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Abstract: An improved whole-cell technology for detoxi-
fying organophosphate nerve agents was recently devel-
oped based on genetically engineered Escherichia coli
with organophosphorus hydrolase anchored on the sur-
face. This article reports the immobilization of these
novel biocatalysts on nonwoven polypropylene fabric
and their applications in detoxifying contaminated
wastewaters. The best cell loading (256 mg cell dry
weight/g of support or 50 mg cell dry weight/cm2 of sup-
port) and subsequent hydrolysis of organophosphate
nerve agents were achieved by immobilizing nongrow-
ing cells in a pH 8, 150 mM citrate-phosphate buffer
supplemented with 1 mM Co2+ for 48 h via simple ad-
sorption, followed by organophosphate hydrolysis in a
pH 8, 50 mM citrate-phosphate buffer supplemented with
0.05 mM Co2+ and 20% methanol at 37°C. In batch op-
erations, the immobilized cells degraded 100% of 0.8 mM
paraoxon, a model organophosphate nerve agent, in ap-
proximately 100 min, at a specific rate of 0.160 mM min−1

(g cell dry wt)−1. The immobilized cells retained almost
100% activity during the initial six repeated cycles and
close to 90% activity even after 12 repeated cycles, ex-
tending over a period of 19 days without any nutrient
supplementation. In addition to paraoxon, other com-
monly used organophosphates, such as diazinon, cou-
maphos, and methylparathion were hydrolyzed effi-
ciently. The cell immobilization technology developed
here paves the way for an efficient, simple, and cost-
effective method for detoxification of organophosphate
nerve agents. © 1999 John Wiley & Sons, Inc. Biotechnol Bio-
eng 63: 216–223, 1999.
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INTRODUCTION

Organophosphorus (OP) compounds, which are among the
most toxic substances known, are used as pesticides, insec-
ticides, and nerve gases (Chapalamadugu and Chaudhry,
1992; Compton, 1988; Donarski et al., 1989; FAO, 1989;
USDA, 1992). These compounds act by inhibiting the ac-
tivity of acetylcholinesterase (AChE), resulting in acetyl-

choline (AChE) accumulation, which interferes with mus-
cular responses, and in vital organs produces serious symp-
toms and eventually death (Donarski et al., 1989).

In the United States over 40 million kilograms of organo-
phosphate pesticides are consumed (FAO, 1989), while an-
other 20 million kilograms are produced annually for export
(USDA, 1992). Although the use of these pesticides is very
important to the success of the agricultural industry, there is
now growing public concern regarding their contamination
in food products and water supplies, particularly the large
quantity of pesticide wastes, such as: (1) excess or unused
pesticide residues remaining in their original containers; and
(2) dilute aqueous pesticide solution generated by the pes-
ticide producer and consumer resulting from washing of
storage tanks and spraying equipment (Munnecke, 1980).
One of the more serious problems is the approximately
400,000 L of cattle dip wastes, containing approximately
1500 mg/L of the organophosphate insecticide, coumaphos,
that are generated yearly along the U.S.–Mexico border un-
der a USDA program designed to control the spread of
cattle fever through ticks on disease-carrying cattle im-
ported from Mexico or on cattle in the areas of the U.S.
where there is a likely exposure to ticks from Mexico (Mul-
bury et al., 1996). Additionally, large stockpiles of ex-
tremely toxic organophosphate-based nerve gases such as
sarin, soman, and VX, stored around the world, have to be
destroyed by the year 2007.

Organophosphorus hydrolase (OPH) has been isolated
and shown to effectively hydrolyze organophosphate pesti-
cides (P—O bond hydrolysis) and degrade other organo-
phosphates (P—F or P—CN bond cleavage), including
those utilized in nerve gases (Dumas et al.,1989a, 1990).
Enzymatic hydrolysis rates are 40 to 2450 times faster than
chemical hydrolysis, and the activity of this enzyme has
been reported to be stable at temperatures up to 45° to 50°C
(Munnecke, 1979). The reaction products from hydrolysis
by OPH are generally of greatly reduced toxicity relative to
the parent compounds (Lai et al., 1994; Yakovlevsky et al.,
1997).

