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FOREWORD

The effort described in this final comprehensive report spanned
the period from September 1, 1978 to October 30, 1979. More detailed dis-
cussions and additional supportive data may be obtained by consulting the
10 monthly technical progress reports covering this work. These reports
may be obtained by writing to the COTR, Dr. C. W. R. Wade, U.S. Army
Medical Bioengineering and Research Development Laboratory, Fort Detrick,
Frederick, MD 21701.

The author wishes to acknowledge the technical advice of
Dr. Louis H. Goodson, the managerial assistance of Mr. William B. Jacobs,
and the technical expertise of Mr. Michael Kalinoski, Mrs. Julie Kelly,
and Miss Valerie Mitts. We are grateful to Mr. Wally Sauer of the McKenna
Company, St. Louis, for supplying us with sample packaging materials.
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ABSTRACT

Eel cholinesterase test tickets and procedures developed under a
• previous Army contract (Contract No. DAAA15076-C-0132) were tested and modi-fied to be sensitive to Baygon®, carbaryl, diazinon, Dursban®, and malathion

for the rapid detection of these compounds in water at proposed Army pesti-
cide filtration plants. Sensitivities to the phosphorothionates diazinon,
Dursban®, and malathion were greatly enhanced by prior treatment with bro-
min; water. Detection limits for all the pesticides in water were below
10 ppm. Interference with the enzyme test by solubilizing agents expected
in pesticide formulations and metal ions at environmentally important con-
centrations was tested.

The enzyme test tickets were stable during storage at 40C or 400C
for at least 8 months.

The scientific literature was searched using classical manual
methods as well as computerized techniques for tests similar to the enzyme
tickets for detection of chlorinated hydrocarbon pesticides in wastewater.

Bimolecular reaction rate constants were determined for the inhi-
bition of cholinesterase in solution arid compared with enzyme ticket detec-
tion limits.

Ten pesticide test kits were prepared and submitted to the sponsor.
Each contained sufficient enzyme tickets and ampoules of bromine water for
100 tests.

----
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SUMMARY

The design, development, and evaluation of a pesticide detection

kit for testing aqueous pesticide waste are reported. It was demonstrated
that cholinesterase impregnated test tickets could be used for detection of
organophosphate and carbamate pesticides in the U.S. Army Medical and Bio-
engineering Research and Development Laboratory filtration system. Ten
pesticide detection kits were prepared and delivered to the sponsor for
testing under field conditions.

Computerized and manual literature searches revealed that only
scholinesterase inhibition methods are available for the rapid detection of

organophosphorus and carbamaLe pesticides in the field. No references de-
scribing techniques for detection of chlorinated hydrocarbons that met all
requirements were found.

Comparison of the bimolecular reaction rate constants with the
enzyme ticket detection limits gave a statistically significant correlation
(a < 0.05) for a power relationship between the two variables.

Use of horse serum cholinesterase was precluded because of failure
ii, during storage at 40°C. The eel cholinesterase test tickets were stable for

8 months in storage at 4°C and 40*C.

No significant interference with the enzyme test was produced by
solubilizing agents contained in pesticide formulations. Of 18 metal ions
tested at environmentally important concentrations, only mercury(ll) caused
noticeable interference.

Several methods were designed to increase sensitivity of the
tickets to the pesticides. Sensitivities to the phosphorothionates diazinon,
malathion, and Dursban® were greatly enhanced by prior treatment with bro-
mine water. Detection limits for all the pesticides in water were below
10 ppm.

vi
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I. INTRODUCTION1' . To provide capabilities for compl~iance with current and future

state and federal guidelines for effluent pesticide wastes, the U.S. Army
Medical ane Bioengineering Research and Development Laboratory (USAMBRDL)
is investigating filtration techniques for treatment of wastes generated by
Army instaliation pest control facilities. It is anticipated that these
wastes will be filtered through a series of carbon columns to remove pesti-
cide contamninants. The operator of the waste treatment facility should have
some sl.mple method for detecting harmful levels of pesticides in the filtered
water pri.:r to its release into the environment.

Midwest Research Institute (MRI) has nearly completed development

of a simple technique using enzyme impregnated test tickets for the detec-
tion of nerve agents in water under the sponsorship of the U.S. Army Arma-

ment Research and Development Coirmand (Contract No. DAAAl5-76-C-0132). The
test tickets are composed of two 1/2 in. diameter paper discs sealed to a
thin plastic support (Figure 1). One disc is impregnated with the enzyme

cholinesterase while the other contains a chromogenic substrate for the en-
zyme. During a test, the enzyme disc is exposed to the water to be tested,

L then the ticket is folded to provide contact between the enzyme and substrate

discs during a short incubation. In the absence of nerve agent, a blue color
is produced. When the water is contaminated by a threshold or higher concen-
tration of nerve agent, however, the enzyne is inhibited and no color is
formed.

Since organophosphate and carbamate pesticides also inhibit cholin-
esterase, it seemed likely that the test tickets would be applicable for the
detection of these pesticides in water at pesticide filtration facilities.
"The objective of the current program was the modification and testing of cho-

linesterase test tickets for use in the USAMBRDL filtration system.

II. LITERATURE SEARCH

The goal of the literature search was two-fold. First, information

pertaining to simple, rapid methods for detection of organochlorine pesticides

in water which could be applied in a field-test environment was sought.
Second, references supporting the background and early development %f cholin-

esterase inhibition methods were desired by the sponsor. The literature
search has been completed as originally scheduled and the findings are sum-
marized below. All the citations retrieved by computerized methods were given
in full in Monthly Technical Progress Reports Nos. 1 and 2. The most perti-
nent references located by other methods are cited in this report.

i
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A. Literature Search Strategy

A minor amount of the information gathering portion of this project
- ,was done manually by searching reprints on file in our laboratories and cur-

rent journals and books available in the MRI library, and by screening the
,I subject index of the weekly Life Sciences edition of Current Contents using

the key words listed in Table 1.

TABLE I

KEY WORDS USED FOR MANUAL LITERATURE SEARCH

Carbamate

1. Carbaryl

Chlorinated hydrocarbon

Chlorpyrifos

i' IDiazinon
Insecticide

Malathion

Organochlorine

Organophosphate

Organophosphorus

Pesticide

t Propoxur

A much greater number of scientific journals can be scanned for
pertinent articles in a short time using computerized search methods. Al-
though many computerized literature searching services are available to MRI,
it was felt that searches of Chemical Abstracts and Biological Abstracts

would be most productive. Hence, search strategies for each of these data
banks were designed to maximize the number of appropriate citations retrieved.
The strategies consisted of three columns of terms for both Chemical Abstracts
(Table 2) and Biological Abstracts (Table 3). Citations were not retrieved
unless their titles or key word lists contained an item from each of the

three columns.



TABLE 2

LISTS OF TERMS USED FOR CQ4PUTERIZED SEARCH OF CHEMICAL ABSTRACTS

Seti1 Set 2 Set 3

Insecticide(s) Detect?a/ Rapid
Pesticide(s) Monitor? Fast
Organophosphate(s) Determin? Quic?
Organophosphorus Detn Spot test(s)
Organophosphorous Analysis Real-time
Carbama te (s) Analyz? Inexpensive
Organor• ilorine (s) Field test(s)
Chlorinated hydrocarbon(s) Portable
RNb/ = 2921-88-2 (DursbanA

RN = 121-75-5 (malathion)
RN = 63-25-2 (carbaryl)
RN = 114-26-1 (Baygon
RN = 333-41-5 (diazinon)

a/ = Truncation symbol.

b/ RN Chemical Abstracts Service Registry Number.

TABLE 3

LIST OF TERMS USED FOR COMPUTERIZED SEARCH OF BIOLOGICAL ABSTRACTS

AMD BIORESEARCH INDEX (BIOSIS/

Set 1 Set 2 Set 3

Y, lathion Analysis Speed
Carbaryl Analyzer Rapid

Diazinon Assess Fast
Dursban® Determine Quick
Baygon® Monitor Spot Test

Sevin Monitoring Real Time
Organophosphorus Observation Inexpensive
Organochlorine Detect Field Test
Carbama te Detn Portable .1
Chlorinated Hydrocarbon

I



I . B B. Results of Literature Search

The computerized literature searches retrieved a total of 202 ci-

tations (see Table 4). Nearly all the referenced articles were secured from
local libraries and carefully examined by the principal investigator. Fifty-
five of the articles were written in a foreign language, usually Japanese or
Russian, and were not translated although several articles provided abstracts
or summaries in English. Fifty-nine of the references dealt with gas chro-
matographic (GC) methods for analysis of pesticides, or with techniques for
sampling, sample extraction, or sample cleanup prior to GC analysis. Refer-
ences dealing with analyses based on chemical methods, cholinesterase inhi-
bition, thin-layer chromatography (TLC), and high performance liquid chroma-
tography (HPLC) accounted foi about 10% of the t3tal. The BIOSIS search
produced a surprisingly high number (61) of irrelevant articles. These deal
with such varied topics as pesticide metabolism, efficacy of pesticides on
insect populations, and the use of carbamates for analysis of nickel.

