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Antibody against aflatoxin B1 was obtained after one multiple-site injection of
bovine serum albumin-aflatoxin B1 conjugate into rabbits. The antibody has
greatest binding efficiency for aflatoxin B1, less efficiency for B2, G1, and Q1, and
least for aflatoxicol, G2, and M1. Sterigmatocystin, coumarin, and 4-hydroxycou-
marin did not give a cross-reaction with the antibody. The sensitivity of the
binding assay for detection of aflatoxin B1 is in the range of 0.2 to 2.0 ng per 0.5-
ml sample. Detailed methods for the preparation of the conjugate, production of
immune serum, and methods for antibody tiOr determination are described.

Aflatoxins are a group of toxic metabolites
produced by Aspergillus flavus and Aspergillus
parasiticus. Among this group of toxins, afla-
toxin (Afla) B1 was found to be one of the most
potent environmental carcinogens. The biologi-
cal and toxicological properties of aflatoxin and
the impact of this series of mycotoxins on hu-
man and animal health have been well docu-
mented (6, 7, 12). Because of the widespread
occurrence of toxin-producing fungi, and of the
occurrence of the toxin in a number of agricul-
tural commodities, efforts were made by var-
ious investigators to develop new methods for
toxin detection. Methods for aflatoxin anal-
ysis used currently involve chemical analysis,
biological assay, or a combination of both (6, 7,
11). These methods, however, are either lack-
ing in specificity or limited in sensitivity. More
recently, Langone and Van Vunakis (8) de-
scribed radioimmunoassays for aflatoxins and
suggested that these assays were sufficiently
sensitive and specific to determine the toxin in
contaminated foodstuffs and biological sam-
ples. Along with our immunochemical studies
on ochratoxins (3), we have also investigated
the possibility of production of an antiserum
specifically against aflatoxins using an ap-
proach different from that of Langone and Van
Vunakis (8). In this paper, details of the prepa-
ration of aflatoxin-protein conjugates and the
method for antiserum production are described.
The properties of the antibody obtained in our
laboratory are compared with those of the anti-
body obtained by Langone and Van Vunakis
(8).

MATERIALS AND METHODS
Materials. Aflatoxins B,, B2, G, and G2 were

prepared by the method of Chu (2) and by prepara-
tive thin-layer chromatography (TLC). Aflatoxin M,
and sterigmatocystin were kindly supplied by R. D.

Stubblefield, E. B. Lillehoj, and A. Ciegler of the
Northern Regional Research Laboratory, U. S. De-
partment of Agriculture, Peoria, Ill. Tritiated Afla
B, (3H-labeled Afla B,, 13 Ci/mmol) was obtained
from Moravek Biochemicals (City of Industry,
Calif.). Water-soluble carbodiimide 1-ethyl-3,3-di-
methylaminopropyl-carbodiimide (EDPC) was ob-
tained from Story Chemical Corp., Muskegon, Mich.
Bovine serum albumin (BSA) and polylysine (PL,
molecular weight 30,000) were products of Sigma
Chemical Co., St. Louis, Mo. 4-Hydroxycoumarin
(4-OH coumarin) was kindly provided by C. Schroe-
der of WARF Institute, Madison, Wis. Coumarin
was obtained from ICN-K and K Laboratories, Inc.,
Cleveland, Ohio. Complete Freund adjuvant and
Mycobacterium tuberculosis (H37Ra) were pur-
chased from Difco Laboratories, Detroit, Mich. Per-
tussis vaccine was an Eli Lilly product (Indianapo-
lis, Ind.). Diethylaminoethylcellulose was obtained
from Schleicher and Schuell, Inc., Keene, N.H. Al-
bino rabbits were obtained from Klubertanz's Rab-
bit Farm, Edgerton, Wis., and tested to be Pasteu-
rella negative before use. All other chemicals were
either reagent grade or chemically pure.
Preparation of Afla-protein conjugates. Since Afla

B, has no reactive group for coupling reactions, Afla
B1 was first converted to Afla B1-O-carboxymethyl-
oxime (Afla B1-oxime) by the method described by
Dean et al. (5) in their steroid work. The prepara-
tion gives a single spot in TLC and has an R, of 0.20
in a 10% acid-benzene solvent system. The maxi-
mum absorption of Afla B1-oxime was found to be at
362 nm in methanol with a molar absorptivity of
20,950. Details for the preparation of Afla B1-oxime
and the chemical and physical properties are de-
scribed elsewhere (4).