Both native and recombinant OPHs, immobilized onto
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nylon (membrane, powder, and tubing) (Caldwell and
Raushel, 1991a), porous glass, and silica beads (Caldwell
and Raushel, 1991b), have been applied as enzyme reactors
for the detoxification of organophosphate pesticides. These
processes are economically restrictive because of the high
cost associated with purifying OPHs. This problem can be
eliminated if whole cells (either growing or nongrowing),
rather than enzymes, are immobilized onto the support (such
as in an immobilized-cell bioreactor). However, the use of
immobilized cells in a bioreactor does have disadvantages.
One serious potential problem is the mass transport limita-
tion of substrates and products across the cell membrane,
which can act as a permeability barrier and inhibit substrates
from interacting with the enzymes residing within the cell.
Several recent reports have shown that the uptake of OP
nerve agents is indeed the rate-limiting step in the degrada-
tion of these pesticides by whole cells expressing OPH in-
tracellularly (Elashvili and DeFrank, 1996; Elashvili et al.,
1998; Hung and Liao, 1996; Richins et al., 1997). Similar
observations of the resistance to mass transport of substrates
for other enzymes present in the cytoplasm ofE. coli have
been reported by others (Martinez et al., 1996). The resis-
tance to mass transport can be reduced by treating cells with
permeabilizing agents such as EDTA, DMSO, tributyl phos-
phate etc. However, not all enzymes are amenable to this
treatment, and immobilized viable cells cannot be subject to
permeabilization.

Recently, active OPH was successfully anchored and dis-
played onto the cell surface ofE. coli using an Lpp–OmpA
(46–159) fusion system (Richins et al., 1997). Cultures with
surface-expressed OPH degraded parathion and paraoxon
very effectively without the diffusional limitation observed
in cells expressing OPH intracellularly, and also exhibited a
very long shelf-life, retaining 100% activity over a period of
1 month in resting state in buffer without any nutrients
(Chen and Mulchandani, 1998).

Practical application of cells expressing OPH on the cell
surface necessitates that the cells be immobilized. Immobi-
lized cell systems have the potential to degrade toxic chemi-
cals faster than conventional wastewater treatment systems,
because high densities of toxic-chemical degrading bacteria
are used in immobilized cell systems, which are responsible
for: (1) increased metabolic activity and metabolite produc-
tion; (2) protection from toxic substances; and (3) increased
plasmid stability (Cassidy et al., 1996). In the case of the
recombinantE. coli expressing OPH on the cell surface,
immobilization will also make the repeated usage of the
same cells over a long period feasible. Chemical crosslink-
ing using glutaraldehyde/polyglutaraldehyde is a widely
used method for cell immobilization. However, this immo-
bilization method when tried onE. coli cells displaying
b-lactamase on the cell surface resulted in significant 84%
to 87% (for glutaraldehyde) and 45% to 65% (for polyglu-
taraldehyde) reductions of originalb-lactamase activity
(Freeman et al., 1996). A similar significant reduction in
OPH activity was also observed on crosslinking with glu-
taraldehyde (unpublished results). In this study, we report a

very simple and efficient method for the immobilization of
E. coli cells expressing OPH on the cell surface onto solid
supports and demonstrate that the immobilization of these
cells onto solid supports can provide an attractive and eco-
nomical means for detoxification of organophosphate nerve
agents in place of immobilized enzymes or immobilized
whole cells expressing OPH intracellularly, affording no
diffusional barrier, lowered labor cost, and the potential for
easy regeneration.

MATERIALS AND METHODS

Reagents and Materials

Luria–Bertani (LB) medium, potassium monobasic phos-
phate, sodium citrate, potassium dibasic phosphate, cobalt
chloride, and nichrome resistance wire were purchased from
Fisher Scientific (Tustin, CA). Paraoxon was obtained from
Sigma Chemical Co. (St. Louis, MO). Parathion, methyl
parathion, and diazinon were obtained from Supelco Inc.
(Bellefonte, PA, USA). Coumaphos was a gift from Bayer
Corp. (Merriam, KS). Nonwoven fabric, 909 PP white, was
a gift from Texel Inc. (St. Elzear, Canada).