TABLE 4

DISTRIBUTION OF COMPUTER-RETRIEVED CITATIONS BY TOPIC

CHEMI 77-78 CHEM 72-76 BIOSIS TO;AL

Foreign Language.- 14 31 10 55

Gas Chromatographyh/ 10 19 30 59

Chemical 1 4 1 6

Cholinesterase 1 4 3 8

4 TLCJ/ 0 4 0 4

HPLCd/ 0 0 5 5

Irrelevant 0 4 61 65

Total 26 66 110 202

a/ Generally Japanese or Russian.

b/ Including methods for sampling, extraction, and clean-up.
c/ Thin-layer chromatography.
d/ High performance liquid chromatography.

5



1. References dealing with organochlorine pesticide analysis:
Nearly all the articles which addressed analysis of organochlorine pesticides
used gas chromatography as the analytical tool. In fact, gas chromatography

is recommended as the method of choice in Standard Methods for the Examina-
-4' tion of Water and Wastewater, and in state-of-the-art reviews from the

International Union of Pure and Applied Chemists and the Department of Health,
Education, and Welfare.I-3/ Methods which employ gas chromatographic analy-
ses would not normally be applicable in pesticide filtration facilities due
to the low portability of the equipment. Thus, the standard, nearly univer-
sally accepted procedure for analysis of chlorinated pesticides is not ap-

: plicable for this use. However, a portable gas chromatograph, manufactured

by Analytical Instrument Development, Inc., has been reported and is claimed

sensitive to 0.1 ppm of heptachlor, malathion, aldrin, heptachlor epoxide,
dieldrin, endrin, and DDT.4/ Although this device can probably meet sensi-
tivity and selectivity requirements, its cost, which was not given in the
article, may be prohibitive for use in a large number of pesticid&. filtration
plants.

!• All the standard chemical methods described in the retrieved ar-

ticles were based on some property of the pesticide which made it react in
a characteristic way to give a readable indication, usually a color change.
Each of these methods had some apparent disadvantage for the present use,

such as insufficient sensitivity or selectivity.

None of the cholinesterase methods were applicable for detection
of chlorinated hydrocarbons. HPLC, like GC, suffers from high expense and

low portability.

Three of the four TLC methods cited were specific for anticholin-
esterase pesticides. One TLC technique, however, was designed for the anal-
ysis of organochlorine insecticides in blood.!/ This method has the advan-
tages of being quite sensitive (a detection limit of 0.01 ppm in blood, under
the right conditions, was claimed) and the chromatography step, which might
be improved by performing chromatography in the second dimension, provides
some selectivity. However, the method is time-consuming (^ 30 min for an
eight-sample analysis), demands a considerable array of chemicals and ap-
paratus, and requires the availability of ultraviolet light (110 v AC) for
visualization of spots.

It is conceivable that some sort of enzyme inhibition method could
be employed to better visualize the chromatographic spots and simplify the

procedure. Mendosa et al. have developed a similar system for anticholines-
terase pesticides using a TLC plate impregnated with a chromogenic substrate
and a developing spray containing active cholinesterase.6_-! Pesticides are
visualized as white spots on a colored background. In an analogous procedure,
organochlorine pesticides might be separated by TLC. The TLC plate would
then be sprayed with an enzyme which is specifically inhibited by chlorinated

6-ii



pesticides. After a short incubation, active enzyme could be made visible
by spraying the plate with a chromogenic substrate. The background would
become colored due to the action of the enzyme on the substrate while no
color production would occur within the pesticide spots.

Apart from this speculative TLC method, no simple method for the
rapid detection of chlorinated hydrocarbon pesticides outside a laboratory
environment has been found.

2. References concerned with develJ-pment of cholinesterase inhi-
bition methods: Contemporary laboratory analyses of organophosphate and
carbamate pesticides are generally accomplished using standard methods of
GC and HPLC.2IO/ However, aside from the portable GC mentioned previously
and a few isolated, direct chemical methods which suffer from poor sensitiv-
Lty or selectivity, only the cholinesterase inhibition methods appear suit-
able for detection of organophosphate and carbamate pesticides in the field.

Excellent reviews of the molecular properties, mechanisms of catal-
ysis and inhibition, and biological functions of acetylcholinesterase are
available.II-1 3 / Reviews have also been written on cholinesterase inhibition
methodologies for detection and quantitation of anticholinesterase agents us-
ing a variety of approaches.l0l14/ However, much of the pioneering work in
the development and application of the cholinesterase inhibition technique
for real-time and spot-test analysis of pesticides in the workplace and the
environment was performed at MRI by Dr. Louis H. Goodson and Mr. William B.
Jacobs. Several of their more pertinent publications are listed in the
bibliography.1 5- 2 7 / Their efforts have resulted in cholinesterase-based
analytical techniques that range in sophistication from real-time monitors

4• that automatically analyze water for pesticides at the parts per million
level to the simple, cholinesterase-impregnated tickets that are the subject
of the current investigation. The actual development of the cholinesterase

test tickets has been supported by the U.S. Army and reported in technical
progress reports rather than published in the open literature. 2 8- 3 1/ A

careful perusal of this list of publications and reports will show that
cholinesterase techniques can, in certain cases, be as sensitive as GC and
HPLC, in other cases more portable, and nearly always simpler and less ex-
pensive than the classical methods of analysis.

III. QUANTITATIVE ANALYSIS OF PESTICIDE SOLUTIONS

During the early portions of this program it was decided to pre-
pare working stock solutions of the five pesticides of interest at concen-
trations around 500 ppm (w/v) in methanol and to dilute these with water as
necessary to provide solutions for ticket testing. It was felt that meth-
anol was a better solvent than water for stock solutions because of better

7
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solubilities of most of the pesticides in methanol, the elimination of the

need for extracting pesticide-water solutions prior to GC analysis, and a
suspected increase in stability of some of the pesticides in methanol. It
was therefore necessary to periodically analyze the methanolic stock solu-
tions to demonstrate the stability of the pesticides in methanol.

Each of the solutions were analyzed according to conventional
quantitative procedures recommended by USAMBRDL. Diazinon, Dursban®, and
malathion stock solutions were analyzed by gas chromatography (GC) while
Baygon® and carbaryl were estimated by high performance liquid chromatography.
(HPLC). These pesticides were identified by the sponsor as the anticholin-
esterase insecticides most often used on Army installations and, as such,
they became the test pesticides for the entire program.

A. Gas Chromatographic Analysis of Diazinon, Dursban(, and Malathion

1. Pesticide standards for gas chromatography: Samples of mala-
thion, Dursban®, and diazinon as well as Baygon®and carbaryl were obtained
from the Quality Assurance Section, Analytical Chemistry Branch, EPA, HERL,
ETD (MD-69), Research Triangle Park, North Carolina 27711, and were used as
analytical reference standards. One-gram samples of the same pesticides
were purchased from Chem Service, Inc., 304 Turner Lane, P.O. Box 194,

West Chester, Pennsylvania 19380. These samples were used routinely during
the project to make stock pesticide solutions. The exact concentrations of
the stock solutions were determined by gas chromatography or HPLC and com-

parison with standard curves prepared with the analytical reference standards
from EPA.

2. Procedure for pesticide standard curves: Liquid pesticide
standards were diluted by adding 8 to 11 pl of the EPA standard pesticide
to a tared 10 ml volumetric flask containfng 9 ml of methylene chloride,
reweighing. and diluting to the mark. Solids were weighed in a tared test
tube, dissolved in methylene chloride, and transferred to a 10 ml volumetric
flask followed by dilution to the mark. Portions of these standards were
diluted to give four solutions of each pesticide with concentrations be-

tween about 100 ppm (w/v) and 1,000 ppm (w/v).

Two microliters of each solution were injected into the gas
chromatograph at an injection port temperature of 250*C. The samples were
chromatographed on a 6 ft by 4 mm ID column of 3% OV-17 on Gas Chrom 0 at
a column temperature of 200'C. Effluent pesticides were detected using a
flame ionization detector (FID) at 250*C. The flame was maintained with
pressurized air and hydrogen. Carrier gas was nitrogen at 60 ml/min.

Peak heights were normalized according to instrument attentuation
then plotted against pesticide concentration (Figure 2). The Dursban®and

8
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malathion reference standards received from EPA were claimed by this source

to be more than 99% pure, so no correction of concentration was used for
these compounds. The purity of the diazinon standard, however, was stated
as only 87.4%, so each apparent diazinon concentration was multiplied by
0.874.

3. Results of gas chromatographic standard curves for diazinon,
Dursban®, and malathion: The stock solutions of diazinon, Dursban®, and
malathion were analyzed at approximately monthly intervals. Results in
Table 5 show that no trend was apparent in concentrations of diazinon or

TABLE 5

GAS CHROMATOGRAPHIC ANALYSIS OF METHANOL STOCK SOLUTIONS
OF DIAZINON, DURSBAN® AND MALATHION

S~Stock Solution

Stock Solution Concentration

Standard Curve Data Concentration From Original
Date of Intercept Slope From GC Analysis Weighing

'estLicidc Analysis r-- (mm) (mm/ppm) (ppm. . ..w/vl 1 - (pp,•../iw/v/]).

