazine, whereas the detection
limits for the other herbicides were higher by one or two
orders of magnitude.

Figure 3. Temperature dependence of half-life (t1/2 in hours) of the oxy-
gen evolving activity of the biosensor (HTG particles) using the indicated
electron acceptors. The measurements were done at the indicated tempera-
tures. CAP was present in all samples at the concentration 5 × 10−5 M. Hill
reaction activity for HTG-particles was about 860mmol O2 mg−1 Chl h−1

(35°C, in the presence of FeCy + BQ as electron acceptors), respectively.

Figure 4. Calibration curves to determine the limit of detection (Meier
and Zund 1993) andI50 dose for six herbicides, DCMU (diuron), atrazine,
simazine, ioxynil, bromoxynil and dinoseb. The calculated values are sum-
marized in Table II. Biosensor activity was measured in the presence of 2
× 10−4 M DQ and 5 × 10−5 M CAP. A 100% value represents the oxygen
evolution activity of the biosensor measured at the beginning of the ex-
periment in the absence of herbicide. Measurements at each concentration
of herbicide were made in two to four replicate experiments.
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DISCUSSION

We have constructed a stable, highly sensitive, user-friendly
PSII-based biosensor. Contributing factors to the success in
building the biosensor were: the stable nature of the PSII
complex source (the thermophilic cyanobacterium,Syn-
echococcus elongatus); use of an isolated PSII complex
instead of thylakoids for immobilization; and incorporation
of a flow cell system. Compared with the previous herbicide
detection systems that employed PSII as a biosensing ele-
ment, sensitivity of the biosensor reported here is greater
than that reported for amperometric biosensors (Loranger
and Carpentier, 1994; Rouillon et al., 1995a, b). A detection
limit of 5 × 10−10 M for diuron is similar to that obtained
using ELISA or Chl fluorescence detection methods (Merz
et al., 1996).

The advantages of the system developed here include:
requirement of small amounts of biological material: very
low detection limit for selected herbicides — for diuron
comparable with the most sensitive ELISA tests; higher
stability of the biosensor at room temperature; reusability
and regeneration of the biosensor because the test herbicide
can be easily washed off; and the possibility of automating
the measurements. Interestingly, the observed half-life of
the biosensor at 25°C is greater than the half-life of the
original material; that is, the ‘‘free’’ HTG extract (compare
data in Table I and Fig. 3). The reason could be that the
HTG particles are surrounded by many detergent molecules
that considerably influence the activity of the PSII complex.
When the material is used in a flow system, as in the bio-
sensor, the detergent is removed by dialysis after several
minutes, and the activity is stabilized. This is supported by
the fact that, in the present study, the material became in-
soluble and formed a lipid-like film on the Teflon mem-
brane of the electrode.

The general sensitivity of the PSII-based biosensor is
given by the binding constant of a herbicide. At low con-
centrations of herbicide the decrease in activity is minimal,
and to record this minimal response, it is necessary to maxi-

mize the signal to noise ratio. In our system, this was
achieved by using PSII particles that enabled high specific
activity of oxygen evolution on Chl and protein bases (com-
pared with chloroplasts or thylakoids), and immobilization
of PSII particles on a small surface area of the Clark elec-
trode, which enabled a high concentration of the PSII com-
plex in the microenvironment of the measuring probe. The
signal to noise ratio was further increased by using an op-
timized flow cell with minimal dead volume. The flow sys-
tem ensured the signal stability because the herbicide con-
centration in the solution does not decrease, as in batch
systems, where herbicide is in equilibrium with the PSII
complex. In addition, the flow system significantly mini-
mized the heterogeneity of the sample compared with the
mixed batch sample.

In summary, we have developed a relatively stable and
sensitive semiautomated biosensor for the detection of re-
sidual triazine-, urea-, and phenolic-type herbicides, using
isolated PSII particles from a thermophilic cyanobacterium.
The data presented can be used as a basis for developing a
commercial, miniaturized biosensor for rapid monitoring of
PSII herbicides.

M.T.G. thanks Dr. G. Angelini for allowing the use of his labo-
ratory facilities.
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