Bacterial Strains and Plasmids

E. coli strains JM105 (endA1, thi, rpsL, sbcB15, hsdR4,
D(lac-proAB), [F8, traD36, proAB, lacIqZDM15]) and
XL1-Blue (recA1, endA1, gyrA96, thi-1, hsdR17 (rk

−, mk
+),

supE44, relA1, lac[F8 proAB, lacIqZDM15, Tn10 (Tetr)])
were used in this study.

Plasmid pOPK132 was used for expressing Lpp–OmpA–
OPH on the cell surface (Richins et al., 1997). Expression of
OPH is tightly regulated by atac promoter due to the pres-
ence of thelacIq gene on the plasmid.

Growth Conditions

E. coli cells XL1-Blue bearing plasmid pOPK132 were
grown in buffered LB media (pH 7.0) supplemented with
100 mg/mL ampicillin at 37°C. After 48 h of growth, cells
were harvested by centrifugation at 5000g for 10 min,
washed with 150 mM NaCl twice, and then resuspended in
20 mL of pH 8, 150 mM citric acid–Na2HPO4 buffer. For
the cells that were induced for OPH expression, 1 mM IPTG
was added to the culture once the OD600 of cell suspension
reached 0.5. Twenty-four hours after induction, CoCl2 was
added to 1 mM final concentration.

Cell Immobilization

Square (2.5 × 2.5 cm) pieces of 909 PP white-cell immo-
bilization matrix were dried to constant weight at 105°C in
an oven (Model 130DM, Thelco laboratory oven, Precision
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Scientific). Each piece was then attached to a nichrome
resistance wire (D24, Arcor), weighed, and suspended into
a 500-mL Erlenmeyer flask containing 200 mL of either cell
growth medium or pH 7 to 8.5, 150 mM citric acid
–Na2HPO4 buffer with 0.05 to 1 mM CoCl2 and sterilized
by autoclaving at 121°C for 20 min. Flasks containing the
growth medium were inoculated with a 4% (v/v) inoculum
of the exponentially growing preinoculum, while the flasks
with buffer were seeded with a suspension of washed cells
to give a final concentration of 2 g wet weight/L. Cell
immobilization was allowed to proceed for 24 to 48 h by
incubating at 37°C and 110 rpm on the incubator shaker
(Innova 4340, New Brunswick Scientific, Edison, NJ). The
immobilized cell supports were subsequently used to either
determine the dry weight of immobilized cells or for or-
ganophosphate degradation studies. To determine the dry
weight of the immobilized cells, supports (with suspending
wire) were removed from the flask, placed on a preweighed
filter paper on a Bu¨chner funnel, washed thoroughly with
deionized water to remove entrapped salts and nutrients, and
dried to a constant weight at 105°C overnight in an oven
(Model 130DM Thelco laboratory oven).

Degradation of Pesticide by Immobilized Cells

Supports with immobilizedE. coli cells were suspended in
100 mL of 50 mM (unless otherwise as stated) sterilized
citric acid–Na2HPO4 buffer (pH 8.0) supplemented with
0.05 mM CoCl2, 5% methanol (unless indicated) and known
OP concentration, 1 mM paraoxon, 0.55 mM methyl para-
thion, 0.022 mM coumaphos, or 1.67 mM diazinon. The
contents of the flask were incubated on an incubator shaker
(Innova 4340, New Brunswick Scientific) at 37°C and 110
rpm. The hydrolysis/degradation of organophosphates was
analyzed by measuring the absorbance of the hydrolyzed
products spectrophotometrically (Cary 1E, Varian, Mel-
bourne, Australia) at 410 nm for paraoxon and methyl para-
thion, 224 nm for diazinon, and 348 nm for coumaphos
(Dumas et al., 1989b).