1Diazinon 1/13/78 0.9993 27 3.0 470 521

ii 11/20/78 0.9991 41 2.9 513

12/6/78•/ 0.9994 -4 3.6 479

Dursban® 11/20/78- 0.9989 5 0.9 777 625

12/6/78 0.9983 5 1.1 664
1/12/79 0.9999 -3 1.1 550

Malathion 11/13/78 0.9996 -20 0.7 597 629

4 11/20/78 0.9984 3 0.6 621
12/6/78 0.9982 i1 0.8 628

1 1/12/79 0.9975 -11 0.9 520

a/ Correlation coefficient squared.
b/ Estimated concentration of pesticide stock solution using GC analysis and appro-

priate standard curve.
c/ Calculated concentration of pesticide stock solution obtained from the weight of

pesticide and the volume of solution.

d/ No data available for 1/12/79 since diazinon stock solution was previously
expended.

e/ Dursban stock solution analysis on 11/13/78 deleted due to probable dilution

errors during preparation of solutions for standard curve.

10
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• •I malathion for at least 30 and 60 days, respectively, suggesting good sta-

•:• bility of these pesticides in methanol. The variability noted in the stock
i• solution concentrations for diazinon and malathion is unexplained. Although

Swe do not have a backlog of experience to give us an idea of expected vari-
•i!'• ability in diazinon and malathion stock solution concentrations as deter-

Smined by GC, other analytical experience implies that this variability is

• excessive and probably due to an operator procedural error such as improper

I• dilution or calculation, solvent evaporation, or incorrect pipetting tech-

• ; nique. It seems apparent, however, that these variations are not masking a

S • rapid and significant decomposition of these pesticides in methanol. A
Smarked decrease in Dursban®concentration was noted over a 53-day period

F> (11/20/78 to 1/12/79). These results indicate that Dursban may be rela-

Stively unstable in methanol.

i! B. High Performance Liquid Chromatographic (HPL€) Analysis of Carbaryl and
•: Bay•on®Methanolic Stock Solutions

•:• i. Procedure for HPLC analyses: The stock solutions of carbaryl
• and Baygon®were analyzed according to the HPLC procedure received from
•ii USAMBRDL. A component liquid chromatography system wasSWaters' used which

h•'lii consisted of two M6000A pumps, a 660 programmer, a U6K injector, a 440 UV
•i detector, and a Heath recorder. The operating parameters were:

SCarbaryl Baygon_•

SColumn: Waters' •Pak C18, Waters' •Pak C18,
! 30 cm x 4 mm 30 cm x 4 mmi
I Solvent: 60% MeOH/H20 50% MeOH/H20
SFlow rate: i ml/min I ml/min

•. Chart speed: i0 min/in, i0 min/in.

Detection: 254 nm, 0-i.0 A 254 nm, 0-0.i A

! Injection volume: i0 •I, 15 •i 15 •i

I Duplicate injections of standards and stock solutions were used

! throughout.

S I• To provide additional information about these pesticide solutions,

San •njection of both the carbaryl EPA reference standard and the carbaryl

• stock solution were made at an expanded scale. No extra peaks greater than

r 0.1% of the main peak were seen in either chromatogram. A similar treatment
!i of the Baygon®solutions, however, revealed three additional minor peaks.

SThe data in Table 6 imply that the stock Baygon®solution has lower amounts
i of these impurities than does the EPA reference.



TABLE 6

HPLC SCAN FOR TRACE COMPONENTS IN BAYGON® REFERENCE STANDARD

AND STOCK SOLUTIONS

Sample Peak Height (mm)

Baygon® Reference 15 2,960 17 36

(0.5%) (97.7%) (0.6%) (1.2%) [
Baygon® Stock 19 2,940 13 9

(0.6%) (98.7%) (0.4%) (0.3%)

Retention Volume 3.5 5.5 7.0 10.5

2. Results of IIPLC analyses ofyesticidc stock solut Lon_: RL,-
suits given in Table 7 show that apparent concentrations of both carbaryl
and Baygon® increased markedly over the 58-day period betwepn 11/27/78 and
1/24/79. The reason for this increase is not known although solvent evap-
oration has not been ruled out. The lack of significantly decreasing con-
centrations between analyses as well as the absence of any new peaks on
comparative HPLC scans at 10-fold scale expansion during either analysis V
is good evidence that these pesticides are not decomposing at a pronounced
rate.

TABLE 7

HIGH PERFORMANCE LIQUID CHROMATOGRAPHY OF METHANOLIC STOCK
SOLUTIONS OF CARBARYL AND BAYGON®@

Calculated-a/ HPLC Analysis HPLC Analysis
10/30/78 11/27/78 1/24/79

Pesticide (ppm, w/v) (ppm, w/v) (ppm, w/v) [
Carbaryl 688 736 789 1-.

Baygon® 486 492 553

a/ Calculated from weight of pesticide and solution volume at time of
solution preparation.

12



IV. REACTION RATE CONSTANTS FOR CHOLINESTERASE INHIBITION BY PESTICIDES

Cholinesterase is inhibited by organophosphate and carbamate pes-
ticides in a bimolecular reaction that is essentially irreversible. Incuba-
tion of enzyme samples with increasing concentrations of pesticide produces1K• exponentially decreasing enzyme activities under appropriate conditions.
This relationship, when used as a standard curve, allows determination of
the concentration of a solution containing the organophosphate or carbamate
pesticide for which the curve was prepared if no othei cholinesterase inhibi-
tors are present. Results from the standard curves can also be used to cal-
culate rate constants for the bimolecular reaction between enzyme and pesti-
cide in solution. These rate constants, it was theorized, might be related

S~to the rate of reaction bet,7een the pesticide and the enzyme immobilized in
the test tickets. If this relationship were consistent for the five pesti-

cides of interest in this program, then it might be expected to hold true
for other pesticides. If this proved to be the case, it would be possible
to determine a solution rate constant for reaction between the enzyme and

some new pesticide, and from this rate constant predict the sensitivity of
the enzyme ticket to the new pesticide. This would eliminate the necessity
of extensive sensitivity testing of the tickets with each new pesticide.

The goal of this portion of the program was to determine the re-
action rate constants for cholinesterase inhibition by the pesticides. The
derivation of an empirical relationship between these rate constants and the
enzyme ticket detection limits for each pesticide is presented in Section
V-B. The following sections contain a description of the procedures for
analysis of enzyme activities, an explanation of the method for calculation
of rate constants from standard curve data, and a discussion cf the results.

A. Procedures for Enzyme Analyses

Two forms of cholinesterase, one extracted from electric eel and
the other obtained from horse serum, are in routine use in our laboratories.
Since the enzymes show varying sensitivities to previously studied inhibitors,
the rate constants for the reaction of each enzyme with each of the five pes-
ticides of interest were determined during this program.

The method for the determination of horse serum cholinesterase ac-
tivity is modified from a procedure obtained from Sigma Chemical Company,
St. Louis, Missouri, while that for electric eel cholinesterase was taken
from Ellman et al.3-3 The two methods are identical except that the method
for the horse serum enzyme uses butyryithiocholine iodide as substrate
whereas the eel enzyme uses acetylthiocholine iodide as substrate.

13
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Test tubes are preincubated at 37%C in a shaking water bath. One
miililiter of the enzyme solution (about 0.33 unit horse serum or 0.5 unit
eel cholinesterase per milliliter of pH 7.4, 0.08 M THAM (Tris[hydroxymethyl]-

aminomethane) buffer is i:ncubated in a tube in the bath for 2 min. One mil-
liliter of the water sample containing pesticide is mixed with the enzyme and
1 ml of the mixture is pipetted into a cuvette previously thermally equili-

brated in a spectrophotometer and containing 0.02 ml of the appropriate sub-
strate, 0.1 ml of 5,5'-dithiobis(2-nitrobenzoic acid) (a chromogenic thiol
reagent), and 2 ml of THAM buffer. The linear rate of change of absorbance
at 410 nm is recorded, calculated, and multiplied by a conversion factor to
give the enzyme specific activity (units/milligram) as follows.

Enzyme specific activity (units/mg) = (AA/min) x (enzyme factor)

[
where AA/min is the linear rate of change of absorbance, and enzyme factor
is a constant for each enzyme solution and is expressed in units of activity

2 units.min/mg.AA from this equation:

Enzyme factor = (0.4588) x (ml enzyme stock)
mg enzyme

With practice, analyses of water samples can be performed at a rate

of about 20 analyses/hr/operator.

