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The serological detection of staphylococcal enterotoxin A by the

quantitative technique of Laurell electroimmunodiffusion is described

as well as the application of the technique to the detection of small

quantities of enterotoxin A in foods.

High dilutions of type-specific rabbit antiserum were used in 1%

agarose gels, 1 mm thick, and prepared in 0.05 1.1 barbital buffer

pH 8.6. Volumes of 10 p.1 containing 1.5 to 10 ng of toxin were electro-

phoresed out of 4 mm diameter wells at 5 mA/cm width of gel.

The precipitin cones formed were made visible by first immers-

ing the agarose gels in 0.2 M NaCl, then overlaying the surface with

the purified globulin fraction of sheep serum against rabbit globulin,

followed by soaking the gels in 1% aqueous cadmium acetate, and

staining with 0. 1% Thiazine Red R in 1% glacial acetic acid.

Fully extended cones, 4 to 23 mm in length depending on toxin



concentration and antiserum dilution, were developed in 2 to 5 hr of

electrophoresis and visualization was achieved within 2 to 3 hr.

The usefulness of the technique for the detection of small quanti-

ties of enterotoxin A in foods was investigated. Dairy as well as non-

dairy food items were artificially contaminated with purified staphylo-

coccal enterotoxin A in amounts varying from 0. 25 to 1. 0µg per 100 g

sample. The toxin was extracted with 0. 05 p. barbital buffer pH 8. 6

and the extract partially purified and concentrated to 1. 0 ml by

membrane ultrafiltration. The presence or absence of toxin in the

concentrate was determined by Laurell electroimmunodiffusion.

The combined use of membrane ultrafiltration and electro-

immunodiffusion permitted the detection of 0. 75 p.g staphylococcal

enterotoxin A per 100 g of food within 8 to 10 hr.
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DETECTION OF STAPHYLOCOCCAL ENTEROTOXIN A
BY LAURELL ELECTROIMMUNODIFFUSION

INTRODUCTION

The staphylococci are nonmotile bacterial cells with a strongly

Gram-positive staining reaction during their exponential phase of

growth; on aging, many cells become Gram-negative. The cells are

spherical in shape with diameters ranging from 0. 5 to 1. 5 nm. Stained

smears most often show irregular, grape-like clusters demonstrating

the ability of the organisms to divide in more than one plane.

The staphylococci are facultative anaerobes capable of growth at

temperatures between 6. 5 and 46 C (optimum 30-37 C) and at pH values

between 4. 5 and 9. 3 (optimum 7. 0-7, 5). Growth in the laboratory is

best achieved under aerobic conditions if amino acids and certain

growth factors are provided; anaerobic growth requires uracil and a

fermentable carbon source, as well. Many strains tolerate up to 15%

sodium chloride and 40% bile.

At present two species are recognized. Both are part of the

normal microbial flora of the human skin including hands, face, and

nose, as well as the respiratory and gastrointestinal tracts:

Staphylococcus aureus, capable of producing disease both through its

ability to multiply and spread in tissues and through its production of

many extracellular substances such as hemolysins, leucocidins,
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hyaluronidase, staphylokinase, coagulase, and enterotoxins, the

causative agents of staphylococcal food poisoning; Staphylococcus

epidermidis, usually considered nonpathogenic, nonenterotoxigenic,

and coagulase negative, but given the opportunity as a secondary

invader capable of certain types of infections, primarily bacterial

endocarditis.

Typical staphylococcal lesions are painful localized infections

familiar as furuncles, boils, pimples, and abscesses, If the organ-

isms manage to break through the focal suppuration, they may spread

via the lymphatics and the blood stream to set up secondary infections

in other parts of the body and thus may cause organ dysfunction and

death. Staphylococci have been identified as causative organisms in

osteomyelitis, endocarditis, meningitis, and pneumonia.

The most important mode of transmitting pyogenic staphylococci

from person to person involves direct contact with an asymptomatic

carrier or a person with a lesion, Such individuals may be members

in any community or patients and personnel in a hospital. The

generous and indiscriminate use of penicillin and broad-spectrum

antibiotics during the 1950's and early 1960's and concomitant neglect

of aseptic techniques set the stage for the widespread dissemination of

multiple antibiotic-resistant staphylococci, The epidemiological cycle

of staphylococci in the hospital and in the community has become a

documented fact (41). It presents a formidable public health problem
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as infections with S. aureus continue to be a major cause of morbidity

and mortality (48).

In addition to their ability to cause disease by infection, the

staphylococci are also capable of producing disease by intoxication

resulting from the ingestion of contaminated foods by susceptible

individuals. The true incidence of staphylococcal food poisoning in the

United States is unknown since it is not a notifiable disease. However,

according to the statistics published by the Center for Disease

Control in Atlanta, Georgia, on known food-borne disease outbreaks,

by far the largest percentage, namely 25 to 30%, are attributed to

enterotoxigenic staphylococci (53). The prevalence of staphylococcal

food poisoning in this country may be correlated with the enormous

number of commercially prepared meals catered to and consumed by

Americans in public establishments (1). Invariably, most outbreaks

can be traced to unsanitary conditions and food handlers who act as

carriers or perform their work while suffering from active or healing

lesions.

An outbreak of food poisoning is usually recognized by epidemio-

logical and clinical signs. The most common symptoms are vomiting

and diarrhea in 1 to 6 hr. The illness is self-limiting and relatively

mild. Recovery is normally complete within 24 to 72 hr. If the

intoxication is severe and hospitalization is required, treatment is

directed toward preventing dehydration, controlling the vomiting and

diarrhea, and relieving shock,
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Typically, a laboratory may be asked to identify the responsible

food and the causal agent of the illness. If Koch's postulates are

strictly adhered to, the organism should be isolated in pure form and

reinoculated into uncontaminated food to be fed to a susceptible

individual or animal in order to reproduce the symptoms of the

disease. Obviously, this approach is impractical. Human volunteers

are not readily available for experimentation, and the use of young

rhesus monkeys, cats, and kittens for reliable bioassays of entero-

toxins is much too expensive for all but a few laboratories.

The difficulty of determining the enterotoxigenicity of implicated

staphylococci has led to a continuing effort to relate enterotoxin

production to some other, hopefully stable and exclusive characteristic

which could easily be detected by simple and inexpensive microbio-

logical techniques. The observation was made that enterotoxin pro-

ducing strains of S. aureus are also coagulase-positive, although the

reverse was not always found to be true. Coagulase is an enzyme

which coagulates the plasma of a variety of animals including

humans, rabbits, horses, and pigs. All the selective and diagnostic

plating media now commonly in use for the detection and enumeration

of staphylococci from foods center on the isolation of coagulase-

positive organisms. The recent development of coagulase plate test

media by Orth and Anderson (42, 43) and Chugg (19) show a significant

advance toward the elimination of the many problems associated with
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recovering, selecting, and differentiating one specific organism

from others.

It is recognized, however, that the use of the coagulase plate

test suffers from certain limitations. The isolation of large numbers

of coagulase-positive S. aureus cells from suspected food samples

(50, 000 to several million cells per gram) is taken to be presumptive

evidence that the food may indeed be involved in a food poisoning out-

break (24). Yet, the recovery of only small numbers of organisms

does not exonerate the implicated food. S. aureus may have grown,

produced toxin, and then died, or declined in numbers due to heating,

drying or freezing of the food, none of which would affect the elaborated

toxin. Also, isolation and identification by the most rapid plating

technique still requires a minimum of 24 to 48 hr.

By definition, the coagulase plate test ignores all coagulase-

negative staphylococci, although it has long been known that entero-

toxigenic coagulase-negative strains exist (7, 52). In 1969, a food

poisoning outbreak was even caused by S. epidermidis (12). The

origin of the organism was traced to the crusted lesions of a food

handler's hands. Monkey feeding tests showed cultures isolated

from either source to be enterotoxigenic.

It has also been reported that some coagulase-negative but

enterotoxin producing strains turned out to be coagulase-positive in

the hands of other investigators (3).
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Amidst some uncertainty about the reliance of most laboratories

on the coagulase-enterotoxin relationship, another diagnostic charac-

teristic of S. aureus is being explored, namely the apparently exclu-

sive production of a heat-resistant nuclease (18). Lachica et al. (31)

showed that this enzyme has a better correlation with enterotoxigeni-

city than does coagulase. Orth and Anderson (43) allowed for the

detection of both coagulase and deoxyribonuclease in their selective

coagulase plate test medium. Inevitably, though, some strains of

enterotoxin producers have been found which elaborate neither

deoxyribonuclease nor coagulase.