Reculturing of Cells Adsorbed on Support Matrix

For the reculturing of cells already immobilized onto the
support by adsorption, nonwoven fabric with immobilized
cells were placed into buffered LB media, supplemented
with ampicillin, and incubated on a shaker (Innova 4340)
for 1 day at 37°C and 110 rpm. IPTG was added to a final
concentration of 1 mM 20 h after the start of culturing
followed by 1 mM Co2+ 44 h after the start of reculturing.
The cell loaded supports were subsequently either dried
overnight to determine dry cell mass or placed in the citric
acid–Na2HPO4 buffer solution for pesticide degradation.

Scanning Electron Microscopy

The 909 PP polyester mat with immobilizedE. coli cells
was washed with 0.1M phosphate buffer (pH 7.0), and then

soaked in 2% w/v glutaraldehyde solution overnight to fix
the cells. It was washed five times with 0.1M phosphate
buffer (pH 7.0), followed by a secondary fixation with 1%
w/v osmium tetroxide (1 h at 4°C) and consecutive washing
with phosphate buffer. The fixed sample was dehydrated by
successive treatments in 50%, 70%, 80%, 90%, 95% (%
v/v) ethanol solutions for 10 min and twice for 60 min in
100% ethanol at room temperature to ensure complete de-
hydration of the sample. The ethanol was removed by a
critical point dryer. The mat was then cut and placed on
nickel grids and coated with gold using a gold sputtering
instrument. The gold-coated samples were viewed in a scan-
ning electron microscope.

RESULTS AND DISCUSSION

Cell Immobilization

Immobilization of whole cells onto a solid support by ad-
sorption is a mild, simple, and nonspecific process. Inor-
ganic carriers such as glass, brick, and diatomaceous earth
or organic materials such as cellulose and ion-exchange
resin have been used as supports (Bickerstaff, 1997). To
provide a high surface area per unit bioreactor volume for
cell immobilization, the aforementioned support materials
must have highly porous morphology. Microorganisms are
immobilized on these porous materials by lodging in the
micropores. Reactant and product transport in these micro-
porous supports encounter a strong pore diffusion. Because
the use of such porous support would negate the benefit of
presenting the OPH on the cell surface, it was decided to
consider/evaluate only nonporous supports on which the
cells would immobilize primarily on the surface as a bio-
film. One such support material that has shown promise for
surface immobilization of microorganisms, plant cells, and
mammalian cells is nonwoven fabric (Archambault, 1995;
Mulchandani et al., 1989; Naruse et al., 1996; Tokuda et al.,
1997; Yahashi et al., 1996). These nonwoven fabrics are
commercially available and come in different materials such
as polyester, polypropylene, silk, etc., and also different
fiber size, thickness, air permeability, and weight per unit
area. Prior success in immobilization of microbial cells on
these mats in the PI’s laboratory (Mulchandani et al., 1989)
was an additional reason for selecting the nonwoven fabric
support in this research.

In a commonly used method of cell immobilization by
adsorption technique, cells are cultivated/cultured in a com-
plete nutrient medium in the presence of the support mate-
rial. This method was found unsuitable for the immobiliza-
tion of E. coli cells expressing OPH on the cell surface
because: (1) the cells immobilized as a slimy film that was
adsorbed/bound very weakly; (2) the slimy layer was easily
disturbed/dislodged from the surface by mere lifting of the
support from the medium; and (3) a majority of the cell
growth was in the medium, as evident from the high tur-
bidity of the medium.
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Immobilization of Starving Cells

Starving/resting yeast cells,Saccharomyces uvarum,have
been shown to bind strongly to immobilization supports
(Bringi and Dale, 1985). Because our prior research with
nongrowing (freely suspended in buffer in the absence of
nutrients)E. coli cells expressing OPH on the cell surface
demonstrated that these cells were extremely stable and re-
tained 100% of the original OPH activity for >1 month
(Chen and Mulchandani, 1998), it was decided to investi-
gate how well precultivated and starved/rested cells immo-
bilized on the nonwoven fabric support. Preliminary results
indicated that the precultivated resting cells immobilized
strongly and uniformly to the nonwoven fabric support. Un-
like the adsorbed growing cells, starved immobilized cells
adsorbed stongly/tightly to the support and did not dislodge
from the support matrix easily. Therefore, this method was
used for cell immobilization in this research.