B. Calculation of Rate Constant from Standard Curve Data

In vitro incubation of cholinesterase with organophosphate or car-
bamate pesticide for a specific time interval (e.g., 4 min) results in a
decreased cholinesterase activity as measured by the spectrophotometric as-
say method. By varying the concentration of pesticide and analyzing the
resultant enzymatic activity, a nonlinear standard curve can be constructed
with activity as the ordinate and pesticide concentration as the abscissa

(Figure 3). Unknown concentrations of pesticide can be estimated by measur-
ing cholinesterase activity after incubation with the unknown solution, then [
projecting this activity onto the standard curve and interpolating to find
pesticide concentration. However, the manual calculation portion of the
procedure, that is, calculation of enzyme activities, plotting of the stan-
dard curve, and interpolation of unknown pesticide concentrations, is time-
consuming and subject to error.

A substantial improvement in the calculation has been developed in
our laboratories and is due to the observation by us and by others that the

14
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Figure 3 - Example of Standard Curve for the Inhibition of Horse Seruta
f Cholinesterase by Dursban® after a 4-mmn Incubation at 37*C. [1501

denotes the concentration of inhibitor which results in inhibition
of 50% of the enzyme under these conditions. r 2  0.99565,
a 4.74 units/mg, and b -6.96 x 104 M-1.
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enzymatic activity decreases exponentially with increasing inhibitor concen-
tration. Thus, the following equation holds:

Y = aebx (1)

where Y is the observed enzymatic activity, x is the molar concentration of
pesticide standard, and a and b are constants. This exponential relationship

is consistent with a bimolecular reaction mechanism observed under conditions
which yield pseudo-first order kinetics. Regression and correlation of the
linear form of this equation

ln(Y) = ln(a) + bx (2)

using data from over 500 previously run eel cholinesterase standard curves
have yielded squared correlation coefficients (r 2 ) which are always greater
than 0.96.Ii

It was demonstrated in Monthly Technical Progress Report No. I
that the constant a is equal to the enzyme activity in the absence of in-
hibitor and that the bimolecular reaction rate constant k is equal to the
negative of the constant b divided by the time in minutes of enzyme-
inhibitor incubation.

k = -b/t

Thus, reaction rate constants can be determined from cholinesterase inhibi-
tion standard curves.

C. Inhibition Rate Constants

The data in Table 8 indicate the relative sensitivities of cholin-
esterase from horse serum and electric eel to inhibition in solution by the
five pesticides of interest. Interestingly, the horse serum enzyme shows
roughly equivalent sensitivities to Dursban®, Baygon®, carbaryl and diazinon
as evidenced by bimolecular reaction rate constants that are about the same
order of magnitude, while the eel enzyme shows sensitivities that vary by
about 103. Both enzymes were very insensitive to malathion. In fact, pre-
liminary experiments showed no inhibition of horse serum cholinesterase by
2,000 ppm malathion. This lack of sensitivity for malathion relative to the
other pesticides is not surprising in view of the relatively low toxicity of
this compound.

16



j TABLE 8

BIMOLECULAR REACTION RATE CONSTANTS FOR INACTIVATION OF

EEL AND HORSE CHOLINESTERASE BY SEVERAL PESTICIDES

Enzyme Ca b./ kd/ [150]I/ [1501
Pesticide Source r2b/ (M-I) (M-min-) (M) (ppm)

Dursban® Horse 0.99565 -6.96 x 104 1.74 x 104 9.96 x 10- 6  3.49

0.99360 -8.33 x 10 4  2.08 x 104 8.32 x 10-6 2.92

Eel 0.96006 -2.18 x 10 3  5.44 x 102 3.18 x 10-4 1.11 x 102

0.99147 -2.55 x 103 6.38 x 102 2.71 x 10- 4  9.50 x 101

Baygon® Horse 0.97808 -7.15 x 104 1.79 x 10 4  9.69 x 10-6 2.03

0.96119 -6.29 x 104 1.57 x 104 1.10 x 10-5 2.30

Eel 0.99526 -3.76 x 106 9.40 x 105 1.84 x 10- 7  3.85 x 10-2

0.99676 -3.98 x 106 9.95 x 105 1.74 x 10-7 3.64 x 10-2

Carbaryl Horse 0.99408 -2.07 x 104 5.17 x 03 3.35 x 10-5 6.75

0.99155 -1.59 x 1O4  3.97 x 103 4.36 x 10-5 8.77

Eel 0.99545 -1.81 x 10 5  4.53 x 104 3.82 x 10-6 7.69 x 10-1

0.98495 -1.74 x 105 4.36 x 10 4  3.98 x 10-6 8.00 x 10-1

Diazinon Horse 0.99543 -7.83 x 104 1.96 x 104 8.85 x 10-6 2.69
0.99123 -4.03 x 104 1.01 x 104 1.72 x 10-5 5.23

Eel 0.98831 -3.52 x 103 8.79 x 102 1.97 x 10-4 6.00 - 10i
0.98769 -2.79 x 103 6.98 x 102 2.48 x 10-4 7.56 x 101

Malathion!f/ Horse .

Eel 0.96904 -1.64 x 103 4.09 x 102 4.24 x 10-4 1.40 x 102

a/ Enzyme was either horse serum cholinesterase or electric eel acetylcholinesterase.

b/ r 2 is the correlation coefficient squared.

c/ b is a constant from the standard curve.

d/ k is the bimolecular rate constant for the inactivation of cholinesterase by pes-

ticide.

e/ [1501 is that concentration of inhibitor which results in 50% inhibition. Results
in this table were obtained after 4 min incubation at 37 0 C.

f/ Horse serum cholinesterase was not inhibited by up to 2,000 ppm malathion. Only

one standard curve was performed with malathion and eel enzyme since pesticide

solutions were cloudy above abouc 300 ppm and the curve showed deviation from

exponential.
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V. ENZYME TICKET DETECTION LIMITS TESTiNG

In order for the enzyme impregnated test tickets to be applicable
for testing pesticide filtration plant water, it is important that the mini-
mum pesticide concentrations at which the tickets will be completely inhibited
be well defined. The minimum concentration for detection of a particular
pesticide is termed its "detection limit." At concentrations below but near
the detection limit, however, the test loses its all-or-none character and
the amount of color formed is dependent upon the concentration of inhibitor.
Generally, plotting the average color intensity produced with the enzyme test
tickets against concentration of inhibitor yields a reversed )-shaped curve
with a gradual transition from completely active to completely inhibited en-
zyme. At very low concentrations of inhibitor, no inhibition is noted and
all tests give maximal color intensities. As inhibitor concentration is in-
creased, the average color intensity produced decreases until at some inhibi-
tor concentration no color is formed at all. This concentration is defined
as the detection limit for the test tickets.

A. Determination of Pesticide Detection Limits

1. Enzyme ticket preparation procedure: The enzyme tickets which
are the topic of this program are being developed under a separate contract
(Contract No. DAAAI5-76-C-0132) with the U.S. Army for the detection of nerve
agents in water. The detailed procedure for the preparation of eel and hcrse
serum cholinesterase and substrate discs is given in the Appendix to this
report. All cholinesterase tickets tested in this program were prepared ac-
cording to this procedure.

2. Enzyme ticket test procedure: All ticket tests were performed
according to a set procedure. A ticket was removed from its sealed packet
..nd the enzyme disc was dipped in the sample for 15 sec. This time allows
complete wetting of the enzyme disc and absorption of the inhibitor. The
ticke.. was incubated for 15 min at room temperature to provide sufficient
time for the enzyme-inhibitor reaction to take place. The substrate over-
lay was then removed to expose the substrate disc and the two paper discs
were held in contact between thumb and forefinger for 2 min. The color and
intensity of the enzyme disc was then determined by comparison with the
standard Munsell color chips.

These color standards were obtained from the Kollmorgen Corpora-
tion, Baltimore, Maryland. Color intensity ratings of 0, +1, +1.5, +2, +3
and +4 were assigned to columns of graded color standards to allow mathe-
matical data reduction. It should be emphasized that the color standards V
and the color intensity scale are not to be used in the field. In actual
use, the operator will be instructzd only to examine the enzyme disc for
the presence (negative test) or absence (positive test) of color.
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Generally, five or ten tickets have been tested at each pesticide

concentration and experimental condition. Color intensities were averaged
and standard deviations were calculated. Graphs in this report show these
average values with "tails" that indicate + one standard devietion.

3. Elimination of horse serum cholJnesterase: The experimental
plan of this portion of the program included testing as many of the five pes-
ticides with both horse and eel tickets as possible and, as data accumulated,
to eliminate either the eel or horse tickets as soon as possible. This was

desirable since only one ticket type would be submitted for use at pesticide
filtration plants and early elimination from testing of the other ticket
type would save unnecessary effort.

Tickets made with horse serum cholinesterase were removed from fur-
ther testing for three reasons. First, as will be shown in Section VI, horse
serum tickets are relatively unstable during storage at 40'C. Second, the
horse serum enzyme was found to be less sensitive, as measured by inactiva-
tion rate constants, than eel cholinesterase to inhibition in solution by
three of the five pesticides of interest (Section IV-C). Finally, three of
the pesticides are not sufficiently soluble alone in water to determine their
detection limits with enzyme tickets, and 1% Triton X-100 had been selected
as the solvent for detection limit determinations. As shown in Section V-C-

la, horse serum cholinesterase tickets are inhibited by as little as 0.04%
4 Triton X-100.

