
somewhat wider, that of Vanadis II a 
little narrower. The departures are not 
large enough to rule out a possible chem- 
ical relationship, yet neither do they sup- 
port it. 

The most striking departure from the 
Dartnall function is the large inflection at 
about 550 nm displayed by Vanadis I. It 
is tempting to suppose that this arises 
from the accessory retina, which in 
Torrea peaks in sensitivity near this 
wavelength. But why then is it not, as in 
Torrea, reversed in polarity? 

In the little work we were able to do 
with Vanadis, we never observed a cor- 
nea-positive response. Yet is should be 
noted that even in Torrea, with its paired 
accessory retinas, it is not easy to place 
the active electrode over one of them so 
as to record the ERG through its base, 
hence with inverted polarity. In Vanadis 
this would be still more difficult, and in 
the short time at our disposal, such 
achievement eluded us. It seems reason- 
able to suppose that if the active elec- 
trode happened to be at some distance 
from the accessory retina, more or less 
across from it (see Fig. 9), it could pick 
up responses from the tips of the acces- 
sory retinal receptors as well as from 
those of the main retina, hence with the 
same polarity. That and its enormously 
greater sensitivity at long wavelengths 
might well permit the accessory retina to 
account for the inflection near 550 nm in 
the spectral sensitivity of Vanadis I. 

We had also direct evidence that more 
than one photosensitive system func- 
tions in Vanadis I, in that the response 
on occasion changed its character mark- 
edly at different wavelengths. Thus in 
one experiment, whereas the response at 
480 nm was a simple monophasic wave, 
that at 380 nm had a distinct inflection on 
the rising limb, as though a second, 
shorter-wavelength mechanism intrud- 
ed. At another time a preparation that we 
had worked with for several hours and 
had treated with MS 222 suddenly began 
to display a very complex response to 
single flashes at both 380 and 580 nm; at 
the latter wavelength, however, this re- 
spon'se alternated regularly with a single, 
very small cornea-negative blip. We 
have no idea what this meant, apart firom 
its important implication that different 
mechanisms were at work at 380 and 580 
nm. The curves for Vanadis I in Fig. 
11 A and Fig. 12A show that these 
wavelengths hit respectively the short- 
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saw no comparable differences in the re- 
sponses of Vanadis II at 380 nm and 560 
nm. 

We have already emphasized the ex- 
traordinary evolutionary convergence 
represented by the possession of acces- 
sory retinas in alciopid worms, and in 
deep-sea fishes and cephalopods. Our 
observations on Vanadis provide anoth- 
er remarkable instance of such con- 
vergence, in that our specimens taken at 
300 m share with a wide range of other 
deep-sea organisms, including deep-sea 
fishes, visual sensitivity peaks in the 
blue, at 460 to 480 nm. These are the 
wavelengths of sunlight that penetrate 
most deeply into clear ocean water (Fig. 
6). At a depth of 200 to 250 m the entire 
spectrum of sunlight is reduced to a band 
of blue light stretching from about 450 to 
505 nm, and peaking in intensity at 460 to 
480 nm (13). At still greater depths, and 
at night, organisms with eyes must de- 
pend for vision upon bioluminescence, 
particularly that of luminescent bacteria, 
and this, in turn, is concentrated primari- 
ly at the same wavelengths (14). A visual 
sensitivity peaking at 460 to 480 nm is 
therefore optimal for deep-sea life; and 
our deep-sea alciopids have achieved 
this aspect of fitness along with a wide 
array of deep-sea organisms belonging to 
other phyla that possess eyes. 

Note added in proof: Since writing this 
report we learned of ERG measurements 
of spectral sensitivity in the relatively 
primitive cup-eye of another marine an- 
nelid worm, Nereis (15). 
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The well-documented potency of af- 
latoxins, carcinogenic mold metabolites, 
as causative agents for tumor formation 
in laboratory animals gives rise to a need 
for extremely sensitive and selective de- 
tection methods in food products at the 
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level of a few parts per billion (ppb) (1- 
3). We report here the development of an 
analytical method for detecting ultra- 
trace amounts of fluorescent species, 
based on the use of high-pressure liquid 
chromatographic separation followed by 
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Laser Fluorimetry: Subpicogram Detection of Aflatoxins 