Effect of pH and Surface Area on Starving
Cell Immobilization

The surface charges on the cell and support play an impor-
tant role in the cell–support interaction. Because the net
surface charges are a function of the buffer pH, cell loading
on the support should be affected by buffer pH (Mozes et
al., 1987; Mulchandani et al., 1989). Cell immobilization on
909 PP white nonwoven fabric was a function of pH (data
not shown), with the highest cell loading (0.256 ± 0.04 g of
cell dry weight/g of fabric or 0.048 ± 0.002 g of cell dry
weight per 12.5-cm2 matrix) observed at pH 8.0. This pH is

also favorable for subsequent organophosphate hydrolysis
operation, because the activity of the free and immobilized
OPH at pH 8 is approximately 80% of its maximum (Mul-
chandani et al., in press).

Cell immobilization was also a function of surface area,
with increasing cell loading on larger support matrices (12
mg of cells on a 2.25-cm2 matrix as compared with 50 mg
on a 12.5-cm2 matrix). The scanning electron micrograph of
the cell support (Fig. 1) shows that the support matrix was
covered completely and uniformly by the adsorbed cells.

Hydrolysis of Organophosphates

In the initial investigations of cell immobilization on the
nonwoven fabric, cells were not induced to express OPH on
the cell surface. Therefore, it was deemed necessary to de-
termine whether cells that have OPH displayed on the cell
surface will also immobilize similarly to those not display-
ing OPH on the cell surface. No difference in cell loading
was observed for the two cases. The immobilized cells with
active OPH on their cell surface hydrolyzed paraoxon at an
initial rate of 0.02 mM min−1 (g cell dry wt)−1. This rate of
paraoxon hydrolysis was approximately 23-fold greater than
that of control (1 mM paraoxon in pH 8, 50 mM citrate-
phosphate buffer with 0.05 mM Co2+ and 5% methanol
incubated with nonwoven fabric support at 37°C and 110
rpm). The method in which the cell cultivation and immo-
bilization are separated is particularly beneficial if the deg-
radative enzyme displayed on the cell surface was stable
(see subsequent text). This will eliminate the need for main-

Figure 1. (A) Scanning electron micrograph of native support (original magnification 180×). (b) Cell loaded support matrix (original magnification 180×).
(C) Cell-loaded support matrix (original magnification 2200×).
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taining an aseptic environment after cell culturing, which
can be done in a laboratory, during hydrolysis of organo-
phosphates in the immobilized cell bioreactor.

Effect of Co2+

Organophosphorus hydrolase contains a binuclear metal
center that is actively involved in the catalysis (Lai et al.,
1994). The native enzyme contains two Zn2+ ions per mol-
ecule (Dumas et al., 1989b). The Zn2+ ions can be replaced
by a variety of divalent cations to alter the enzyme activity.
The replacement of Zn2+ by Co2+ (1 mM Co2+ was added to
the cell cultivation medium approximately 16 h after the
induction of OPH synthesis) results in an approximately
twofold enhancement of the OPH activity for paraoxon hy-
drolysis (Omburo et al., 1992). Experiments were done to
determine the role of Co2+ cation on the efficiency of OP
hydrolysis during cell immobilization and the subsequent
use of the immobilized cells. Cells expressing active OPH
on the cell surface were harvested, washed, and suspended
in buffer with and without 0.05 mM Co2+ (the concentration
of Co2+ in the buffer used in enzyme purification and ac-
tivity measurement) during cell immobilization and subse-
quent paraoxon hydrolysis. The result showed that the pres-
ence of Co2+ did not affect the cell loading. The initial
specific paraoxon hydrolysis rate, on the other hand, was
affected by whether Co2+ was present or absent during hy-
drolysis; that is, 0.03 mM min−1(g cell dry wt)−1 when 0.05
mM Co2+ was present compared with 0.02 mM min−1 (g cell
dry wt)−1 when Co2+ was absent from the hydrolysis me-
dium (in both cases, the cells were adsorbed from buffer
supplemented with 0.05 mM Co2+). Increasing the Co2+