4. Detection limits: Detection limits were determined using eel
cholinesterase tickets (1.2 units/disc) prepared following the procedure in
the Appendix. Each of the five pesticides was dispersed in 1% Triton X-100.
In addition, commercially available formulations for four of the pesticides
were acquired and tested. All pesticide preparations in water or 1% Triton
X-100 were clear and free of obvious precipitate. All pesticide formulations
diluted with water were milky with no visible settling with time.

The inhibition curve shown in Figure 4 for Baygon® in water is

typical of the other pesticides and solvents. At low concentrations of
pesticide, no inhibition is evident and +3 color intensities uere uniformlyI produced. At higher pesticide concentrations, increased inhibition was
evidenced by lower color intensities. Pesticide detection limits were taken

. Ias the lowest concentration of pesticides that would consistently cause com-
plete enzyme inactivati -- that is, no color formed in five out of five
trials.

The results for all the pesticides are summarized in Table 9.
Detection limits of 2 and 9 ppm (w/v) for Baygon®and carbaryl are low
enough to be of value for monitoring in the field. However, the sensitivi-
ties of the tickets to inhibition by the other three pesticides even in the
formulated products were much poorer. Efforts to improve their detection

¶ 19
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limits using bromine oxidation have been successful. These results are
discussed in Section V-D.

TABLE 9

TICKET DETECTION LIMITS FOR FIVE PESTICIDES

Detection Limit (ppm, w/v)!/
Pure Pesticide Formulated Pesticide

in in 1% in in 1%
Pesticide Water Triton X-100 Water Triton X-100

Baygon® 2 2 - c/ --

Carbaryl 9 9 9 -

Diazinor - b/ 100 400 -

Dursban® - b/ 2,000 300 600
Malathion - b/ 2,500 100 -

a/ Detection limit is the lowest concentration of pesticide that gives
complete inhibition of enzyme impregnated tickets. Eel cholinester-
ase tickets (1.2 units/disc) were prepared according to procedures
given in the Appendix.

b/ Not sufficiently soluble to determine detection limit.
c/ Formulated Baygon® not tested during this experiment. Detection limit

in water later determined to be 2 ppm (w/v).

B. Relationship Between Inhibition Rate Constants in Solution and Ticket
Detection Limits

It has been pointed out that rate constants for inactivation of

cholinesterase in solution were determined to develop a mathematical model

that would describe the relationship between the rate cinstants and the en-

zyme ticket detection limits. Such a relationship miglt be used to predict
enzyme ticket detection limits of new pesticides basee on their inhibition
rate constants.

Examination of the data in Table 10 shows that arranging the five
pesticides in order of decreasing rate constant also places them in order of
increasing detection limits in 1% Triton X-100. Thus, there appears to be

a relationship between these two quantities. Correlations between rate con-
stants and detection limits were not statistically significant for linear,
exponential, or logarithmic relationships. However, the correlation was
significant (a < 0.05) for a power relationship of the form

221
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y axb

where Y is inhibition reaction rate constant and x is detection limit.

In fact, the data fit a special form of the power curve since b is close

to -1 (b = -0.9923). Thus, a linear plot of this symmetrically hyperbolic
function with rate constants on the Y-axis and detection limits on the X-

axis would asymptotically approach the Y-axis at low values of x and asymp-

totically approach the X-axis at low values of Y. The physical significance,
if any exists, of this relationship is unknown. Rate constants and ticket

detection limits would have to be determined! for another series of pesticides

to evaluate the prediction accuracy of this relationship.

TABLE 10

SOLUTION INHIBITION REACTION RATE CONSTANTS AND

TICKET DETECTION LIMITS FOR FIVE PESTICIDES

k a Detection Limitb--/

Pesticide (M- 1 min-1 ) (ppm, w/v)

Baygon®) 9.7 x105  2

Carbaryl 4.4 x 104 9

Diazinon 7.9 x 102 100

:II
Dursban®g 5.9 x 102 2,000

4 Malathion 4.1 x 102 2,500

a/ k is the bimolecular reaction rate constant for inactivation of eel

cholinesterase in water at 37 0 C.

b/ Detection limit is the lowest concentration of pesticide that gives com-

plete inhibition of enzyme impregnated tickets. Eel cholinesterase
tickets (1.2 units/disc) were prepared according to procedures given

in the Appendix. Samples of the pure pesticides were solubilized in

1% Triton X-100.
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In contrast, this relationship is not evident when detection

limits are determined for formulated pesticides dispersed in water. How-
ever, gross relationships still hold. Pesticides with very high rate con-
stants (Baygon®, carbaryl) have low detection limits while pesticides with
low rate constants (diazinon, Dursban, malathion) have higher detection
limits.

The mechanism by which the nonpesticide ingredients of formula-
tions affect detection limits is unknown. The situation is further confused
by noting that detection limits are higher for formulated diazinon, lower
for formulated Dursban® and malathion and the same for formulated carbaryl
as compared to their nonformulated counterparts.

C. Interference Testing

Compounds other than pesticides could interfere with the enzyme
test in three ways: by inactivating the enzyme in some way and causing a
false positive test in the absence of pesticide; by somehow protecting the
enzyme from inactivation by a pesticide, thus producing a false negative
test; or by acting synergistically with a small concentration of pesticide
which is below its normal detection limit to give a positive test.

An experimental plan was adopted to identify these types of inter-

ferences. Tickets were tested for their abilities to form color after ex-
posure to various concentrations of the potential interfering compound.
Plotting average color intensity as a function of interfering compound con-
centration would show a minimum concentration necessary to cause complete
inhibition, if one exists, in a manner analogous to determination of detec-

tion limits for pesticides. This procedure tested for the possibility of
false positives in the absence of pesticides. Testing over a range of in-
terfering compound concentrations was also attractive since little informa-
tion was available concerning expected concentrations of these materials in
the filtration plant. Performance of an inhibition curve as a function of
pesticide concentration at constant interfering compound concentration showed

whether the pesticide detection limit determined in the absence of interfer-
ing compound was shifted to a higher or lower concentration by the presence
of the interfering compound. Displacement of the detection limit to a higher
pesticide concentration indicates protection of the enzyme by the interfering
compound and opens the possibility of false negative tests. A shift of the
detection limit to a lower concentration of pesticide implies a synergism
between pesticide and interfering compound and increases the probability of
positive tests at pesticide concentrations below the normal detection limit.

1. Pesticide solubilizers: Materials which seemed to have the
highest potential for interfering with the enzyme test were the solubilizers
added to pesticide formulations to enhance solution or suspension of the
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hydrophobic pesticides in water. These compounds were not expected to be
active-site directed inhibitors of cholinesterase as are the organophosphate
and carbamate insecticides. Any compound, however, which has the capability
to disrupt the tertiary structure or conformation of an enzyme molecule, as
many of these solubilizers do, is likely to inactivate the enzyme at suffi-
ciently high concentrations.

a. Triton X-100: It was found early in the program that
several of the pesticides of interest were very poorly soluble in water.
Triton X-100 was chosen as a solubilizer for these pesticides since it is
commonly used in some biochemical procedures and is a component of the eel
cholinesterase impregnated discs. Before this material could be used as a
pesticide solubilizer, however, its potential interference with enzyme
ticket tests had to be determined. Triton X-100 concentrations as high as
1% did not interfere with color production when tested with eel cholinester-
ase tickets. In fact, tests indicate that good color intensity is produced
by these tickets even after exposure to 10% Triton X-100. However, tickets
made with horse serum cholinesterase proved to be rather sensitive to this
solubilizer. It was found that concentrations of Triton X-100 as low as
0.04% (400 ppm, v/v) completely and reproducibly inhibit the enzyme. This
finding effectively eliminated the use of horse serum tickets for testing
pesticide suspensions in Triton X-100.

b. Methanol: It was demonstrated that methanol in water was
without effect on eel tickets at concentrations up to about 10%. Higher
methanol concentrations progressively caused more enzyme inhibition until
complete inhibition was reached at about 40% methanol.

c. Triton X-180 and X-190: Limited testing with Triton X-180
and Triton X-190 showed that these solubilizers would probably yield complete
eel ticket inactivation at 2 to 3% in water.

d. Heavy aromatic naphtha (HAN): Suspensions of 1%, 2%, and
5% HAN in 0.5% Triton X-190 did not inhibit eel cholinesterase tickets but
concentrations of 10% prevented complete color formation. It was concluded

-•74 that HAN suspended in water at concentrations below about 10% would not di-
rectly interfere with the enzyme ticket tests in the absence of pesticide.