Antigens were prepared by conjugation of Afla B1-
oxime with BSA or PL in the presence of EDPC. In a
typical experiment, 10 mg ofBSA in 1 ml of distilled
water was added to 20 ml of Afla B1-oxime solution
(6 mg of Afla B1-oxime in 25% ethanol-water) con-
taining 376 mg of EDPC. The reaction mixture was
stirred at room temperature, in complete darkness,
for 48 h. Two additional 376-mg portions of EDPC
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were made to the reaction mixture during this pe-
riod. After reaction, the mixture was dialyzed
against 3 liters of distilled water and changed daily
for 5 days. The final solution was passed through a
membrane filter (Millipore Corp.) and kept frozen
before being used for immunization. The amount of
Afla B1-oxime conjugated to the BSA was deter-
mined by a spectrophotometric method using the
molar absorptivity of 20,950 at 362 nm. Data ob-
tained from both the unreacted toxin and the toxin
conjugated to protein were used for final calculation.

Immunization schedule and antibody titer deter-
mination. For immunization, the multiple-site in-
tradermal method of Nieschlag et al. (10) was fol-
lowed, except that pertussis vaccine was omitted as
an additional adjuvant in the initial immunization.
In summary, a water-in-oil emulsion was prepared
by using a sterilized Potter-Elvehjem type homoge-
nizer and complete Freund adjuvant (1:2 to 1:3 [vol/
voll) but incorporating additional dried M. tubercu-
losis (20 mg per rabbit, or 10 mg per ml of emulsion).
Sufficient antigen was dissolved in 0.9% NaCl solu-
tion, prior to making the emulsion, so that each
milliliter of final emulsion would contain between
25 and 105 ,ug of protein (1.5 to 6 Ag of Afla B1). The
back of each rabbit was shaved and 2 ml of the
emulsion was injected intradermally into each rab-
bit at 20 to 40 sites along the shaved area. Trial
bleedings via the marginal ear vein were made once
every week, starting 3 weeks after immunization.
Except when otherwise stated, no booster injections
were made after initial injection.

For antibody titer determinations, a binding as-
say method was used (3). Antisera obtained from
immunized rabbits were precipitated two times with
(NH4)2S04 at a final saturation of 33.3%. The precip-
itate was redissolved in sufficient 0.02 M sodium
phosphate buffer (NaPB), at pH 7.4, to give a vol-
ume equal to that of the original serum sample.
Appropriate dilutions (at least four serial dilutions)
of the preparation were made for binding studies. In
general, 0.5 ml ofeach diluted antibody solution was
dialyzed against 0.5 ml of 3H-labeled Afla B1 in 0.02
M NaPB, pH 7.4 (approximately 8,400 counts/min
per 0.5 ml), in a cold room in complete darkness
overnight. The radioactivities of 0.4-ml portions
from both sides were counted after dialysis. The
degree of binding was then determined. Antibody
titer was defined as the reciprocal of the dilution
which was required for 50% binding of 3H-labeled
Afla B1 under the stated conditions.

Determination of specificity of antibody against
aflatoxins. The method for determining specificity
of antibody against aflatoxin was essentially the
same as those we have previously described for the
immunochemical study for ochratoxins (3). Immu-
noglobulin G (IgG) was purified from the antisera
and was used in the equilibrium dialysis studies (3).
Three-tenths or five-tenths milliliter of IgG-3H-la-
beled Afla B1 complex (60% binding) was dialyzed
against either equal volume of 0.02 M buffer (pH 7.4)
or unlabeled aflatoxins of different concentrations.
The degree of displacement of radioactivity of the
IgG-3H-labeled Afla B1 complex was then deter-
mined.
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Determination of radioactivity and protein con-
centration. For radioactivity determination, an ap-
propriate amount (in general less than 0.5 ml) ofthe
test solution was mixed with 10 ml of Bray solution
(1), and the radioactivity was counted in a Beckman
model LS-330 liquid scintillation spectrometer. The
protein concentration was determined by the Lowry
method (9) using BSA as the protein standard.