The limitations encountered by correlating enterotoxigenicity

with coagulase production or some other diagnostic characteristics

may be overcome by a direct assay of the active agent responsible for

the intoxication of susceptible individuals. The active agent may be

one of several antigenically distinct enterotoxins. At the present

time, five serological types have been identified and called entero-

toxins A, B, C, D, and E (14, 6, 4, 17, 5). It is expected that other

types exist as evidenced by outbreaks of staphylococcal food poisoning

in which the active agent could not be identified as one of the known

serotypes.

As proteins in the molecular weight range of 28,000 to 35, 000,

the enterotoxins are able to elicit the formation of specific antibodies

when injected into animals. A precipitate forms when the enterotoxin
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antigen is brought into contact with its specific antibody. This

reaction is the basis for the only specific and sensitive test now

available to detect staphylococcal enterotoxins. A considerable

number of methods have been reported which employ this immuno-

logical reaction. Among these are the single gel diffusion tube test

(55), double gel diffusion tube test (27), Ouchterlony plate test (4),

microslide test (15, 58), quantitative precipitin test (49), hemag-

glutination inhibition (29, 40), reversed passive hemagglutination (50),

fluorescent antibody test (51), and more recently reversed immuno-

osmophoresis (30), a rapid capillary tube test (25, 26), and a solid-

phase radioimmunoassay technique (28).

Each of these methods has been found to be of use for certain

aspects of toxin detection and assay. Some are extremely sensitive,

such as the reversed passive hemagglutination test which is capable

of detecting as little as 0.0015 µg enterotoxin per milliliter; others

are very rapid, such as the interfacial test in capillary tubes which

detects the antigen-antibody precipitate within minutes. However,

none really combines the attributes needed for the detection of the

enterotoxins in foods. Such a technique should be practical as well

as sensitive and rapid.

It is not known how much enterotoxin is required to cause illness.

Experience with some food poisoning outbreaks and human volunteer

studies indicates a dosage of 1 p.g, possibly less for very susceptible
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individuals. The average amount of food eaten is assumed to be about

100 g. The reversed passive hemagglutination technique is suffi-

ciently sensitive to detect 1µg of enterotoxin in the unconcentrated

extract from a 100 g food sample (50). But the method is troubled by

false positives due to nonspecific hemagglutination either because the

extracts contain interfering substances or the reagent coupled or

adsorbed to the erythrocytes is not pure. Furthermore, if agglutina-

tion occurs, it is impossible to determine whether it is due to entero-

toxin or impurities. The result cannot be compared directly with a

control.

The solid-phase radioimmunoassay (28) has a sensitivity

comparable to the reversed passive hemagglutination, namely 1 to

5 ng per ml. The technique employs
125 I-labeled enterotoxin B and

polystyrene tubes coated with specific antibody. Since the unlabeled

enterotoxin competes with the labeled toxin for antibody-combining

sites, the uptake of the latter reflects the concentration of unlabeled

enterotoxin present. A t the time of this writing, no work has been

reported on the applicability of the method to the detection of entero-

toxins from food extracts. It is, therefore, not known whether any

nonspecific interferences will be encountered when dealing with the

food extracts. One can also anticipate that the technique will have to

overcome some serious practical problems. The iodine-125 is a

gamma (0. 035 MeV) and X-ray (0. 027 MeV) emitter with a half-life
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of 60 days. Special safety precautions as to handling, storage, and

disposal must therefore be observed. Carrier-free Na125I is

expensive. The 125 I-labeled toxin must be prepared fresh and

separated from unreacted iodine-125 by column chromatography.

Finally, suitable counting equipment has to be available which has a

tendency to be very expensive.

The other proposed methods require considerable concentration

of the food extracts in order to detect 1µg of enterotoxin. The only

two methods which have actually been used in food poisoning outbreaks

are the double gel-diffusion tube test and the microslide test. Both

are about equal in sensitivity, capable of detecting 0.25 to 1µg of

enterotoxin in 100 g of food. The microslide diffusion assay is the

current method of choice since it requires only 0.02 ml of antiserum

compared to 0.2 ml for the double gel-diffusion test.

Analysis of a contaminated food sample by the microslide test

necessitates a four-step procedure: (1) separation of the enterotoxin

from insoluble food constituents, (2) separation of the enterotoxin

from the concentrated soluble food extracts, (3) concentration of the

purified enterotoxin to 0. 2 ml, and (4) examination of the toxin by the

microslide test. Steps (1) through (3) require 4 days of continuous

effort, step (4) takes anywhere from 1 to 3 days to complete depending

on the enterotoxin concentration (35).

The microslide test is performed on a microscope slide. Two
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layers of electrician's tape are wrapped around the slide near the

ends leaving a 2 cm wide space between for an agar layer of about

1 mm thickness. While the agar is still hot, a Plexiglass template

with funnel-shaped holes for the reagents is placed on the agar layer.

After solidification of the agar, the center well is filled with antiserum

and the surrounding wells with standard and unknown toxin samples.

The slide is incubated at room temperature in a petri dish with moist

cotton to prevent evaporation of the reagents. Antibody and antigen

will diffuse out of their respective wells and, if specific to each other,

will form a continuous precipitin band which can be observed under

oblique lighting. The technique is not quantitative and requires con-

siderable practical experience and close control over the antigen-

antibody ratio if a sensitivity of 0. 25 to 1 Fig per ml is to be achieved.

Procedures for the extraction of the toxin from milk (46),

cheese (45, 58), and other solid foods subject to staphylococcal con-

tamination (16, 27, 35) utilize chloroform removal of fats and lipo-

proteins, ion-exchange materials such as Amber lite CG-50 and CM-

cellulose for adsorption of the toxin, dialysis and, lyophylization

for concentration.

It was the intent of this investigation to develop an alternative

to the microslide technique to fill the current need for a practical,

sensitive, and rapid detection technique for staphylococcal entero-

toxins both at the food quality control level and in food poisoning
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outbreaks. The most promising tools investigated were membrane

ultrafiltration for the separation, partial purification, and concentra-

tion, and Laurell electroimmunodiffusion for the serological detection

of the toxins. The feasibility of this approach was tested on entero-

toxin A since this type is the one most frequently encountered in out-

breaks of staphylococcal food poisoning.
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LITERATURE REVIEW

Laurell Electroimmunodiffusion

The term "electroimmunodiffusion" has been used to describe a

sensitive tool for the quantitative estimation of proteins in solution.

The technique combines the two separate processes of conventional

immunoelectrophoresis, namely electrophoresis and immunodiffusion,

into a single step: the antigen is forced by an electric field into an

agar gel which already contains uniformly distributed antibody. The

antigen moves out of its circular sample well in a linear fashion until

titrated to equivalence with the antibody. The resulting precipitin

pattern assumes the shape of a cone whose tip is rounded when there is

still an excess of antigen present, and pointed when all antigen has

been precipitated. For a given antibody dilution in the agar and

constant electric field, the length of the precipitin cone is proportional

to the antigen concentration and inversely proportional to the antibody

concentration.

The technique was introduced by Laurell (32, 33) and has been

used in Europe and Great Britain almost exclusively as an analytical

tool in clinical medicine, primarily for the study of changes in serum

proteins associated with clinical conditions. Laurell was able to

detect as little as 0. 125 µg of serum albumin.

Although electroimmunodiffusion and its two-dimensional



13

modification were developed with the clinician in mind, the simplicity,

sensitivity, speed, and versatility of the technique is beginning to be

recognized in other fields of research. A close investigation of the

method by Lopez, Tsu, and Hyslop (34) here in the United States

indicated that, in principle, it should be possible to utilize electro-

immunodiffus ion for the detection and identification of any protein

soluble in electrolyte solutions of low ionicity. Indeed, Miller and

Anderson (39) were able to measure and identify as to type very small

quantities of Clostridium botulinum. Most recently, Duncan and

Somers (21) demonstrated the usefulness of the method for quanti-

tating Clostridium perfringens type A enterotoxin; as little as 0. 01 p.g

of toxin was detected.

The two-dimensional version of the technique was applied by

Axelsen (2) to study the antigenic structure of Candida albicans; 68

antigens were demonstrated, about four times the number of antigens

revealed with the classical immunoelectrophoresis. Roberts et al.

(47) found a similar sensitivity in analyzing mycobacterial antigens.

Furthermore, these authors showed that species and strains of myco-

bacteria could easily be differentiated on the basis of their precipitin

patterns alone.

The potential of the two-dimensional modification lies in its

ability to separate a mixture of antigens for qualitative as well as

quantitative characterization. The first step consists of
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electrophoresing the antigens into a buffered agar, thus separating

them into bands according to their electrophoretic mobilities. The

agar strip is then placed at right angles to a second agar layer which

contains uniformly distributed antiserum. Electrophoresis is

resumed and precipitin patterns develop for each antigenic component,

if its specific antibody is present in the second agar strip.