Additional tests were done to determine the effect of HAN on
the detection limit of carbaryl. Carbaryl was dissolved in a water suspen-
sion of 0.1% Triton X-190 and 0.1% HAN. Dilutions were made using this
solvent system to prepare carbaryl test solutions. The detection limit for
carbaryl under these conditions was found to be about 15 ppm. It appears,

since this is close to the detection limit (9 ppm) determined in 1% Triton
X-100 (Table 9), that HAN suspended at 0.1% in 0.1% Triton X-190 has little,
if any, effect on the ticket detection limit for carbaryl.
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e. Xylene: Results of interference testing with xylene,
another component of some formulated pesticides, have been less lucid. It
seems that xylene at concentrations less than 1% has little effect on the
ability of tickets to produce color. At higher concentrations, results have
been ambiguous with no clear-cut trend toward complete ticket inactivation.

2. Metal ions: Limited studies have been done during earlier
programs at MRI concerning inhibition by metal ions of cholinesterase im-
pregnated on polyurethane foam pads.21/ Some inhibition was noted for zinc
sulfate and mercuric chloride but no inhibition was seen with several other
metal ions at 10 ppm. However, no information existed as to the sensitivity
of enzyme tickets to inhibition by metals. Since metals are found in many
natural and purified water supplies, it was considered important to deter-
mine the effects of dissolved metals on the enzyme tickets.

Water quality data for rivers from seven states pre3ared by the
United States Geological Survey were gathered and studied.3 4- 4 0/ The high-
est conc-ntrations of each of the metal ions found in the natural waterways
were recorded. Solutions of salts of each of these ions were prepared in
the laboratory at these maximal ion concentrations. The solutions were
then tested for their abilities to inhibit cholinesterase test tickets.

Results of these tests are presented in Table 11. The first
column of the table gives the compound used in the laboratory at the con-
concentrations stated in the second column. The metal ion of interest for
each trial is given in the third column and its highest reported naturally
occurring concentration is presented in column four. Note that concentra-
tions of the test compounds were adjusted to provide the maximum reported
metal ion concentrations. Each solution was tested three times and the ob-
served color intensities are presented in columns 5, 6 and 7.

Of the 18 metal ions investigated, only one, mercury(II), caused
noticeable inhibition. That mercury(II) inhibits the enzyme tickets is not
surprising since mercuric chloride inhibited cholinesterase in the earlier
study. Inhibition by zinc was also expected but not seen. It is possible
that higher concentrations of zinc could cause inhibition of the enzyme

tickets.

These results indicate that, for the metals studied (except Hg+)
at concentrations expected in natural waterways, there should be no inter-
ference with the enzyme test tickets. It is possible that the positive re-
sponse (inhibition) of the tickets to mercury(II) could be used for the de-

tection of this ion at low levels (ppb) in water.

SIt is conceivable that tap water could contain much higher concen-
trations of dissolved metals than those tested here, which could cause ticket
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TABLE 11

METAL INTERFERENCE OF EEL CHOLINESTERASE TICKETSA/

Test Maximum Reporteed
Compound Metal Ion

Concentration Metal Concentration
Compound (mR/) Ion (•g/ Test 1 Test 2 Test 3

H2 0 (control) - - - +3 +3 +3
Na2 B4 07 .10H2 0 40.564 B+- 4,600 +3 +3 +3
Na2 HAsO4 .7H 2 0 0.133 As+5 32 +3 +3 +3

NaAsO2  0.055 As+++ 32 +3 +3 +3
FeCI 2 4H2 0 4.272 Feq+ 1,200 +3 +3 +3

FeCI 3 6H2 0 5.808 Fe++ 1,200 +3 +3 +3
K2Cr207 0.087 Cr+6  31 +3 +3 +3
KCl 0.05721 K 30 +3 +3 +3

Hgl 2  0.00113 Hg 0.5 +1.5 +1.5 +1.5

MgCI 2 6H2 0 11.706 Mg+ 1,400 +3 +3 +3

COC1 2 .6H 2 0 0.044 Co1 10 +3 +3 +3
NiCI 2 .6H 20 0.251 Ni++ 62 +3 +3 +3
CaCl 2  0.238 Ca+ 86 +3 +3 +3

ZnCI 2  2.919 Zn++ 1,400 +4 +3 +3

MnCI 2 .4H 2 0 0.865 Mn+ 240 +3 +4 +3

BaCI 2 .2H 2 0 1.423 Ba4+ 800 +3 +4 +3
CuS0 4 .5H 2 0 0.111 Cu++ 25 +3 +3 +3

AgNO 3  0.315 Ag+ 200 +3 +3 +3

Pb(C 2 H3 0 2 ) 2 .3H 2 0 0.084 Pb++ 46 +4 +3 +3

a/ Tickets were tested for color production by dipping in deionized water

for 15 sec (ticket-wetting step), incubating for 15 min (enzyme-
inhibitor reaction step), and pressing between thumb and forefinger
for 2 min (color development step).

b/ The highest concentration of metal ions found in natural waterways of
seven states as reported by the United States Geological Survey,
1973-1978.
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inhibition leading to false positive results. We suggest that if this is
suspected in the field, the operator should test the tap water for inhibi-
tion before it is used in pesticide cleanup operations.

D. Enhanced Ticket Sensitivity with Bromine Oxidation

The enzyme ticket detection limits for diazinon, Dursbang, and
malathion reported in Section V-A-4 were all 100 ppm or greater. It was
important that the enzyme ticket or the test procedure be modified in some
way to decrease the detection limits for these pesticides. Several methods
"designed to increase sensitivity of the tickets were considered and some
were tested, including increasing the incubation temperature of the enzyme
disc after exposure to pesticide, increasing the enzyme-inhibitor incubation
time, and impregnating the enzyme discs with lower amounts of cholinesterase.
Each of these procedures, however, unfavorably affected the utility or the
storability of the enzyme test tickets.

1. Theory of bromine oxidation: A subset of the so-called or-
ganophosphate insecticides are more properly identified as phosphorothionates
since they have a sulfur atom rather than an oxygen atom double-bonded to the
phosphorus atom. It has been noted that the oxygen analogues, or phosphates,
of these phosphorothionates are better inhibitors of cholinesterase than are
the thionates themselves. Interestingly, the three "organophosphates" of
interest in this program (diazinon, Dursban®R, and malathion) are actually
phosphorothionates. (Malathion is technically a phosphorothiolothionate
with an additional oxygen atom replaced by a sulfur atom.) It was reasoned
that greater ticket sensitivity toward these three compounds might be avail-
able by converting them to true organophosphates. Fortuitously, these are
the three insecticides whose detection limits with the enzyme tickets should
be improved.

The chemistry of this conversion has been termed "oxidative desul-
furation" and has been claimed to occur using bromine gas on TLC plates. 8 ,32/

S [0] 0II li

Ri-O-P-0-R3  • RI-0-P-O-R3 + [S]
0o 0
R 2 R2

Phosphorothionate Phosphate

It was considered possible that such a reaction could be induced in solution
using bromine water.
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2. Detection limits after bromine treatment: Formulated pesti-
cides were diluted with water to give the desired concentrations. A 20-ml
aliquot of pesticide solution was either treated with 10 ui of 1% (0.19 M)
bromine in water for 3 min, or left untreated. These solutions were then
tested with eel cholinesterase tickets (1.2 units/disc) prepared according
to the procedures described in the Appendix.

The enzyme discs of the test tickets were dipped for 15 sec in
the solution to be tested, incubated for 15 min, and then pressed together
with the attached substrate discs for 2 min. Color intensities were es-
timated using the Munsell Color Chart; tests were done in replicates of
five. Results were averaged and plotted with standard deviations. Detec-
tion limits were taken as that concentration of pesticide that gave complete
inhibition of the enzyme ticket in five of five trials.

Results are summarized in Table 12. It is apparent that while
bromine pretreatment of solutions of Baygon® and carbaryl had no effect on
their detection limits, bromine treatment markedly enhanced ticket sensitiv-
ities to the phosphorothionates, diazinon, Dursban®, and malathion. After

j treatment with bromine, all of the pesticides are detectable at levels that
are sufficiently low to signal early breakthrough from charcoal columns.

TABLE 12

ENZYME TICKET DETECTION LIMITS WITH AND WITHOUT BROMINE TREATMENT

Detection Limit (ppm, w/v).!/
PesticideW No BromineJ With Bromine4'

Baygon® 2 2
Carbaryl 9 9
Diazinon 300 5
Dursban® 100 0.5
Malathion 75 0.5

a/ Detection limit is the lowest concentration of pesticide that gives
complete inhibition of enzyme impregnated tickets. Eel cholines-
terase tickets (1.2 units/disc) were prepared according to proce-
dures given in the Appendix.

b/ Formulated pesticides were diluted with demineralized water to give
desired concentrations.

_c/ Untreated 20-ml aliquots of pesticide solutions were tested with
enzyme tickets.

d/ 20-ml aliquots of pesticide solutions were treated with 10 PI of
1% (v/v) (0.19 M) bromine in water for 3 min prior to testing
with enzyme tickets.
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The reasons for the differences between Tables 9 and 12 for the
detection limits of diazinon, Dursban®, and malathion without bromine treat-
ment are unknown (300, 100, 75 ppm versus 400, 300, 100 ppm, respectively).
The differsnces noted for diazinon and malathion are probably within the
"noise" level for detection limits determination, a measurement whose ac-
curacy is dependent in part on the number of tests in a series of pesticide
solutions. For example, an approximate determination can be made by test-
ing a series of 200, 400, and 600 ppm pesticide solutions for inhibition.
A more accurate number may be obtained by testing 200, 250, 300, 350 . .
600 ppm solutions.