concentration to 1 mM during the cell immobilization step
resulted in an improvement of the initial specific paraoxon
hydrolysis rate from 0.08 mM min−1 (g cell dry wt)−1 in the
absence of Co2+ during hydrolysis to 0.16 mM min−1 (g cell
dry wt)−1 in the presence of 0.05 mM Co2+ during hydro-
lysis. The presence of a very low concentration of Co2+

(0.050 mM) in the buffer during paraoxon hydrolysis also
greatly prolonged paraoxon degradation by the immobilized
cells (see ‘‘Stability of Immobilized Cells’’ subsection),
probably by preventing the loss of cobalt from the OPH
active center.

Effect of Methanol

The degradation of higher concentration of pesticides is
advantageous as it will reduce the volume of wastewater to
be processed. Because organophosphate pesticides are not
very soluble in aqueous solution, organic solvent is gener-
ally added to increase their solubility in aqueous medium.
Organic solvents, unfortunately, affect the activity and sta-
bility of many proteins and at high concentration can cause
denaturation and precipitation. Additionally, biological ma-
terials immobilized by simple adsorption can be susceptible
to desorption upon change in the environment and inevita-
bly affect the stability (i.e., long-term operation) of the bio-

reactor. Therefore, it was considered necessary to study the
effect of organic solvents on the activity and stability of the
immobilized cells. As shown in Figure 2, there was no
significant effect on the initial paraoxon hydrolysis rate by
E. coli cells immobilized on nonwoven fabric with up to
20% methanol. The immobilized cells were stable over a
3-week period of repeated use (Fig. 3). Higher (30% and
40%) methanol concentrations, however, resulted in a mod-
erate decline in paraoxon degradation rate. These results are
in agreement with a study investigating purified OPH co-
valently immobilized onto nylon supports (Caldwell and
Raushel, 1991b).

Effect of Temperature

Microorganisms, and the enzymes they carry, are rather
labile and can be easily killed/inactivated at high tempera-
tures. Although stability increases at low temperatures, the
rates of the desired enzyme-catalyzed reactions are low.
Temperature effect on paraoxon degradation by immobi-
lized cells was investigated between 24° and 45°C. As for
soluble OPH, the initial specific paraoxon hydrolysis rate
increased from a value of 0.056mM min−1 (g cell dry wt)−1

at 24°C to 0.16 mM min−1 (g cell dry wt)−1 at 45°C. Al-
though increasing temperatures led to an enhanced initial
paraoxon degradation rate, it is important to recognize that
OPH is labile and undergoes a temperature-dependent inac-
tivation (Rowland et al., 1991). Because the improvement in
the initial specific paraoxon hydrolysis rate between 37° and
45°C was only marginal [0.14 compared with 0.16 mM
min−1 (g cell dry wt)−1] and the penalty in terms of enzyme
stability rather severe, 37°C was selected for the future stud-
ies.

Effect of Organophosphate Concentration
and Compounds

As stated earlier, degradation of higher concentration pes-
ticides is advantageous because it reduces the volume of

Figure 2. Effect of methanol on the degree of hydrolysis of 0.8 mM
paraoxon by immobilized cells in pH 8, 50 mM citrate-phosphate buffer
with 0.05 mM Co2+ at 37°C and 110 rpm.
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wastewater to be processed. Figure 4 shows that immobi-
lized E. coli cells expressing OPH on the cell surface hy-
drolyzed 100% of higher concentration paraoxon solutions
very efficiently at a relatively high rate.