Membrane Ultrafiltration

Advances in polymer chemistry during the recent years have

produced non-cellulosic synthetic membranes capable of selectively

separating micro- and macromolecular solutes in solution. The

membranes are ionically cross-linked polyelectrolyte complexes

manufactured into very thin sheets (0. 1 to 5 14) and laminated to a

flexible, inert backing for handling and repeated usage. The amount

of cross-linkage determines the tightness of the polyionic structure

and therefore the size and shape of the intermolecular space. Thus,

membranes with a nominal molecular weight cutoff can be produced.

One should bear in mind, however, that passage or retention of a

molecule depends also on its configuration so that molecules of the

same molecular weight but differing shape (e. g. , golbular protein vs.

linear polysaccharide) will exhibit differences in their retention values.

The basic principle of the polymer formation and its manufacture have

been described by Michaels (37).
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The thinness and fine structure of the membranes produce a

unique combination of molecular selectivity, high permeability to

water, and resistance to clogging. The driving force is hydrostatic

pressure. Lower molecular weight solutes are convectively carried

with the solvent or they diffuse at appreciable rates through the mem-

brane. Larger molecules are rejected at the membrane-solution

interface and, therefore, do not clog the membrane itself as is the

case with porous filters. However, the retained molecules will

accumulate at the upstream surface of the membrane and cause a

phenomenon called "concentration-polarization. " In its severest form

it produces a secondary solid or slimy and viscous membrane in

series with the underlying membrane which, in effect, offers increased

resistance to the solvent flow and passage of solutes normally

diffusible through the membrane. Mathematical models of

concentration-polarization, consequences, and control techniques have

been discussed in detail by Blatt et al. (8).

Ultrafiltration cells for laboratory use are cylindrical chambers

with capacities ranging from 5 to 2,000 ml. The capacity can be

increased by feeding into a cell from a pressurized reservoir.

Optimum pressures for ultrafiltration extend from 10 to 55 psi depend-

ing on the molecular weight cutoff. Membranes with nominal reten-

tions ranging from 500 to 300,000 molecular weight and diameters

from 25 to 150 mm are commercially available (Publication No. 403A,
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Amicon Corp. , Lexington, Mass., 02173; Bulletin MB 401,

Millipore Corp., Bedford, Mass., 01730).

In the cylindrical cells concentration-polarization is minimized

with a magnetic stirrer suspended just above the membrane. In thin

channel tubular modules the solvent flows across, instead of against,

the membrane and the resulting fluid shear prevents solute polariza-

tion.

The new membranes have found a wide range of applications in

laboratory investigations involving concentration, desalting, purifica-

tion, and fractionation processes. Blatt et al. (9) were some of the

first to apply membrane ultrafiltration to the concentration of pro-

teins, in this case human serum. They found the process very rapid

with no evidence of denaturation. In a following article Blatt et al.

(10) reported on the fractionation of protein solutions into size graded

classes. Separation was accomplished by using membranes with

different retention limits one at a time in a single cell, and by a

tandem assembly of several connected ultrafiltration units, each with

a progressively lower exclusion barrier. Soon thereafter, the

exchange of microsolutes in protein solutions was realized. It was

accomplished under fixed volume conditions such that each volume of

ultrafiltrate was replaced by an equal volume of a wash solution with

a desired micros olute composition (11). The technique was termed

"diafiltration" and found to require only a fraction of the time needed

for conventional dialysis.
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Most recently, the purification of proteins by membrane

separation, concentration, and diafiltration has been described (22).

Membrane ultrafiltration has also been used in enzyme,

hormone, virus, and bacteriophage concentration; in hormone and

nucleic acid separation; in ion and microsolute binding analyses

(Publication No. 403A, Amicon Corp. , Lexington, Mass. ).

The application of membrane ultrafiltration to industrial

separations seems to have reached the level of pilot-scale studies.

Attention is being focused on dewatering of food substances for

prolonged shelf life and lower transportation costs; on the economic

production of single cell protein from microbial cells; on waste

treatment to reduce the organic content of effluents from chemical

plants, pulp and paper mills, and food processing plants; on recovery,

purification, and concentration of products from biological processes

such as pharmaceuticals, antibiotics, vaccines, enzymes, serum

proteins, and hormones, and from food processing operations such as

those in the dairy, potato, and corn industries (20, 44, 54).

In an effort to comply with anti-pollution legislation the food

industry is seeking economical ways to utilize various cheese wheys

which contain nutritionally valuable proteins. Membrane ultrafiltra-

tion is being explored to fractionate these proteins from lactose and

salts, the other constituents of whey (23, 36).

To my knowledge, the use of membrane ultrafiltration for the
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partial purification and concentration of toxins from contaminated

foods has not been reported in the literature.
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MATERIALS AND METHODS

Standardization of Laurell Electroimmunodiffusion

Buffer. A barbital-NaOH buffer of 0. 1p. ionic strength and

pH 8. 6 was prepared with deionized distilled water according to

Campbell et al. (13). The buffer contained 21. 35 g/1 5, 5' -

diethylbarbituric acid (Sigma Chemical Corp. , St. Louis, Mo. ) and

4. 0 g/1 NaOH. Buffer of 0.05 p. was prepared by diluting the 0. 1 p.

buffer with an equal volume of deionized distilled water.

Antigen. The purified staphylococcal enterotoxin A used in this

investigation was obtained from M. S. Bergdoll of the Food Research

Institute and Department of Food Science, University of Wisconsin.

The enterotoxin was supplied in lyophylized form and reconstituted in

0. 37% Brain Heart Infusion Broth (Difco, Detroit, Mich. ) as suggested

by Bergdoll. This stock solution was stored at -20 C. Working

solutions for experimentation were prepared by 10-fold serial dilu-

tions in 0. 05 p. buffer preserved with 0. 1 mg /m1 merthiolate. These

solutions were stored in small screw capped vials at 4 C. Typical

concentrations were 100 p.g of toxin protein per ml, 10 Fig /ml, 1 p.g /ml,

and 0. 1 p.g/ml. No loss of antigenicity was noted over a period of at

least two months as judged by comparison with working solutions

freshly prepared from the frozen stock solution.

Antibody. The lyophylized, type-specific rabbit antiserum, also
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supplied by Bergdoll, was restored to its original volume by adding

1. 0 ml of 0. 05 µ buffer preserved with 0. 1 mg/all merthiolate. The

working solution was prepared by diluting 1:4 with the same buffer,

Storage was at 4 C. Optimum sensitivity of the freshly reconstituted

antiserum was not attained until after 7-10 days of standing at the

storage temperature (the reason is as yet unknown). An antiserum

dilution of 1:36 would detect 1 [ig of toxin protein per ml using the

microslide technique.

Preparation of antibody-containing agarose gels, The solid

support medium consisted of 1% agarose (Marine Colloids, Inc. ,

Lot #501600) in 0. 05 II barbital buffer pH 8. 6. For reasons of con-

venience and reproducibility, several hundred milliliters of the

agarose support were prepared by boiling in the buffer until melted,

cleaned of foreign matter by filtration through fritted glass (coarse),

dispensed in measured quantities into screw capped vials, and stored

at 4 C. When needed, the content of a vial was remelted in boiling

water and equilibrated to 47 C in a constant temperature water bath,

Antiserum from the working solution was now added (v/v) to give a

desired final concentration. The vial was gently rolled between the

palms of the hands or tilted back and forth to assure uniform distribu-

tion of the enterotoxin antiserum in the agarose. Using a warmed

pipette the antibody-containing agarose was poured into a preformed

mold and left to solidify for 10-15 min at 4 C.
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Preparation of mold. The agarose frame consisted of a plastic

template (81 x 100 x 1 mm) sandwiched between two photographic glass

slides (81 x 100 mm lantern slides), all held together by several

strong clamps. A 50 x 70 mm section, cut out of the plastic template,

provided the space for the melted agarose (Figure 1). The glass

slides were cleaned by autoclaving or steaming in a mild detergent

solution for about 15 min, thoroughly rinsed in distilled water, and

stored in Photo-Flo 200 solution (Eastman Kodak, Rochester, N. Y. )

until needed. When a mold was assembled, the slides were again

rinsed in distilled water. The clamps were arranged such that the

frame could be placed upright on a level surface so that one could

pipet the agarose from the top, carefully avoiding to entrap air

bubbles (Figure 2).

Preparation of agarose gel for electrophoresis. After hardening

of the gel, the clamps were removed and the remainder of the mold

was placed on a level surface so that the closed edge of the template

rested against a stop plate. The top glass slide was then carefully

pushed off the gel and over the stop plate. The plastic template was

peeled away also and any excess of moisture around the slab of

antibody-containing agarose was removed with disposable wipers.