RESULTS AND DISCUSSION
Aflatoxins are low-molecular-weight, toxic

fungal metabolites and thus are devoid of anti-
genicity. The toxins also lack a reactive group
for the coupling of the toxin to a macromolecule
carrier for antibody production. However,
through derivation, a free carboxylic group is
introduced to the toxin molecule, thus permit-
ting the molecule to react covalently with pro-
teins (Fig. 1). Our results showed that 10 and 13
mol of Afla B,-oxime were successfully coupled
to 1 mol of PL and BSA, respectively.
Immunization of rabbits with these two Afla

B,-protein conjugates revealed that BSA-Afla
B1-oxime was a good antigen (Fig. 2). Antibody
titers were demonstrated 3 weeks after immu-
nization, and maximum production occurred in
5 to 8 weeks. Among five rabbits tested, three
produced usable antisera (titers more than
1,000) in 5 to 8 weeks. Subsequent experiments
using the highest antigen concentration (210
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FIG. 1. Schematic diagram for the preparation of

BSA-Afla B,-oxime conjugate. Abbreviations are as
follows: BSA, bovine serum albumin; EDPC, 1-ethyl-
3,3-dimethylaminopropyl-carbodiimide.
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,ug per rabbit) showed that all of the 11 rabbits 100 e ri
tested gave high antibody titers.
PL-Afla B1-oxime was not a good antigen.

The antisera obtained from the three rabbits, 4 80
weeks after being immunized with 250 ag each, co
bound less than 30% of 3H-labeled Afla B1 at az\
1-to-5 dilution. A booster injection with 250 ,g Z60 \
of PL-Afla B,-oxime to each of the rabbits was m ox
performed on the fifth week, along with the A \
simultaneous injection of 0.5 ml of pertussin 040 B1
vaccine. Again, no improvement in the anti-
body production was observed. This result is \
different from that of Langone and Van Vun- 20
akis (8). The discrepancy may be due to either
the different injection method or the molecular
size of polylysine. The molecular weight of poly- 01 1.0 10 100 lpOO
lysine used in the present study (30,000) was
considerably smaller than that used by Lan- CONCENTRATION, ng/ ml
gone and Van Vunakis (90,000). FIG. 3. Effect of different aflatoxins on the bind-
goe andin Vunakise ). i,,ng of 3H-labeled Afla B, with IgG. Three-tenths toThe specifcity of antisera agalnst AelaBi , five-tenths milliliter of an Afla B1 (15,000 to 20,000

produced by rabbits after a multiple-site injec- counts per min)-IgG (30 pg/ml) mixture, in 0.02 M
tion of BSA-Afla B1 conjugate, was determined NaPB, pH 7.4, was dialyzed against equal volumes
by a competitive binding assay by using puri- of different unlabeled aflatoxins, at different con-
fied IgG fraction as described by Chu et al. (3), centrations. The extent of binding of 3H-labeled Afla
and the results are shown in Fig. 3. The concen- B, with IgG in the absence of unlabeled toxin, i.e., by

dialyzing against buffer alone, was considered as
100% of banding. The letters B1, B2, G0, G2, B,-O, and

, . M, represent different aflatoxins. Ster. represents
3 sterigmatocystin.

10 togn
1 ll tration to give 50% inhibition of binding of3aH-

labeled AflaB1 with IgG by unlabeled aflatox-
/0 / ins B,, B,-O-carboxymethyl-oxime, B,, G,, Q,

21 (not shown in Fig. 3), aflatoxicol, G,, and M,
A were 1.8, 6, 16, 20, 30, 80, 320, and >1,000 ng/

"] 2 1 1 9^ 1 ml, respectively. Sterigmatocystin, coumarin,
F 10 /l / l and 4-OH-coumarin had little or no effect on

the binding of 3H-labeled Afla B, with IgG at
the concentrations tested (up to 1,000 ng/ml). In
the binding system described, the volume ofthe