VI. STORAGE TESTING

To enhance the utility for the enzyme test tickets it was impor-
• tant to know how well they could withstand storage, both at elevated room

temperature and under refrigeration. Additionally, since bromine treatment
was so successful in decreasing detection limits, limited testing of stor-
ability of bromine water was accomplished.

Ii

A. Long-Term Storage Testing - Enzyme Tickets

The cholinesterase impregnated tickets tested under this program
are to be used in Army pesticide filtration facilities as positive or nega-
tive tests for the presence of carbamate and organophosphate pesticides in

V water. As currently envisioned, the tests will be performed regularly by
the plant monitor on water samples obtained from the water filtration stream.
According to this operating scenario, it will be important to know the stor-
ability of the tickets under various conditions. Thus, at the beginning of
this study, batches of tickets were prepared according to procedures given
in the Appendix. One batch was made with electric eel acetylcholinesterase

"N and another with horse serum cholinesterase. The tickets were tested to
verify their abilities to form color of > +3 intensities in the absence of1 pesticides. One half of each batch was put in storage at 40C and the other
half was stored at 400C. At approximately monthly intervals, 10 tickets

from each of the four experimental conditions were withdrawn from storage
and tested for color formation using water instead of a pesticide sample.

Results for storage of tickets made with horse serum cholinester-
ase are shown in Figure 5. It is clear that horse serum tickets stored at
40 0 C begin to fail soon after initiation of storage. Horse serum discs
stored at 4*C, however, retain their abilities to form +3 colors even after

j 8 months.

Tickets made with eel cholinesterase withstood the 400C storage
much better. Results in Figure 6 show no downward trend in average color
intensities for tickets stored at either 40C or 40%C for 8 months.
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Eel cholinesterase tickets that had been stored at 4*C or 40%C
for 8 months were also tested for inhibition by 2 ppm Baygon® in water.
This concentration of Baygon® was determined to be the lower limit for de-
tection as reported in Section V-A-4. Ten replicate tickets from each
storage temperature were completely inhibited by the pesticide solution.

These results indicate that eel cholinesterase tickets, when pre-
pared according to the procedures given in the Appendix, retain their en-
zyme activities and pesticide detection limits for at least 8 months storage
at 4*C (39*F) or 40*C (104'F). Li

B. St.-orage Stability - Bromine Water

Stability of the bromine solution is of critical importance in
maintaining the appropriate bromine concentration. For field use, bromine .
water must be stored for long periods of time. Evaporation of the solution.
dissolution in a plastic container, or decomposition [3Br 2 (aq) + 3H20

BrO3- + 5Br- + 6H+] may all cause changes in the bromine concentration. To
test these possibilities, four bromine solutions at 0.25% were prepared.

Two were made in demineralized water. One of these was stored in a small
glass bottle while the other was stored in a polyethylene plastic bottle.
The other two bromine solutions were made in C.12 M HCN. It was reasoned
that free protons would stabilize Br2 according to the above reaction. One
of these solutions was stored in an identical glass bottle while the other
was stored in an identical plastic bottle.

"Periodically, one drop of each of the four bromine solutions was
added to 20 ml of either water or various con:entrations (1, 5, 10 ppm) of
formulated diazinon in water. The 20-ml solutions were then tested for
their abilities to inhibit the enzyme on cholinesterase test tickets.

Within 1 day, the bromine water stored in the plastic containers
was beginning to loose its ability to enhance ticket sensitivity to diazinon.
After 11 days, the bromine stored in plastic had no apparent effect on the
enzyme ticket test for diazinon. Since the walls and bottoms of the plastic
containers gradually took on a yellow color during this period, it is likely
that bromine was being lost by dissolution into the plastic.

-1,-

Bromine water stored in glass screw-capped bottles maintained its
oxidizing power much better. After 31 days, bromine stored in glass was still
capable of rendering 5-ppm diazinon solutions capable of completely inhibiting
enzyme tickets. This ability, however, seemed to slowly degrade over the next
20 days. At that time, bromine-treated solutions of 5 ppm diazinon gave +1.5
intensities upon testing with enzyme tickets rather than no color. Results
with bromine in 0.12 M HC0 were not significantly different. This slow decay
of oxidation ability is believed to be due to evaporation of the bromine from
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the bottle during frequent withdrawal of aliqucts for testing. Bromine

water stored in sealed glass ampoules or single use capillary tubes will

last much longer.

VII. ENZYME TICKET DELIVERY TO USAMBRDL

Ten prototype pesticide test kits were prepared by MRI for trans-
ferral to the U.S. Army Medical Research and Development Command. It is

anticipated that they will be tested under field conditions at prototype

pesticide filtration facilities.

A. Pesticide Test Kit Description

Each test kit is contained in a case that is approximately 23 cm

wide by 14 cm deep by 14 cm tall with a carrying handle mounted on the
hinged top. Inside the lid is a 20 cm by 12 cm card containing simple op-
erating instructions for the kit (see Section VII-B). On hundred enzyme

test tickets prepared and packaged according to the procedures given in
the Appendix are stored in two 12 x 6 cm compartments. A third compart-

ment contains a 50-ml beaker and 100 sealed capillary tubes each contain-
ing enough bromine water for testing one 20-ml sample of pesticide solu-
tion. The bromine tubes have an inside diameter of 1.2 mm and are about
3 cm long. Each sealed tube contains 20 V1 of 0.5% (0.085 M) bromine in

water.

B. Test Procedure

The following information is given on the kit instruction card.

Contents: 100 foil-packaged tizkets, 100 yellow bromine tubes (4 packets
of 25 tubes), 1 glas:. beaker, 2 glass rods (1 extra)

Test Procedure: (Read entire procedure before starting)

1. Remove beaker from case and add sample water to "-20" mark.
2. Place beaker on flat surface.

3. Remove 1 packet of bromine tubes and tear along black line.
4. Slide cardboard holder out to remove 1 bromine tube. IF LIQUID IN

TUBE IS COLORLESS, DO NOT USE.
- 5. Place tube in beaker and, using glass rod, crush tube against bottom

of beaker until yellow color is no longer visible.

6. Wait 3 minutes.

7. While waiting, remove 1 packaged ticket from case. Tear notched end

of packet, remove contents and discard white cardboard.
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8. After the 3 minutes, fold back loose section of overlay and wet ex-
posed enzyme disc (paper disc at end of ticket with clipped corners)
by dipping in beaker for 15 seconds.

9. Return ticket to packet and set aside for 15 minutes.
10. After 15 minutes, peel off and discard overlay, exposing the substrate

disc.
11. Fold ticket so the 2 discs make contact and hold for 2 minutes.

12. After 2 minutes, open the ticket and observe the color of the enzyme
disc.

. -Enzyme Disc
Substrate Disc Blue Color Here

(Ignore Color Here) 2 t Ticket Fold

Enzyme Ticket

Results:

If disc is any shade of blue, test is negative. Pesticide level is
below repoited detection limits.

If disc remains white, test is positive. Pesticide may be present.
AHowever, a control test must be run to verify performance of tickets.

Control Test:
Rinse beaker thoroughly with clean water, take new ticket and proceed

as in steps 6 through 12 using drinking water in place of sample water.
If control disc is blue, tickets are good and presence of pesticide

in originpl sample water is verified.

If control disc is white, remaining tickets may be bad.

A[
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MATERIALS AND METHODS FOR ENZYME TICKET FABRICATION

I. EEL CHOLINESTERASE DISCS

A. Buffer Solution (40 ml, 0.5 M, pH 8.0)

1. To prepare 0.5 M PIPPS (l,4-bis(3-sulfopropyl)piperazine)
buffer solution, suspend 6.00 g (M.W. 330) in 30 ml of deionized water.

2. Adjust the pH to 8.0 using 5 M NaOH.

3. Add 0.20 g bovine serum albumin (Fraction V, Sigma Chemical
Company) (0.5%).

4. Add 0.6 ml 1.0% Triton X-100 solution (Sigma Chemical Com-

pany) (0.015%).

5. Dilute to 40 ml with deionized water.

B. Enzyme Solution (for use in making discs with 1.2 units/disc)

1. Dissolve , 10 mg eel cholinesterase (Code ECH, Worthington
Biochemical Company, n 100 units/mg) in 30 ml of the above PIPPS buffer
solution.

2. Refrigerate at 5'C for 2 to 3 hr, but not less than 2 hr,

prior to analyis on pH Stat. (Note: The activity of the enzyme in solu-

tion changes with the age of the solution.)