The center 40 x 50 mm section of the gel was covered with a

lucite plate leaving on either side of it 15 x 50 sections of gel for

contact with electrical bridges. The lucite plate had overall



Figure 1. Plastic template used to form
agarose gels 50 x 70 x 1 mm in
size (not drawn to scale).
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Figure 2. Frame used in the preparation of
agarose gels. The plastic template
is sandwiched between two photographic
glass slides, all held together by four
strong clamps. The frame is placed
upright and the agarose is pipetted
from the top.
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dimensions of 40 x 100 x 4 mm with a 40 x 10 x 1 mm support base

left at either end (Figure 3). The height of the support base thus

matched the thickness of the agarose gel so that the lucite cover could

be placed across the gel without exerting undue pressure.

It was essential (i) to exclude any air bubbles from the interface

between the gel and the lucite cover plate (this was easily accomplished

by placing a few drops of 0.05 11 buffer on the proper face of the cover

plate, inverting it, and then slowly lowering it into position on the gel

slab), and (ii) to remove any excess liquid along the outside edges

(70 mm) of the gel. Four sample wells with a diameter of 4 mm each

were cut into the gel with a sharp-edged glass tube by reaching through

6 mm diameter holes drilled into the lucite cover plate. These holes

were centered 10 mm apart on a line 5 mm away from and parallel to

the edge of the plate (Figure 3).

Electroimmunodiffusion. The glass slide with the prepared gel

(Figure 4) was now placed on a cooling surface in a conventional

immunoelectrophoresis unit (Universal Electrophoresis Apparatus,

Co lab Laboratories, Chicago Heights, Ill. ). Cooling was provided

from a 24 C constant temperature water bath. Both electrode

vessels contained 0. 1 µ barbital buffer pH 8. 6. The electrical bridges

were constructed from 55 x 70 mm strips of Whatman No. 3MM

filter paper. The wicks were moistened in the buffer and the short

edges placed flush against the lucite cover plate. Thus, no part of



Figure 3. Top and side views of the lucite
cover plate (not drawn to scale).
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Figure 4. Schematic of agarose gel and lucite cover
plate resting on photographic glass slide.
(A) Gel contact areas for electrical

connections,
(B) Lucite cover plate provided with

four holes for sample wells,
(C) Support bases of lucite cover plate.
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the gel surface was exposed to the air. In order to avoid sharp

bending of the wicks at the edge of the glass slide, the wicks were

draped over plastic shoulder strips as commonly used in immuno-

electrophoresis (Figure 5). Finally, the entire surface of the wicks

exposed to the air was covered with a plastic film.

A constant current of 25 mA (5 mA/cm) was applied for 5-10 min

until the voltage had dropped to a constant value. This value was then

adjusted to 10-11 \J./cm (as measured between the wicks) by lowering

or raising the buffer Level in the electrode vessels. Once adjusted

this voltage level was always attained in subsequent runs.

After the electrophoretic conditions had settled to constancy the

sample wells were filled with 10 Ill volumes of standard toxin solutions

which contained varying quantities of staphylococcal enterotoxin A.

Electrophoresis lasted from 1-8 hr. The life of the buffer was

extended by switching the polarity on the electrophoresis unit after

the completion of each experiment (the row of sample wells in the

agarose gel was always on the cathode's side).

Detection of precipitin cones. Following electrophoresis, the

electrical bridges and the lucite cover plate were removed and the

agarose gel was immersed in 0.2 M NaCI for 1 hr at room tempera-

ture, then rinsed briefly in distilled water. Any excess water was

removed by carefully touching absorbent wipers to the sides and the

surface of the gel.



Figure 5. Photograph showing the agarose gel ready
for electroimmunodiffusion.
(A) Whatman filter paper serving as

electrical bridge connections,
(B) Lucite cover plate with outline of

agarose gel beneath,
(C) Support bases of lucite cover plate,
(D) Plastic shoulder strips.
The cathodic chamber is on the side of the
sample wells.
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The surface was then overlaid with sheep anti-rabbit globulin

(purified globulin fraction, Nutritional Biochemicals Corp., Cleveland,

Ohio) diluted 1:10 in 0. 05 barbital pH 8.6 and preserved with 0. 1

mg merthiolate. After 1 hr of reaction time at room temperature,

most of the globulin was recovered and stored at 4 C to be reused.

The remainder was rinsed off under a gentle stream of distilled water

followed by immersion of the gel slab into a 1% aqueous solution of

cadmium acetate.

Overlaying the agarose-antiserum gel with sheep anti-rabbit

globulin and immersing in cadmium acetate increased the size and

density of the original antigen-antibody complexes and thus enhanced

their visibility.

The precipitin cones were seen to develop fully within 15-30 min.

Staining for 15-30 min with 0. 1% Thiazine Red R dissolved in 1% acetic

acid enhanced the visibility of the cones still further. The precipitin

lines could best be observed by placing the gel on a dark field viewer

box fitted with a circular fluorescent light source as described by

Williams and Chase (57). The length of the precipitin cones was

measured to the nearest 0.5 mm from the center of the sample well

to the tip.

Records. The agarose gel, transferred onto a thoroughly

cleaned lantern slide, was immersed in 95% ethyl alcohol for 1 hr at

room temperature. After draining off the excess alcohol the gel was
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dried to a thin, hard film at 37 C, properly labeled, and stored in a

dry, dust-free box. The treatment with alcohol assured rapid and

undistorted drying of the gel. When a slide needed to be reviewed, the

dried gel had to be wetted first before the precipitin cones became

visible.

A standard Polaroid MP-3 Industrial View Camera, the dark field

viewer box, 4x 5 in Contrast Process Ortho Film 4154 (Eastman Kodak),

and Agfa Brovira BEH1 grade 6 printing paper were found most useful

for making photographic records.

Membrane Ultrafiltration of Food Extracts

Buffer. The same barbital-NaOH buffer as described in the

previous section was used for the blending of solid food samples and

the diafiltration of the food extracts.

Enterotoxin. A standard working solution of 1.0 µg /m1 purified

enterotoxin A in 0. 37% Brain Heart Infusion Broth was prepared from

the stock solution already described. The standard solution was

preserved with 0. 1 mg/ml merthiolate and stored at 4 C.

Extraction of Enterotoxin A from Foods

Dairy as well as non-dairy food items were artificially contami-

nated with amounts of toxin varying from 0. 25 to 1. 0 p.g per 100 g

sample. Certain procedural steps found to be common to existing
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methods of extracting the toxin from foods were combined in an attempt

to find a single simplified method which would apply to dairy as well

as non-dairy products subject to staphylococcal contamination. Model

foods were selected from a list of foods implicated in past food-borne

disease outbreaks (53).

Non-dairy products: sliced, fully cooked ham, white and dark

meat turkey roast, Genoa salami, hamburger meat, chicken and beef

pot pies.

In each case, a 100 g sample was weighed and placed into a

blender containing 250 ml of 0. 05 p. buffer. The enterotoxin was added

in amounts of 0. 25, 0. 50, 0. 75, and 1.0 p.g and the sample blended

into a slurry, usually requiring 5-10 min. The slurry was then

distributed into two 250 ml polypropylene centrifuge bottles and spun

at 10, 000 x g for 30 min at room temperature.

The supernatant was poured into a 1000 ml graduated beaker

and, while stirring the extract slowly on a magnetic stirrer, a volume

of chloroform equal to 10% of the food extract volume was added. Stir-

ring continued for 10 min just fast enough to ensure that both liquids

mixed thoroughly at their interface without forming an emulsion. The

supernatant food extract was carefully decanted into a second 1000 ml

beaker leaving the chloroform layer behind. The process was repeated

once more to remove most of the fats and lipoproteins. Only the very

fatty food items such as Genoa salami and uncooked turkey roast
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required three to four chloroform extractions.

Finally, the supernatant liquid was decanted into a 400 ml beaker

and acidified to pH 4. 5 with 2 N HC1. The extract was then distributed

into eight 50 ml polypropylene centrifuge tubes and spun at 35, 000 x g

for 20 min at -5 C, collected again in a 400 ml beaker and the pH

adjusted to 8. 6 with 5 N NaOH. The extract was now ready for partial

purification and concentration by membrane ultrafiltration.

Dairy products: mild Cheddar cheese, homogenized and pasteur-

ized grade A milk, instant non-fat dry milk. All samples were

artificially contaminated with 0. 25, 0. 50, 0. 75, and 1. 0µg of entero-

toxin A.

(i) Cheese. A 100 g sample was blended with 0. 05 p. buffer,

contaminated with enterotoxin, and centrifuged as described for the

non-dairy products. The supernatant liquid was again poured into a

1000 ml beaker but this time through four layers of cheesecloth to

filter out some of the slurry that would not pack into a hard sediment

during centrifugation. All other steps were identical to those described

for non-dairy products. Three to five chloroform extractions were

necessary.