Ei 11 1 r sample tested varied between 0.3 and 0.5 ml. A
en_ 11 1 /total of 5,000 to 10,000 counts/min of radioactive
z

11^// Afla B, was used. Therefore, the sensitivity for
< 10 2 Afla B, detection in our system falls in the

range of 0.2 to 2.0 ng. The sensitivity, however,
can be improved by using higher-specific-activ-
ity 3H-labeled Afla B1.
In the present study, a small amount of anti-

gen has been shown to be sufficient for produc-
1 2 tion of antisera against Afla B,. The rapid in-

2 4 6 8 10 12 crease in antibody titers within a 2-month pe-

MMUNIZATION TIME WEEKS riod is in agreement with the original work forp the production of antibody against steroid hor-
FIG. 2. Production ofantibody against aflatoxins. mones (10). However, antibody titers begin to

The rabbits were immunized once with 50 (rabbit no. decrease 6 weeks after initial injection and the
23), 100 (no. 21 and 22) and 210 (no. 19 and 20) pg . 6 w

ofBSA-Afla B,-oxime. Antisera titers were expressed response for individual rabbits to the antigen
as the reciprocal of the serum dilution required for also appears to vary considerably. Since Lan-
50% binding of 'H-labeled Afla B1 (8,400 counts/min gone and Van Vunakis (8) did not report the
in 0.5 ml of solution). details for antibody production such as the time
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required to evoke useful antisera as well as the
antisera titers, it is difficult to compare their
method with the present procedures. Neverthe-
less, the present method was found to be better
than the single injection technique described
earlier (3), by which we were unable to obtain
useful antibody titers against aflatoxins for ra-
dioimmunoassay purposes (S. H. Ashoor and
F. S. Chu, unpublished observation).

Although the present study confirmed the
investigation of Langone and Van Vunakis (8)
that Afla B1-protein (polypeptides) conjugates
are capable of producing antibodies against
Afla B1, our results suggest that BSA-Afla B1 is
a better antigen than the polylysine-Afla B1.
Whereas the sensitivity of antibodies obtained
in both laboratories using either BSA-Afla B1
or polylysine-Afla B1 falls in the same range,
the antibody obtained in the present study us-
ing BSA-Afla B1 as antigen appears to be more
specific for Afla B1. Langone and Van Vunakis
(8) reported that aflatoxins B2, G1, and G2 in-
hibited the binding of3H-labeled Afla B1 (deter-
mined at the 50% inhibition level) 2.3, 6.6, and
21 times less effectively than B1, but the pres-
ent study, using the antibody produced from
BSA-Afla B1, shows that aflatoxins B2, G1, and
G2are 9, 11, and 89 times less effective. In addi-
tion, we found that the binding of two other
major Afla B1 metabolites, namely aflatoxicol
and aflatoxin M1, with the antibody varied con-
siderably. Aflatoxicol, a metabolite formed by
reduction of the carbonyl group in the cyclopen-
tenone of Afla B1, binds about 40 times less
than Afla B1; but aflatoxin M1, which is formed
by hydroxylation at the 4 position in the dihy-
drofuran part of the Afla B1 structure, lost
practically all of the binding capability. These
results indicate conformation of aflatoxins
greatly affecting their interaction with the
antibody against Afla B1.
Whereas the antibody obtained in the pres-

ent study is specific for Afla Bl, aflatoxins B2
and G1 also show some cross-reactivity at a
concentration 10 times greater than that of B1.
since Afla B2 is generally produced in much
smaller quantities relative to Bl, B2 may not
present much of a problem in the application of
radioimmunoassay for Afla B1. Aflatoxin Gl, on
the other hand, may affect the assay if the
concentration is proportionally greater than
that of B1. Problems currently under investiga-

tion in our laboratory include the development
of a solid-state radioimmunoassay for Afla
B1, the development of antibodies specifically
against other aflatoxin derivatives and metabo-
lites, and the in vivo neutralization of the Afla
B1 toxic effect in rabbits immunized with the
Afla B1-BSA conjugate.
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