Using High-Pressure Liquid Chromatography 

Abstract. The use of high-pressure liquid chromatographic separation in con- 
junction with laser-induced fluorescence detection permits the analysis of trace fluo- 
rescent species at new limits of sensitivity. This technique was applied to the carcino- 
gens aflatoxins B1, B2, G1, and G2, which were linearly quantitated to 7.5 x 10-13 
gram. The procedure consists offorming more fluorescent aflatoxin derivatives, elut- 
ing the aflatoxins from a reverse-phase column, focusing the 325-nanometer output 
of a helium-cadmium ion laser into a suspended droplet of the eluent, and measuring 
the resulting fluorescence using phase-sensitive detection. 
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and G2). This limit of detection might be 
compared to about 1 ng (1 x 10-9 g) for 
high-pressure liquid chromatography 
(HPLC) with ultraviolet (UV) absorption 
detection (4) and about 200 pg (200 x 
10-12 g) for thin-layer chromatography 
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Fig. 2 (left). Aflatoxin chromatograms: (a) detection of the four afla- 
toxin standards following the addition of HCI and (b) detection of afla- 
toxin B1 in corn extract by the same procedure, using a 10-,1l sample 
injection. The chromatogram represents 45 pg of B1 in the injected 
sample. Fig. 3 (right). Linear quantitation of the four aflatoxin 
standards and their derivatives, using laser fluorimetry. Each data 
point represents a separate injection onto the column. 
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(TLC) with time-resolved laser-induced 
fluorescence (5). A 4-Asl suspended drop- 
let of solvent eluting from the column 
(eluent) serves as a "windowless" fluo- 
rescence cell. The peak signal at the de- 
tection limit corresponds to 7 fg of afla- 
toxin in the eluent droplet, illustrating the 
capability of this technique for micro- 
analysis. We also report the application 
of this method for determination of af- 
latoxin B1 in yellow corn extracts to 2 
ppb. 

The laser fluorescence detector is 
shown schematically in Fig. 1. The 325- 
nm line of a He-Cd ion laser (8 mw) ex- 
cites fluorescence in a flowing droplet of 
eluent suspended between a piece of 
stainless steel tubing 0.159 cm in diame- 
ter and a solid rod of the same diameter. 
Focusing the beam to a small spot inside 
the droplet avoids direct scattering of the 
laser light into the detection optics. The 
liquid droplet forms a windowless fluo- 
rescence cell (4 utl), which avoids the 
problem of fluorescence from cell walls 
irradiated with intense UV light. The 
eluent, after passing through the laser 
beam, flows down the outside of the sol- 
id rod and is discarded. The laser beam is 
100 percent modulated at 50 khz and the 
photomultiplier output is detected in 
phase with the modulation frequency. 

By far the most frequently used meth- 
od for aflatoxin detection is TLC. The 
higher separation efficiency and rapidity 
of analysis characteristic of HPLC sug- 
gest that its use would be advantageous. 
Several reports of normal-phase HPLC 
in conjunction with UV absorption de- 

I STANDARDS INJECTED 
ERSE PHASE COLUMN 

?V^/S~ ~ ---- 
B2A(Bd) 

/ -*- G(Gi) 2A 

I I I III I0II LL _ LI.L_ LII I I I I I I I 
-II -l 910 18 JO 10 10 1 

QUANTITY INJECTED (grams) 

SCIENCE, VOL. 196 

laser-induced fluorescence detection. 
The technique described here has a lin- 
ear response of more than three orders of 
magnitude and a lower detection limit of 
750 fg (750 x 10-15 g) for the four com- 
monly occurring aflatoxins (B1, B2, G1, 



tection have appeared in the literature (4, 
6-8). While adequate resolution of the af- 
latoxins is readily achieved, the detec- 
tion sensitivity has been in the low nano- 
gram range. The more sensitive tech- 
nique of fluorescence detection, while 
successful for aflatoxins in the solid 
state, has met with difficulty in HPLC 
(9), since aflatoxin B1, the most impor- 
tant from a toxic and carcinogenic view- 
point, has a poor fluorescence quantum 
yield in solution (10, 11). A novel tech- 
nique developed by Thorpe and Stoloff 
(12) obviates this problem. By the addi- 
tion of trifluoroacetic acid (TFA), afla- 
toxin BI is converted to aflatoxin B2a 
(13), which is known to be highly fluores- 
cent in hydrogen-bonded solvents (14). 
Aflatoxin G1 is also transformed into G2a, 
but B2 and G2 are unaltered (15). All four 
aflatoxins can then be separated on a re- 
verse-phase HPLC column and quan- 
titated fluorimetrically. 