(ii) Homogenized milk. A 100 ml, artificially contaminated

sample was acidified to pH 4. 5 with 2 N HC1 and centrifuged in 50 ml

polypropylene tubes at 35, 000 x g for 20 min at 4 C. The supernatant

whey was decanted into a 400 ml beaker and the sedimented curds

placed into a tissue homogenizer of 100 ml capacity. The curds were
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reconstituted and the enterotoxin extracted by adding 50 ml of 0.05 1.1.

buffer and blending for 1-2 min. This additional extraction step was

necessary because of the findings of Read et al. (45) that the entero-

toxin is distributed about equally between the whey and the curds

during cheese production.

After blending, the sample was acidified to pH 4.5 and centri-

fuged as before, and the supernatant liquid pooled with the whey. The

entire extract was treated twice with chloroform as described pre-

viously for the non-dairy products, centrifuged at 35, 000 x g for 20

min at -5 C, and the now clear supernatant liquid readied for partial

purification and concentration by adjusting the pH to 8. 6 with 5 N

NaOH.

(iii) Non-fat dry milk. A 25 g sample was reconstituted in

100 ml of 0. 05 µ buffer, contaminated with enterotoxin, and then treated

as described for the homogenized milk. The chloroform extractions

were omitted.

Partial Purification and Concentration
of Enterotoxin A

The clear food extract was poured into a cylindrical ultrafiltra-

tion chamber with a 90 mm diam, 100, 000 mol wt cutoff membrane

(XM-100A, Amicon Corp. , Lexington, Mass. ). This cell was a

slightly modified version of commercially available models (Figure 6).



Figure 6. Ultrafiltration cells, From left to right:
90 mm diam, 700 ml capacity; 25 mm diam,
10 ml capacity Amicon Model 12; 76 mm
diam, 500 ml capacity,
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Ultrafiltration took place under N2 gas at a pressure of 10 psig. The

membrane allowed for the passage of the 35, 000 mol wt enterotoxin but

retained larger sized molecules which would otherwise cause the final

concentrate to have the consistency of a gelatinous-like paste unsuit-

able for examination by Laurell electroimmunodiffusion.

When the retentate reached a level of 50 ml in the cell, an equal

volume of 0. 05 vi buffer was added for diafiltration back to the 50 ml

level.

The toxin containing permeate was collected in a beaker at room

temperature and concentrated in a second cell (Figure 6) with a 76 mm

diam, 10,000 mol wt cutoff membrane (PM-10, Amicon) and 55 psig

N2 pressure. When the retentate reached the 50 ml level, an equal

volume of 0. 05 p. buffer was added for diafiltration, and the concentrat-

ing process resumed until approximately 10 ml of food extract

remained in the cell. This volume was transferred to a 10 ml ultra-

filtration cell (Amicon Model 12; Figure 6) with a 25 mm diam, 10, 000

mol wt cutoff membrane (PM- 10, Amicon), and concentration to 1.0 ml

continued under 55 psig N2 pressure. The final 1. 0 ml concentrate

was diafiltered once with 4.0 ml of 0.05 F.!. buffer and then transferred

to a small screw capped vial for storage at 4 C or immediate electro-

phoretic analysis.

Controls and Standards. The controls consisted of 1. 0 ml con-

centrates prepared from each of the food items save the addition of
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enterotoxin, whereas the standards consisted of 1. 0 ml concentrates

to which 1.0 µg of enterotoxin A was added. Furthermore, these food

extract standards were tested against a buffer standard which con-

tained 1. 0µg enterotoxin A per ml of 0, 05 11 buffer to determine the

effect, if any, of contaminating proteins on the electrophoretic migra-

tion rate and precipitin formation of the enterotoxin.

Electroimmunodiffusion. Type-specific rabbit antiserum was

diluted 1:280 in 1% agarose gels. The preparation of the antibody-

containing gels for electrophoresis has already been described.

Volumes of 10 p..1 were electrophoresed for 5 hr at 5 rn.A /cm width of

gel. The electrophoretic conditions have also been described in a

previous section. For each food item, sample well 1 (counting from

left to right facing the anode) contained the food control, well 2 the

food standard, well 3 the concentrated food sample, and well 4 the

buffer standard.

Detection of Precipitin Cones. The visualization procedure was

followed as described previously. The gels were examined for the

presence or absence of precipitin cones. The lengths of the food cones

were also measured and compared to those of their respective stan-

dards.
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RESULTS

Standardization of Laurell Electroimmunodiffusion

Choice of Buffer and Agar. The barbital-NaOH buffer was

selected over others because it has an effective pH range between 8. 0

and 9. 0 and does not react chemically with the enterotoxin antigen or

the agarose support.

Since the isoelectric point of the enterotoxin A is at pH 6. 8 it is

essential for rapid electrophoretic migration to give the molecule as

much of a negative charge as possible. A large positive charge would

serve the same purpose, but the electrophoretic mobility of the type-

specific antibody has to be taken into account also; it is considerable

at low pH and ionic strength but very small at pH 8. 6. The migration

velocities of the antibody and the antigen relative to each other are

critical in the formation of defined precipitin cones. The lower the

charge on the antibody molecule the slower will be its migration in the

agarose matrix, thus favoring the development of well defined precipi-

tin patterns.

The barbital buffer is not known to react chemically with proteins

nor does it react with the agarose. This is in contrast to the borate

buffer, e. g. , whose borate ions complex with OH-groups, in particular

those of the agarose. As a result, electro-osmotic flow is increased,

conductivity is decreased, and normally uncharged molecules may

acquire a charge and begin to move in the applied electrical field.
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The agarose was selected as the supporting medium because of

its transparency, its purity and neutrality in charge. However,

electro-osmotic flow was encountered which meant that the agarose

carried a charge, after all. Other investigators have also found that

considerable differences in charge may exist in agarose preparations

from various manufacturers (21).

The selection of 0.05 p. ionic strength buffer in the agarose gel

was arrived at as a compromise between the advantages and dis-

advantages provided by the use of either 0.025 p. or 0. 075 p. buffer.

Since the electrophoretic mobility of a charged molecule is inversely

proportional to the square root of the ionic strength (56), the use of

the 0.025 p. buffer resulted in a fast migration rate of the enterotoxin

into the agarose but the precipitin cones were not sharply defined,

probably because an optimum amount of electrolyte was not present

for the precipitin reaction. The 0.075 IJ. buffer caused a slow migra-

tion rate but good cone density. Electro-osmosis was also more pro-

nounced at the lower ionic strength.

The selection of 0. 1 II buffer in the electrode vessels was based

on the differences which exist in the mode of the conduction of elec-

tricity in the agarose and in the electrode compartments (38). Since

the agarose and its charge are immobile, the conduction of electricity

depends on the motion of counter-ions to one electrode and motion of

co-ions to the other electrode. Counter-ions are those ions which
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have a charge opposite of that on the enterotoxin, co-ions have the

same charge as the enterotoxin.

In the electrode vessels the number of mobile counter-ions

equals the number of mobile co-ions, but in the agarose the mobile

charge present as counter-ions exceeds that of the co-ions, namely

by the amount of immobile charge on the agarose. The transport

number of co-ions is further reduced by the electro-osmotic flow

against their direction of migration.

As a consequence, electrolytes will be depleted on one side of

the agarose slab while accumulating on the opposite side. The homo-

geneity of the buffer across the gel is thus destroyed and the applied

electrical field is distorted, all of which will lead to poorly defined

precipitin patterns and cone heights which cannot be reproduced. The

use of the 0. 1 f.t, buffer prevented the depletion process but not the

accumulation of electrolyte in the opposite electrode vessel. Appa-

rently, though, the volume of buffer in the electrode compartment was

large enough (about 600 ml) to dilute the accumulation effect so that

well defined precipitin cones could be reproduced.

Detection of Enterotoxin A, Figure 7 shows a representative

example of the appearance of the precipitin cones after electrophore-

sis of the enterotoxin into the antibody-containing agarose gel. The

rounded ends of the two longer cones on the right indicate antigen

excess. Further electrophoresis would lengthen these cones and



Figure 7. The appearance of the precipitin cones
after 3 hr of electroimmunodiffusion.
Staphylococcal enterotoxin A concentration,
from left to right: 0. 15, 0. 30, 0. 60, and
1. 0 p. g/m1 (corresponding to 1. 5, 3. 0, 6. 0,
and 10 ng of toxin per well, respectively).
The antibody dilution is 1:200 in the agarose
gel.
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stretch their tops into sharp endpoints. The two smaller cones on the

left have already reached their optimum lengths. Electrophoresis of

only 30 min duration produced cones with rounded ends and precipitin

lines which were rather broad and diffuse and perpendicular to the

diameter of the sample well.