Organophosphorus hydrolase has broad substrate speci-
ficity. It is reported to hydrolyze a whole host of organo-
phosphate-based nerve agents (Dumas et al., 1989b). The
ability of the immobilized cells with OPH expressed on the
cell surface to degrade various organophosphates was
evaluated. Immobilized cells effectively degraded close to
100% paraoxon, coumaphos, and diazinon in less than 3.5 h,
and methyl parathion in approximately 24 h (Fig. 5). The
slower rate of methyl parathion hydrolysis compared with
diazinon and coumaphos is an anomaly, considering that the
reportedkcat/Km for the free enzyme for methyl parathion is
an order of magnitude greater than these organophosphates
(Mason et al., 1997).

Stability of Immobilized Cells

Immobilization of cells facilitates their recycle and reuse.
Table I depicts the recycling/reuse ability of the immobi-
lized E. coli cells with OPH on the cell surface. A very
small decline in paraoxon hydrolysis performance of the
immobilized cells from the initial level was detected after
12 cycles of paraoxon degradation over a 19-day period.
Because earlier work in this laboratory has showed that
suspended nongrowing (suspended in buffer in the absence
of any nutrient)E. coli cells expressing OPH on the cell
surface were stable up to 30 days (Chen and Mulchandani,
1998), the small decline in the paraoxon hydrolysis can be
attributed to the detachment/loss of immobilized cells from
the support.

Reculturing of Starved Immobilized Cells

The rate of hydrolysis/degradation of OPs can be improved
by increasing the concentration of cells in the bioreactor.
The amount of cells that can be immobilized by adsorption

Figure 3. Effect of immobilized cell recycling on the degree of hydro-
lysis of 0.9 mM paraoxon after 2-h reaction in pH 8, 50 mM citrate-
phosphate buffer with 20% methanol and 0.05 mM Co2+ at 37°C and 110
rpm.

Figure 4. Effect of paraoxon concentration on its hydrolysis by immo-
bilized cells in pH 8, 50 mM citrate-phosphate buffer with 20% methanol
and 0.05 mM Co2+ at 37°C and 110 rpm.

Figure 5. Hydrolysis of other organophosphate nerve agents by immo-
bilized cells in pH 8, 50 mM citrate-phosphate buffer with 20% methanol
and 0.05 mM Co2+ at 37°C and 110 rpm. Initial concentrations: 1 mM
paraoxon; 0.55 mM methyl parathion; 1.7 mM diazinon; and 0.022 mM
coumaphos.

Table I. Stability of immobilized cells on recycling.

Run number Paraoxon degraded in 2 h (mM)

1 0.91
2 0.93
3 0.93
4 0.92
5 0.88
6 0.86
7 0.82
8 0.68
9 0.8

10 0.84
11 0.86
12 0.88

Degradation of 1 mM paraoxon in pH 8, 50 mM citrate-phosphate buffer
with 20% methanol and 0.05 mM Co2+ at 37°C and 110 rpm. Immobilized
cells were stored in pH 8, 50 mM citrate-phosphate buffer with 0.05 mM
Co2+ at 37°C and 110 rpm.
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alone, as has been done earlier, is, however, limited. There-
fore, the strategy of cultivating/growing the cells after ad-
sorption to increase the cell loading on the support was
investigated. The results show that cells adsorbed (no Co2+