C. Enzyme Solution Analysis on pH Stat

1. To prepare 1 liter of substrate solution, dissolve the fol-
lowing in about 900 ml of pH 5.5 deionized water:

8.120 g magnesium chloride (MgCI2'6H20) (0.04 M).
5.850 g sodium chloride (NaCl) (0.10 M).
0.730 g acetylcholine chloride (0.004 M).

Dilute to 1 liter with pH 5.5 deionized water.

Note: Solution is stable for 10 days if kept refrigerated at
50C.

2. Operating procedure for Sargent pH stat:
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a. Turn on pH stat and allow to warm up (about 15 min).

b. Adjust temperature controller to 37*C.

c. Set instrument to pH 8.0.

d. Calibrate instrument using about 50 ml stirred, preheated
(37 0 C) 0.1 M borate buffer pH 8.0 and adjust the recording pen for minimum
movement.

e. Fill the 2.5 ml delivery burette with standardized 0.02
M NaOH.

3. Analysis of enzyme solution.

a. Measure exactly 50.0 ml of substrate solution into a
100-ml ground-glass-bottom beaker. (Note: A flat-bottom teaker is neces-
sary to assure good heat transfer from the thermoelectric cooler of the

pH stat.)

b. Preincubate substrate solution in 37*C water bath for
about 10 min. (This can be done while pH stat is warming up.)

c. Place the ground-glass beaker on the pH stat temperature
controller and allow to equilibrate to 37*C (two cycles).

d. Add 0.100 ml enzyme solution to stirring substrate solu-
tion and initiate titration.

e. Add pH 8.0, 0.02 M NaOH by dropwise addition until re-
corder shows change in baseline.

f. Record linear progression of analysis for about 5 to
{ 10 min.

g. Calculate enzyme activity from linear slope.

4. Enzyme activity calculation (units/mg): Average of three
titrations is used for final activity.

units/mg = (ml NaOH/min) (M NaOH x 103)

(enzyme conc. (mg/ml)) x (ml of enzyme solution added)
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D. Enzyme Solution Application to Discs

The units of enzyme desired on eac"- disc are to be contained in

30 ul (i.e., the volume of enzyme solution to be added to each 1/2 in.

paper circle).

1. Calculate the total number of units of enzyme in the enzyme

solution:

Total units of enzyme (mg of enzyme used to make solution) x L
(assayed activity (units/mg) of enzyme product).

2. Calculate the units of enzyme contained in 30 p! of solution:

units (Total units of enzyme) (0.030 ml)
(Volume of solution (ml))

V If unit,/30 4i is significantly greater than desired units/disc,
the solution may be diluted with PIPPS buffer to a new "adjusted volume."

¶ 3. Calculation of "adjusted volume."

Ae (units/30 , found) (vol. of enzyme solution)I, (units/30 4i, desired)

If the adjusted volume is greater than the original volume of
the enzyme, it may be diluted with the original buffer solution to the
"f"adjusted volume." If the enzyme solution is already too dilute, slightly

more enzyme solution (i.e., up to 40 4l/disc) may be added, but this
practice is to be avoided whenever possible.

E. Enzyme Disc Preparation

i1. Arrange 1/2 in. Whatman No. 1 paper discs (30 ml of enzyme

solution will make about 1,000 discs) on thoroughly cleaned glass plates.

e 2. Pipet 30 pi of enzyme solution on each disc using a Pipetman
pipet.

3. Allow to air-dry for 2 to 3 hr at room temperature.

4. Place discs in uncapped glass vials and allow to dry 5 to I
20 hr at < 0.01 mm Hg, at 25%C in a vacuum desiccator before storage or

packaging. Use clean desiccator (i.e., without indoxyl acetate vapors).

5. Admit dried air before removing desiccator lid; seal con-
tainers tightly and refrigerate at 5°C inside a second container with a

desiccant. i
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II. INDOXYL ACETATE DISCS (for use with eel cholinesterase discs)

A. Solution for Substrate Discs

In 100 ml deionized water, pH 5.5, dissolve both 0.0448 g po-
tassium ferricyanide (K3 Fe(CN) 6 ) (Mallinckrodt Chemical Company) and
0.0715 g potassium ferrocyanide (K4 Fe(CN6 )'3H2 0) (Baker Chemical Company).

B. Applying Solutions to Paper Discs

1. Arrange 9.0 cm Whatman No. 1 filter paper circles on clean
glass plates making sure that none overlap or touch.

2. Pipet ferri/ferro solution (1.0 ml/circle) and allow to
air-dry for 2 to 3 hr.

Note: Protect substrate solutions and discs from exposure to
light during all further handling procedures.

3. In a separate covered beaker, dissolve indoxyl acetate (18
mg/ml) in A.R. acetone.

4. Pipet indoxyl acetate solution (1.0 ml/circle) evenly over
the entire surface area of the filter paper circles and allow to air-dry

about 30 min before punching into 1/2 in. discs.

C. Vacuum Desiccator Drying

Use separate desiccators for enzyme and substrate discs. Follow
same instructions for enzyme disc drying, but protect substrate from light.
Store indoxyl acetate discs in tightly sealed containers inside desic-
cated containers inside a refrigerator.

III. HORSE SERUM CHOLINESTERASE DISCS

A. Buffer Solution (40 ml, 0.5 M, pH 8.0)

j 1. To prepare 0.5 M PIPPS buffer solution, suspend 6.60 g
(M.W. 330) in 30 ml of deionized water.

2. Adjust to pH 8.0 using 5 M NaOH.

3. Add 0.20 g bovine serum albumin (Fraction V, Sigma Chemical
I Company) •0.5%).L

4. Add 1.00 ml 1% Aerosol OF (w/v) (Sigma Chemical Company)
[• (0.025%).
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5. Dilute to 40 ml with deionized water.

B. Enzyme Solution (for use in making discs with 0.6 units/disc)

1. Dissolve about 85 mg horse serum cholinesterase (Sigma
Chemical Company, '\ 15 units/mg) in 30 ml of the above PIPPS buffer solu-
tion.

2. Refrigerate at 5*C for exactly 2 hr prior to analysis on pH
stat. (Note: Activity of the enzyme solution changes with time.)

3. Proceed as for eel cholinesterase disc preparation. i,

IV. 2,6-DICHLOROINDOPHENYL ACETATE SUBSTRATE DISCS (DCIPA; for use with

horse serum cholinesterase discs)

A. Solution for Substrate Discs L

Dissolve the DCIPA (5.0 mg/ml) in A.R. acetone. I
Note: Keep beaker covered to minimize evaporation while

stirring and protect from light.

B. Applying Solutions to Substrate Discs

1. Arrange 9.0 cm Whatman No. 1 filter paper circles on clean
glass plates making sure that none overlap or touch.

2. Pipet (1 ml/circle) DCIPA solution (5.0 mg/ml) and allow to
•-4. air-dry about 1 hr under subdued light.

3. When dry, cut circles into 1/2 i.. discs using a clean
steel punch.

4. Place substrate discs in glass containers and vacuum dry
following the same procedure for enzyme discs.

C. Packaging and Storage of DCIPA Substrate Discs

Same procedure as for indoxyl acetate discs. Enzyme and sub- YJ
strate discs should not be stored in same container.
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V. ENZYME TICKET FABRICATION

1. Wash the 0.020 in. polyethylene (after it has been cut into
the shape of tickets 2-1/2 in. by 1-1/4 in. with corners clipped from one
end) sheet in hot Alconox solution in an ultrasonic cleaning bath for
30 min, rinse in deionized water, blot excess water with paper towels, and
dry in an oven for 15 min at 90°C. Degas these polyethylene pieces in a
desiccator at 0.01 mm Hg or less for 18 hr.

2. Heat-seal one enzyme disc to the end of each polyethylene
support with the clipped corners.

3. Heat-seal a substrate disc to the other end of each support.

4. Complete ticket fabrication by heat-sealing a cover of
laminated plastic foil (Apollo) over the substrate disc.

5. Place the completed enzyme ticket in a bag 2 in. by 3-1/4
in. made from the laminated foil packaging material (Apollo) along with a
1-1/4 in. by 2-1/2 in. piece of Proteksorb® silica gel paper which has
been freshly activated by heating to 150%C for I hr. Heat-seal the bag
and store in refrigerator.

45

-< i



DISTRIBUTION LIST

25 copies Commander

U.S. Army Medical Bioengineering

Research and Development Laboratory
ATTN: SGRD-UBG
Fort Detrick, Frederick, MD 21701

4 copies HQDA (SGRD-RMS)

Fort Detrick

Frederick, MD 21701

12 copies/i original Defense Technical Information Center

(DTIC)

ATTN: DTIC-DDA

Cameron Station
Alexandria, VA 22314 L

1 copy Dean

School of Medicine

Uniformed Services University of the
Health Sciences

iA 4301 Jones Bridge Road

Bethesda, MD 20014

1 copy Commandant

Academy of Health Sciences, U.S. Army

ATTN: AHS-COM

Fort Sam Houston, TX 78234

1 copy Librarian

U.S. Army Medical Bioengineering

Research and Development Laboratory

ATTN: SGRD-UBD-A

Fort Detrick
Frederick, MD 21701

46