Diffuse precipitin lines were also observed at low voltages

across the agarose gel. In these instances, the electrophoretic

migration is slowed down to a point where the diffusion component of

the migration velocity makes itself felt. On the other hand, if the

voltage is increased beyond the 10-11 V /cm used in this investigation,

physical distortion of the gel matrix is likely to occur. The distortion

can be observed by the appearance of dense swirls in the otherwise

transparent agarose.

Figure 8 demonstrates the dependence of cone length on the anti-

body dilution in the agarose gel: for any of the tested toxin concentra-

tions the cone length increased as the antibody concentration decreased.

Once antigen and antibody were titrated to equivalence and opti-

mum cone length was attained no further migration took place. This

may be explained partly on the basis of the large physical size of the

precipitin lattice, and partly by the neutralization of the negative

charge on the enterotoxin either at the time of combination with anti-

body or by a screening effect produced by the antibody molecules as

they surround each antigen in the lattice formation.



Figure 8A. The dependence of precipitin cone length on
the duration of electroimmunodiffusion,
staphylococcal enterotoxin concentration,
and antibody dilution in the agarose gel.
Enterotoxin A concentrations: oo 0. 15

/ml; to 0.3 0 µg /ml; A - A 0.60 p.g /ml;
1. 0 /m1 (corresponding to 1. 5, 3. 0,

6.0, and 10 ng of toxin applied to each well,
respectively). The antibody dilution is
1:200 in the agarose gel.
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Figure 8B. The dependence of precipitin cone length
on the duration of electroimmunodiffusion,
staphylococcal enterotoxin concentration,
and antibody dilution in the agarose gel.
Enterotoxin A concentrations: oo 0. 15
p.g /ml; 0. 30 pg /ml; A - A 0. 60 p.g /ml;
A -Al. 0 µg /m1 (corresponding to 1. 5, 3. 0,
6. 0, and 10 ng of toxin applied to each well,
respectively). The antibody dilution is 1:280
in the agarose gel.
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Figure 8C. The dependence of precipitin cone length on
the duration of electroimmunodiffusion,
staphylococcal enterotoxin concentration,
and antibody dilution in the agarose gel.
Enterotoxin A concentrations: oo 0. 15
p.g /ml; 0. 30 p.g /ml; A A 0. 60 p.g /m1;

1. 0 p.g/m1 (corresponding to 1.5, 3. 0,
6. 0, and 10 ng of toxin applied to each well,
respectively). The antibody dilution is 1:400
in the agarose gel.
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The smallest quantity of toxin that could be visualized reliably

was 0. 15 µg /ml, representing only 1. 5 ng of protein applied to the

sample well. The corresponding optimum cone length varied from

4 mm at the 1:200 dilution of the antiserum in the agarose (Figure 8A)

to a length of 7.5 mm at the 1:400 antibody dilution (Figure 8C). The

time of electrophoresis necessary to reach these lengths increased

from 1 hr to 3 hr, respectively.

The largest quantity of toxin tested, 10 ng (1. 0 µg /m1), pro-

duced an optimum cone length of 13. 5 mm at the 1:200 dilution and

23 mm at 1:400, either length requiring 5 hr of electrophoresis for

completion. The precipitin lines decreased in intensity as the anti-

serum dilution increased. The limit of visibility was reached at a

1:480 antibody dilution (not shown in Figure 8). At this high dilution

the cone heights could not be measured with certainty because the

precipitin lines were too faint. Attempts to record the lines failed

even with high contrast photographic paper.

Figure 9 shows the linear relationship between optimum peak

height and toxin concentration for each antibody dilution investigated.

Thus, given a certain antiserum concentration in the agarose, only

two antigen concentrations are necessary as standards for calibration.

This linear relationship has also been demonstrated for serum albumin

(33) and immunoglobulins (34).
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Electroimmunodiffus ion. Although agarose is a highly purified

form of agar and supposedly neutral in charge, the supply used in this

investigation demonstrated considerable electro-osmosis under the

described electrical field strength. By covering the center portion of

the gel with a lucite plate the gel was prevented from swelling at the

cathode, thus applying a backpressure on the electro-osmotic flow of

water from the anode to the cathode with the result that the agarose gel

retained its even thickness. However, electro-osmosis was not totally

eliminated as demonstrated by the slight migration of a neutral dye

component (Triple Stain Solution, Amaranth-Brilliant Blue-Apo Ion,

Co lab Laboratories, Chicago Heights, Ill, ) out of its cathodic well.

By covering both gel and electrical bridges any changes in the

homogeneity of the electrical field due to electro-osmosis and evapora-

tion of moisture were held to a minimum.

Two further observations of practical value were made. First,

it was necessary to avoid air bubbles at the interface between the

agarose gel and the lucite cover plate, otherwise indentations developed

which changed the cross-section of the agarose slab at these locations

and, therefore, the homogeneity of the electrical field,

Secondly, it was essential to dry the photographic glass slide

around the agarose gel so that the buffer in the anodic vessel could

not establish contact with the buffer in the cathodic compartment other

than through the agarose itself. If, nevertheless, contact was made
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along the edges of the gel, the current would flow there faster than

through the agarose, thus establishing a current gradient across the

gel. As a consequence, the enterotoxin molecules closest to the edges

would migrate much faster than those further toward the center and

the precipitin cones assumed shapes ranging from slightly bent to

grotesque. This behavior was the major reason for not cooling the

agarose gel at temperatures less than ambient. Droplets of con-

densate would coalesce over longer periods of electrophoresis and

allow some of the current to flow across the glass slide.

Membrane Ultrafiltration of Food Extracts

Sources of Toxin Losses

Cooked turkey meat, because of its considerable fat content, was

chosen as the model food for the preliminary extraction studies. The

meat was extracted with 0. 2 M NaCI, the pH adjusted to 7. 4, and the

solids removed by centrifugation at 10, 000 x g at room temperature.

The turbid, fat-containing supernatant liquid was artificially contami-

nated with 50 µg of staphylococcal enterotoxin A, and the latter par-

tially purified and concentrated to 5 ml by membrane ultrafiltration as

described previously. Only 35% of the toxin was recovered. A series

of tests was then designed to trace the loss of the toxin.

Membrane Performance. At first, the membranes were
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suspected of either binding the enterotoxin or, in the case of the PM-

10 membrane, letting it pass through, instead of concentrating it.

Known amounts of enterotoxin (50 p,g) were added to buffers

with various pH values extending from pH 5 to pH 8. 6. The solutions

were concentrated to 5 ml on the 10, 000 mol wt cutoff membrane,

removed from the ultrafiltration cell, and the membrane was replaced

by a fresh one. Each concentrate was then diafiltered with 0.05 p.

barbital pH 8. 6 in preparation for electroimmunodiffusion. The

results in Table 1 show that the PM-10 membrane did not bind the

enterotoxin nor did the membrane allow the toxin to pass through.

The next step consisted of ultrafiltering the toxin-containing

buffers through the 100, 000 mol wt cutoff membrane (XM-100A), con-

centrating the permeate on the PM-10 membrane, and diafiltering with

barbital buffer in preparation for electrophoresis. The results in

Table 2 show a marked effect of the pH on the retention of the entero-

toxin A in the XM-100A ultrafiltration cell. Recovery increased with

increasing pH. There was no recovery at pH 5. When 2 mg/ml

glycine was added before ultrafiltration the percent recovery of the

enterotoxin increased.

Glycine is routinely used in preparations of purified antibodies

to prevent flocculation, and bovine serum albumin is most often

added as a protective agent to enzyme solutions of low concentration.

The increased recovery of enterotoxin in the presence of glycine
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Table 1. Concentration of staphylococcal enterotoxin A on the Amicon
PM-10 ultrafiltration membrane.

Buffer
Enterotoxin A

pH added
/ml

Percent recovery

Acetatea/
O. 2 M NaC1
PBS-13/
Barbital-NaOH

5. 0
7. 0
7. 4
8. 6

10
10

10

10

100
100
100
100

a/100 ml of 1 M sodium acetate, 43 ml of 1 M acetic acid, dilute to
1 liter.

12/Phosphate buffered saline: 38 ml of 0. 5 M KH2PO4, 162 ml of 0. 5
M K2HPO4, 0. 2 M NaCL Adjust with NaOH, if necessary.
Each cone height was compared with that of the enterotoxin standard
which was electrophoresed together with the concentrated buffer
samples.

Table 2, The effect of pH and glycine on the retention of staphylo-
coccal enterotoxin A in the XM-100A ultrafiltration cell.

Enterotoxin A
Buffer pH added Percent recoveryc/

Ilig /m1)

Acetatea/ 5. 0 10 0d/ 0
e/

0. 2 M NaCI 7. 0 10 12 25

PBS12/ 7. 4 10 27 45

Barbital-NaOH 8. 6 10 55 82

a/ 100 ml of 1 M sodium acetate, 43 ml of 1 M acetic acid, dilute to
1 liter.

b/ Phosphate buffered saline: 38 ml of 0. 5 M KH2PO4' 162 ml of
0..5 M K2HPO4, 0. 2 M NaCl. Adjust with NaOH, if necessary.