was present during adsorption) on nonwoven fabric could
be further cultivated by suspending the support in the
growth medium (buffered LB medium supplemented with
ampicillin). The final cell loading after 48 h of cultivation
was 144 mg dry weight/12.5 cm2, which was threefold
higher than the control. The immobilized cells could be
induced to initiate the expression of active OPH on the cell
surface by the addition of 1 mM IPTG and 1 mM Co2+ at 20
h and 44 h, respectively, after the start of recultivation.
Subsequent to cell recultivation, the paraoxon hydrolysis
capability of the cell-loaded support was tested in a pH 8, 50
mM citrate-phosphate buffer, without any nutrients for cell
growth. As before, these immobilized cells were able to
hydrolyze paraoxon effectively (Fig. 6). The initial rate of
paraoxon hydrolysis by these immobilized cells was faster
than before (11.2 vs. 8mM min−1). The higher initial rate
can be attributed to the increased OPH activity resulting
from the additional cell mass on the support. The immobi-
lized cells could be cycled for successive hydrolysis cycles
(Fig. 6) with no decrease in the hydrolysis rate over four
cycles. Beginning the fifth cycle, however, the rate of hy-
drolysis decreased slightly from the initial value (Fig. 6). In
comparison, over the same number of cycles (six) there was
virtually no decrease in the rate of paraoxon hydrolysis for
the cells that were not grown further after adsorption (Fig.
3). The larger decrease in the paraoxon hydrolysis rate, can
be attributed to the weak binding of the newly formed cell
layer to the support, resulting in a significantly greater loss
of cells from this support.

CONCLUSIONS

Enzymatic degradation of organophosphorus nerve agents
by organophosphorus hydrolase has been a subject of con-
siderable attention during the past decade. However, prac-

tical applications of large-scale enzymatic degradation has
always been limited by the cost and stability of OPH. Re-
cently, we have successfully engineeredE. coli cells that
anchored and displayed active OPH on the cell surface.
These cells degraded organophosphates very effectively, re-
taining 100% of their initial activity over 30 days without
undergoing the diffusional resistance of the cell walls that
has been observed in cells expressing OPH intracellularly.
The availability of this organism has opened new avenues
for developing bioprocesses based on immobilized whole
cells.

In this article, we have developed a simple procedure
for the immobilization of genetically engineeredE. coli
cells displaying OPH on their surface. Cells were immobi-
lized by simple adsorption of nongrowing cells with the
active OPH already displayed on the cell surface on non-
woven polypropylene fabric supports from a pH 8 buffer
supplemented with 1 mM Co2+. Unlike other methods
(Freeman et al., 1996), no harsh chemicals, which effect the
enzyme activity significantly, are used for cell immobiliza-
tion. When used in batch operation, cells immobilized by
this method efficiently and rapidly hydrolyzed almost of the
100% paraoxon, diazinon, coumaphos, and methyl parathi-
on. The 8-mM min−1 rate of paraoxon hydrolysis by with
0.24 g of nonwoven fabric support with immobilized cells is
a slight improvement over the rate of 6.25mM min−1 ob-
tained with 0.22 g of polyurethane-foam-entrapped OPH
that was isolated from anE. coli strain expressing the en-
zyme intracellularly and purified to homogeneity (LeJeune
et al., 1996). The immobilized cells retained close to 100%
initial organophosphate hydrolysis activity for six repeated
cycles, and 90% activity for 12 repeated cycles, over a
period of 19 days without nutrient supplementation. This
operational stability was significantly better than that ob-
served for OPH immobilized within polyurethane foam ma-
trix (LeJeune et al., 1997).

The method of cell immobilization developed in this re-
search, in which the cell culturing was separated from the
cell immobilization and detoxification process, has advan-
tages, because there is no need for aseptic environment after
culturing, which can be performed in the laboratory. A
scale-up of the present bench-scale immobilized-cell reac-
tor, whether operated in batch or continuous mode, is fea-
sible using the reported designs (Archambault et al., 1990;
Lewis and Yang, 1992). It is therefore expected that the
procedures demonstrated in this study will pave the way to
a cost-effective, simple, efficient technology for detoxifica-
tion of organophosphate-nerve-agent-contaminated waste-
waters and stockpile of nerve gases that have to destroyed
by the year 2007 in accordance with the Chemical Weapons
Treaty.

The authors thank Dr. Priti Mulchandani, Mr. Michael
Howecker, and Mr. Seog Lee for their help in generating some of
the data presented in this work.

Figure 6. Hydrolysis of 0.9 mM paraoxon by recultured immobilized
cells in pH 8, 50 mM citrate-phosphate buffer with 20% methanol and 0.05
mM Co2+ at 37°C and 110 rpm.
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