We have adopted this procedure but 
have substituted hydrochloric acid for 
TFA to make the derivatives of B1 and 
G1, since TFA causes additional uniden- 
tified peaks to appear in the chromato- 
gram. Our method consists of drying the 
aflatoxin-containing extract or standard 
under a stream of nitrogen, adding a few 
drops of IN HC1, allowing 15 minutes for 
reaction, evaporating under nitrogen on 
a steam bath, and finally, redissolving 
the sample in elution solvent. This pro- 
cedure is reported (16) to have a high 
yield (> 90 percent) of aflatoxin B2a and 
G2a, which is consistent with our obser- 
vation of a single peak per aflatoxin elut- 
ing from the column. Mixtures of water 
and ethanol (75:25 by volume) are used 
to elute the aflatoxins on a A/Bondapak 
C18 column (17). The resolution as well 
as the retention time of the aflatoxins can 
be varied by changing the proportions of 
water and ethanol. Both solvents were of 
high purity (18). 

Figure 2 shows some typical aflatoxin 
chromatograms obtained by using the 
above procedure and the laser fluores- 
cence detection scheme illustrated in 
Fig. 1. Figure 2a represents 30 pg each of 
the derivative aflatoxins G2a and B2a and 
the aflatoxins G2 and B2. The absence of 
secondary peaks and the lack of baseline 
fluctuations are noteworthy. Figure 2b is 
a chromatogram of an extract prepared 
(19) from 10 g of yellow corn known to 
contain 7 ppb of aflatoxin B1. At present, 
the limit of detection in the corn sample 
with this method is approximately 2 ppb 
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pounds in the corn extract. However, 
with better cleanup procedures it is ex- 
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pected that this detection limit can be 
further reduced. 

In quantitating aflatoxin contam- 
ination it is important to establish the lin- 
ear dynamic range of the detector. By in- 
jecting known quantities of appropriately 
diluted standards and their derivatives 
onto the column we have established a 
linear response of more than three orders 
of magnitude, as shown in Fig. 3. Scatter 
in these data, especially at higher signal 
levels, is largely a result of inaccurate 
graphical integration of the peaks. The 
signal-to-noise ratio at the lower limit of 
detection, 750 fg, was roughly 2 to I with 
a 3-second time constant on the lock-in 
amplifier. 

Since the aflatoxins are considerably 
diluted as they elute from the column, it 
is of interest to determine what quantity 
of aflatoxin is in the detection volume 
itself. We assume that the peak has 
a Gaussian profile, f(x) = (2Tr) 112 o'-l 

exp(-x2/2o-2), where 3.56 or represents 
the full width of the peak at half-maxi- 
mum intensity (FWHM). At the detec- 
tion limit, the FWHM is 0.4 minute at a 
flow rate of 1.5 ml/min, giving a value of 
cr = 0.17 ml. The normalization of a 
Gaussian profile is such that the integral 
off(x) over all x is unity. Hence, the con- 
centration in femtograms per milliliter at 
the detection limit is C(x) = 750fix), and 
the aflatoxin concentration at the maxi- 
mum of the peak is C(0)= 1800 fg/ml 
(6 x 10-12M). Thus the amount of afla- 
toxin in the 4-t,1 detection volume is only 
7 fg or about 1 x 107 molecules at the 
signal maximum, and the amount of afla- 
toxin in the laser beam is even less. Al- 
though still higher detection sensitivities 
have been obtained in gas-phase laser-in- 
duced fluorescence (20), the present 
study illustrates that laser fluorimetry of 
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Among acid ionophores, lasalocid A 
(X-537A) (1) has several unique features 
and has been the subject of many chem- 
ical and biochemical studies. Since the 
initial establishment (1) of the detailed 
structure and stereochemistry of lasa- 
locid, x-ray studies have been carried 
out on the barium salt (1, 2) and the sil- 
ver salt (3) of lasalocid, the silver salt 
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of 5-nitrolasalocid (4), two forms of the 
sodium salt of 5-bromolasalocid obtained 
from acetone and from carbon tetrachlo- 
ride solutions (5), and the free acid of 5- 
bromolasalocid hemihydrate that had 
been crystallized from a hexane-meth- 
ylene chloride solution (6). In these crys- 
tals, the conformation of the backbone of 
the ionophore has been essentially in- 
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Monomeric Forms of the Acid lonophore Lasalocid A (X-537A) 
from Polar Solvents 

Abstract. X-ray structural analyses have been carried out on the free acid of la- 
salocid A (X-537A) and on the sodium salt, both c;ystallized fiom methanol solution. 
In each case the structure is monomeric with one molecule of methanol complexing 
to the free acid and to the salt. 
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