/ Each cone height was compared with that of the enterotoxin standard
which was electrophoresed together with the concentrated buffer
samples.

d/No glycine added to buffer before ultrafiltration.

e/2 mg/ml glycine added to buffer before ultrafiltration.
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was therefore thought to be attributable to a similar protective action

on the enterotoxin, perhaps by preventing the formation of toxin poly-

mers. The higher recovery in the barbital buffer was thought to be

contributed by the change in pH away from the isoelectric point of the

enterotoxin.

Fat and Lipoprotein Components of Extracts. Now that some of

the performance characteristics of the two membranes were reason-

ably certain, turkey meat extracts were prepared with 0.2 M NaCI

pH 7.4 as well as 0.05 p. barbital pH 8. 6 and spun at 10, 000 x g and

room temperature to remove the solids. The pH of the supernatant

liquid was adjusted to 8. 6 and glycine was added to a final concentra-

tion of 2 mg/ml, although it seemed likely that the proteins in the

extract would fulfil the protective function of the glycine.

The extracts appeared turbid with large numbers of fat particles.

After adding 50 p,g of enterotoxin A, the samples were subjected to

partial purification, concentration to 5 ml, diafiltration, and electro-

immunodiffus ion as described before.

In a duplicate experiment, the extracts were centrifuged at

40, 000 x g and -5 C to remove fats and lipoproteins. Both extracts

were adjusted to pH 8.6 and 50 p.g of enterotoxin were added to each.

The results in Table 3 demonstrate that adjustment of the pH to

8. 6 and removal of the fats and lipoproteins are essential for good toxin

recovery. Approximately 50% of the enterotoxin was retained by the
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fats, perhaps by adsorption, occlusion, or partial solubility. Adjust-

ment of the pH from 7. 4 to 8. 6 increased the recovery by 40%. The

removal of fats from the extracts after the addition of enterotoxin

resulted in the loss of about 40% of the toxin (item c, Table 3). The

observation pointed toward the necessity for extracting the fats with a

solvent. This was eventually found to be done most efficiently with

chloroform and recovery of the enterotoxin again reached the 90%

level.

Table 3. The recovery of staphylococcal enterotoxin A from
artificially contaminated cooked turkey meat extracts.

Extraction
diluent

Percent recovery of enterotoxin Aar
Fat-free extractb/ Fat-containing extract

pH 7. 4 pH 8. 6 pH 7. 4 pH 8. 6

0. 2 M NaC1

Barbital-NaOH

50 92 (55)S-/ 35 40

93 (55) 38

a/Solid-free extracts were contaminated with 50 1.1g of staphylococcal
enterotoxin A and concentrated to 5 ml by membrane ultrafiltration.

The percent recovery was calculated by comparing the length
of extract precipitin cones with the cone length of the standard.

b/Fats were removed before the extracts were contaminated with
enterotoxin.

c/ Fats were removed after the extracts were contaminated with
enterotoxin.
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It was further observed that the flow rate through the )CM-100A

membrane tended to drop to about 50% of its initial rate during an

experiment pointing to obstruction by concentration-polarization. This

observation led to the incorporation of an acid precipitation step in the

extraction procedure. Following elimination of the fats by chloroform

treatment the pH of the extract was adjusted to 4. 5 and the precipitate

removed by high speed centrifugation. As a result, the flow rate

improved considerably and toxin recovery reached nearly 100%.

Concentration-polarization, however, was not completely elimi-

nated as indicated by a slow drop in the flow rate during the repeated

usage of a membrane. To prevent the build-up of the secondary layer

the membranes were immersed in a 0. 1% trypsin solution for about

15 to 30 min following each experiment, thoroughly rinsed, and stored

in distilled water at 4 C.

In summary, the preliminary recovery studies of staphylococcal

enterotoxin A from cooked turkey meat extracts showed that the

XM-100A and PM-10 membranes were capable of partial purification

and concentration of the enterotoxin, and that nearly 100% recovery

could be attained if the following steps were taken in the treatment of

the extracts:

a) chloroform extraction of the fats;

b) acid precipitation of extraneous solutes at pH 4. 5;
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c) final adjustment of the pH to 8. 6 in preparation for
ultrafiltration through the XM-100A membrane;

d) diafiltration of the concentrate with 0.05 p. barbital buffer
pH 8.6 in preparation for the detection of the toxin by
electroimmunodiffusion.

Having established the parameters for optimum recovery and

detection by membrane ultrafiltration and electroimmunodiffusion,

respectively, the usefulness of the combined techniques in detecting

small quantities of enterotoxin A in foods was tested.

Detection of Enterotoxin A in Model Foods

The results in Table 4 demonstrate that as little as 0.75 tig of toxin

could be detected in most food items investigated. The data indicate

that the amount of enterotoxin actually recovered is related to the fat

content: the more fat a food item contains the more of the toxin seems

to be removed with the sedimented solids. Thus, 0. 75 p.g could not

be detected in Cheddar cheese, uncooked turkey roast, and Genoa

salami. Much of the fat in these food items is entrapped in the solids

during centrifugation so that several extractions would be necessary

for the recovery of the enterotoxin. In contrast, the fats in the cooked

ham form a solid layer on top of the extraction diluent during centri-

fugation and can therefore be removed and treated with chloroform.

Several extractions of the sedimented solids with diluent would

undoubtedly increase the amount of recovered toxin but at the cost of
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Table 4. Detection of staphylococcal enterotoxin A in model foods.

Foods

Enterotoxin A recovered (µg /100 g)AI
Enterotoxin A added

(ig/100 g)
0. 25 0. 50 0. 75 1. 0

Dairy Products

Instant non-fat dry milk 0 0 0. 37 0. 49
Homogenized grade A milk 0 0 0. 30 0. 45
Mild Cheddar cheese 0 0 0 0.23

Non-dairy products

Cooked ham 0 0. 1212 0. 35 0. 57
Chicken pot pie 0 0 0. 31 0. 46
Beef pot pie 0 0 0. 37 0. 43
Lean hamburger meat 0 0 O. 28 0.41
Turkey roast--cooked 0 0 0. 25 0. 39
Turkey r oas t-- uncooked 0 0 0 0. 24
Genoa salami 0 0 0 0.21

a / 100 g of food were contaminated with purified staphylococcal entero-
toxin A and the extract concentrated to 1. 0 ml. A volume of 10 Ill
was electrophoresed and the peak height of the precipitin cone
compared with the fully extended cone length of a 1. 0 lig /ml entero-
toxin standard.

The recovery values are averages of three determinations.

b /Individual recovery values were 0, 0. 15, and 0. 20 Fig/100 g of
cooked ham.
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time. Since detection with only one extraction step was already within

the range thought to cause intoxication in susceptible individuals,

emphasis was placed on speed. The time required for each step of the

procedure was found to be approximately as follows:

step 1: extraction and preparation for
ultrafiltration 1 5 hr

step 2: membrane ultrafiltration 3. 0 hr

Average flow rates
XM-100A 5 ml/min
PM-10 (76 mm diam) 8 ml /min
PM-10 (25 mm diam) - 0. 4 mi./min

step 3: electroimmunodiffusion 5. 0 hr

step 4: visualization 2 5 hr

It should be noted that electrophoresis took place for 5 hr only in order

to reach the optimum length of the 1. 0 µg /ml food and buffer standard

cones (Figure 8B). Cone heights cannot be compared quantitatively

unless they have reached optimum lengths. In addition, the measure-

ment of fully extended standard cones permitted an indirect check on

the reproducibility of the electrophoretic conditions. In practice,

though, one might be interested only in the presence or absence of a

precipitin cone so that 1 to 2 hr of electrophoresis would be sufficient.

Also, the time for visualization may be reduced to approximately 1. 5

hr, but at the cost of cone intensity,

None of the food controls produced precipitin cones, and

opaqueness of the agarose following the cadmium stain was seen only
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at the periphery of the sample wells. This indicates that some of the

food constituents may have no charge at all and move by diffusion to

the edge of the wells or are carried off the cathodic end of the agarose

gel. by the electro-osmotic flow of water. Other food molecules may

move much faster than the enterotoxin in the electrical field and

actually migrate off the anodic end of the agarose. This explains,

perhaps, the observation that all food standards developed precipitin

cones very much like the buffer standards. There seems to have been

no noticeable interference of the food components with the migration of

the enter otoxin or its reaction with the type-specific antibody.
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DISCUSSION

Laurell Electroimmunodiffusion

In attempts to find the sensitivity limit of electroirnmunodiffusion

as applied to the detection of staphylococcal enterotoxin A, it was

found that toxin concentrations of 2 p.g /ml (20 ng /well) and higher can

be detected as much more sharply defined precipitin cones than those

shown in Figure 7 when the type-specific antiserum is diluted only

1:80 to 1; 100 in the agarose gel. Immersion into 0.2 M NaCI alone is

sufficient for visualization. The electrolyte is essential for the rapid

formation of the antigen-antibody aggregates into precipitating lattices.

Precipitin lines will appear without the immersion in salt but at the

cost of time. Several days are required for the development of opti-

mum intensity. Staining of dried gels with Thiazine Red R produces

cones intense enough to be used as negatives for photography or slide

projection.

Further attempts to lower the detection sensitivity into the 0. 1 to

1.0 µg /ml range (1 to 10 ng /well), however, failed to produce visible

precipitin lines. In electroimmunodiffusion these small amounts of

enterotoxin A require a high dilution of its homologous antiserum in

the agarose gel to form precipitin cones of measurable length.

However, the antigen-antibody aggregates now become so thinly

distributed along the line of precipitation that they are no longer
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visible to the eye. For the detection of enterotoxin quantities of 10 ng

or less it becomes necessary, therefore, to develop means of visu-

alization.

For the time being, it was found practical to use the precipitated

antigen-antibody complex as a new antigen and to allow it to react

with purified sheep anti-rabbit globulin applied to the gel as an over-

laying solution after electrophoresis. The anti-rabbit globulin binds

specifically to the Fc portion of the original enterotoxin A rabbit anti-

body so that a much enlarged precipitin complex is formed. Exposing

this new lattice to cadmium acetate brings about visualization of the

precipitin lines. As a heavy metal the cadmium probably precipitates

the enlarged protein aggregate into a denser structure so that the light

impinging from the sides of the dark field illuminator is refracted

much more so than in the adjoining clear agarose matrix. The pre-

cipitin lines are then contrasted against the black background of the

illuminator. Perhaps the cadmium contributes also measurably to

the size and density of the precipitate.

The procedure reaches its limit of reproducible detection at

1. 5 ng of toxin per well and an antiserum dilution of about 1:400. The

precipitin lines become markedly fainter at lower concentrations of

antibody and visibility is finally lost when the antiserum is diluted in

excess of 1:480 in the agarose. A higher titered antiserum, therefore,

does not provide an automatic increase in sensitivity beyond 1. 5 ng,
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although electroimmunodiffusion itself is capable of producing pre-

cipitin complexes corresponding to considerably smaller quantities of

enterotoxin. A higher titer does mean, however, a more economical

u se of the antiserum. The challenge, then, in making the method more

sensitive, consists in finding practical techniques to enlarge the size

of these antigen-antibody complexes until they become visible.

The reproducibility of the electrophoretic conditions should be

viewed with the awareness that agar gel electrophoresis has inherent

weaknesses (38, 56). One of the major difficulties is encountered in

maintaining the homogeneity of the electrical field. In any charged

agar the homogeneity is defined only at t-70. Thereafter, the field

strength will decline as can be observed by a steady drop in the

voltage across the agarose gel. In addition to some of the reasons

already described, the difference in conductivity between the filter

paper wicks and the agarose contributes to the decline of the electrical

field. This is particularly pronounced when water is allowed to

evaporate from the wicks so that local concentrations of electrolyte

occur which cause an uneven flow of current and a build-up of heat at

the contact areas between agarose and wick. The same electrolyte

concentrations may occur in the agarose itself. A partial solution

would be direct contact of the agarose with the buffer. Polyacryla-

mide has been used as an uncharged solid support medium but it

brings its own set of problems along.
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The electrical field in these experiments was found to be fairly

constant for 2 to 3 hr, then slowly declined in strength. This decline

did not always take place at the same rate. In no way does this

observation distract from the fact that the optimum cone length is

proportional to the enterotoxin concentration. The observation does

mean, however, that the optimum length may be reached somewhat

earlier or later in time than indicated in Figure 8.

If a quantitative estimate of enterotoxin A is required, one could

either run a standard toxin concentration together with the unknown

sample and compare the cone lengths, or one could make use of

calibration curves such as the ones offered in Figure 9.

If only a qualitative analysis is desired, electrophoresis for 1 to

2 hr would be sufficient to demonstrate the presence or absence of

enterotoxin A (Figure 8).

Laurell electroimmunodiffusion, however, has in common with

all other presently known serological detection techniques the dis-

advantage that only enterotoxins which have been identified with

specific antibodies can be detected. It is, therefore, not always

possible to detect the enterotoxin in foods which have been implicated

in food poisoning outbreaks, although the toxin may be present.

Membrane Ultrafiltration

The use of molecular membranes suggested itself when it was
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reasoned that the application of an electrical field to enterotoxin A

containing food extracts might separate the individual components

according to charge and thus, in a sense, "purify" the toxin without

the aid of an extensive methodology to remove the extraneous sub-

stances. It will be recalled that the microslide test necessitates a

four-step procedure requiring 4 days for purification of the entero-

toxin.

The XM-100A membrane provided for the passage of the toxin

molecules while retaining high molecular weight components which

would otherwise be responsible for the gelatin-like consistency of the

food extracts during concentration. Recent experiments with an

XM-300 membrane (300, 000 mol wt cutoff) have indicated that the

separation of the enterotoxin from the high mol wt components can be

achieved even faster if the XM-300 cell is placed in tandem with the

XM-100A cell.

Concentration of the enterotoxin-containing permeate is best

done on the larger, 76 mm diam PM-10 membrane for fastest flow

rates. The large difference in flow rates between the 76 mm diam

(8 ml/min) and 25 mm diam (0. 4 ml/min) membranes demonstrates

the importance of surface area in the time required for ultrafiltration.

It is expected that large scale industrial units (150 mm and larger) in

tandem assembly will be able to shorten the partial purification and

concentration procedure to a point where suspected food samples can
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be analyzed for enterotoxin within one working day. These units could

also handle larger food samples or several extractions of one sample

at a fraction of the time it has taken the cells described in this investi-

gation.

Although the XM-100A membrane was shown to permit the

passage of all the enterotoxin contained in the extract, interference

from concentration-polarization has to be expected. For this reason,

thin channel tubular models may be preferable over upright cylindrical

cells.
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SUMMARY AND CONCLUSIONS

The serological detection of staphylococcal enterotoxin A by

the quantitative technique of Laurell electroimmunodiffusion has been

described as well as the application of the technique to the detection

of small quantities of enterotoxin A in foods.

It was shown that electroimmunodiffusion offers the simplicity,

versatility, speed, and sensitivity expected from a practical detection

technique. There is no need for a close control of the antigen-

antibody ratio. The number of samples which can be tested simul-

taneously is limited only by the size of the electrophoresis unit and

the electrical field strength which can be delivered with constancy.

Antigenic cross-reactivity of the toxins is not a problem because of

the high concentration of heterologous toxin necessary to compete with

the homologous toxin for the antibody binding sites. Furthermore, the

pH of the electrophoresis buffer is very near the isoelectric point in

the case of enterotoxin B.

At present, the method has a detection limit of 1. 5 ng of entero-

toxin A which is well within the range of the microslide technique.

In principle, electroimmunodiffusion is capable of providing a much

lower sensitivity; the difficulty lies in making the immune complexes

visible and measurable.

It was shown that the detection of 1. 0 µg /ml of enterotoxin A
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takes a maximum of 5 hr whereas the microslide technique requires

from 2 to 3 days.

The usefulness of the technique in the detection of small

quantities of enterotoxin A in foods was also investigated. Dairy as

well as non-dairy products were artificially contaminated with purified

staphylococcal enterotoxin A in amounts varying from 0. 25 to 1. 0 p.g

per 100 g food sample. The toxin was extracted with 0. 05 p. barbital

buffer pH 8. 6 and the extract partially purified and concentrated to

1. 0 ml by membrane ultrafiltration. The presence or absence of

enterotoxin in the concentrates was determined by electroimmuno-

diffusion.

Since electroimmunodiffusion does not require that the toxin be

as purified as is necessary for the microslide assay, the time span

between the extraction of the enterotoxin from foods, its concentra-

tion, and application to the antibody-containing agarose gel could be

shortened considerably by the use of membrane ultrafiltration; it

required 3 hr as compared to 4 days. Thus, the combined use of

membrane ultrafiltration and Laurell electroimmunodiffusion permitted

the detection of 0. 75 pg of staphylococcal enterotoxin A per 100 g of

food sample within 8 to 10 hr.

It is expected that the combination of these techniques can be

standardized for the detection of staphylococcal enterotoxins in food

poisoning outbreaks as well as for industrial use in food quality control.
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