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INTRODICTION

The Ames Solid Waste Recovery System (ASWRS) accepts
trash and garbage and processes it into Refuse Derived Fuel
(RDF), which is suitable for combustion. This processing
generates much airborne material of unknown danger to the
public health. Studies of airborne bacteria levels in the
processing plant were found to be orders of magnitude above
ambient locations outside the plant. Fungal levels were
also found to be higher than ambient levels. This work was
undertaken to evaluate the chemical hazard posed by the high
levels of fungi.

Mycotoxins are defined as toxic compounds produced by
fungal contaminants. The toxicity syndromes resulting from
ingestion of such contaminants have been termed mycotoxi-
coses. Although many toxic fungal metabolites are known,
relatively few are known to have caused natural outbreaks
of myctoxicoses. The principal fungal species involved in

reported mycotoxicoses are Aspergillus, Penicillium, and

Fusarium [1]1. These organisms are considered

fungi' because they only reproduce asexually [2].
Mycotoxins were first identified as the cause of the

mysterious "Turkey-X" disease in England. A peanut meal

contaminated with Aspergillus flawvus contained a toxic com-

ponent [3]. The toxic compounds subsequently isolated were
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called, appropriately, aflatoxins. Many other mycotoxins

have since been isolated and identified.

Table T presents a summary of data obtained at the
ASWRS during the period July - September, 1978. These fun-
gal levels are two to three orders of magnitude above those
at locations outside the plant. Such data are indicative of
a possible mycotoxin contamination problem. Thus, the pre-
sent study was undertaken. Initially, existing analytical
techniques were found to be inadequate to identify and
quantify the mycotoxins which were present.

This dissertation describes new analytical techniques
developed to analyze RDF for mycotoxins. In addition, the
techniques were found to be applicable to a variety of other
substrates where mycotoxin contamination is of interest.

The chapters in Part I chronicle the development of each
individual step in the analytical scheme, along with perti-
nent background information and a discussion of the results,

Part I1 describes the isolation and identification of the

spore pigment in the aflatoxin species Aspergillus flavus.
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Table I
Occurrence of fungi at i{he Ames Solid Waste Recovery System.

July - September 1978

CFU/m®
Aspergillus flavus 22000
A. fumigatus 53000
A. niger 13000
A. ochraceus 360
A. terreus 600
A. niveus 24,0
Penicillium spp” 4800
Fusarium spp® 1200

aColony Forming Units per m3.

bUnidentified species .



PART I. DEVELOPMENT OF AN ANALYTICAL METHOD FOR MYCOTOXINS



INTRODUCTION

The structures of the mycotoxins pertinent to this
study are given in Figure 1. 1In addition, the fungal spe-
cies known to produce each mycotoxin are listed [4].

Aflatoxins

The names of the four highly carcinogenic aflatoxins,
Bl, B2, Gl, and G2, are derived from the color fluores-
cence under long-wave ultraviolet light. The "Official
Methods of Analysis of the Association of Official Analy-
tical Chemists (ACAC)" lists separate methods for analyzing
peanuts, cocoa beans, soybeans, eggs, corn, cottonseed prod-
ucts, green coffee, and pistachio nuts [5]. These methods
are subjected to rigorous collaborative study and are re-
viewed each year.

Extraction has been done in chloroform, methanol-water,
or acetone-water, depending on the substrate. Originally,
detection was achieved by visual estimation of the fluores-
cent intensity on Thin Layer Chromatography (TLC) plates.
However, this method rarely has produced better than 20-30%
accuracy. A "minicolumn" packed with Florisil has been
developed to provide a quick screening method [6]. More

recently, High Performance Liquid Chromatography (HPLC)
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methods have been described. Detection limits of 5 ng with
ultraviolet detection [7] and sub-ng levels with a novel
silica gel-packed fluorescence flow cell [8] are reported.
However, the fluorescence quantum efficiencies of aflatoxins
are low in the solvent systems often used in normal phase
HPLC [%] (Table II). Thus, reverse phase HPLC can provide
pg detection limits [10]. This requires that Bl and Gl be
converted to the more fluorescent B2a and G2a, respectively.
These derivatives are hemiacetals formed by the acid-cata-
lyzed hydration of the double bond in the terminal furan
ring. Mass spectral data have also been used for detection
and confirmation [11,12].

Lasers as excitation sources provide at least two or-
ders of magnitude more photons that conventional sources.
Thus, using a pulsed N2 laser (337.1 nm) it is possible to
take advantage of the absorption characteristics from afla-
toxins and measure their fluorescence directly on a TLC
plate [13]. However, this is the only reported application
of laser light to TLC analysis of aflatoxins. Furthermore,
the supporting equipment is crude and unsuitable for quanti-
tative work. A quantitative detection of 0.2 ng aflatoxin
Bl is reported. Solution detection limits of 7.8 x lO_lZM
(2.5 ppt) have also been reported using a nitrogen laser as

the excitation source [l4]. Sub-pg detection limits have



Table II

Emission Maxima and Fluorescence Quantum Efficiencies (¢)

of Aflatoxins in different solvents

H.0
Cellg
CHC1

CH3OH

Bl B2 Gl G2
100-¢ Aem 100-¢ Aem 100-¢ xem 100-¢ kem
(nm) (nm) (nm) (nm)
1.3 450 70 450 1.8 475 67 475
0.36 415 0.03 410 10 430 17 430
0.29 415 £.30 410 30 430 36 430
2.3 440 15 435 3.8 460 59 460




been reported with a novel laser fluorescence detector
coupled with HPLC [15]. This unique detector design re-

quires no optics and provides the lowest detection limits

reported to date.
Sterigmatocystin

Sterigmatocystin is also a known carcinogen and one of
its fungal sources, A. versicolor, is known to putrify animal
and vegetable products in soil. Official methods for barley
and wheat involve extraction with CH3CN-4%KCl,followed by
silica gel column chromatography. After TLC development,
quantitation can be accomplished by observing directly a
brick-red fluorescence or producing the more fluorescent
yellow AlCl3 derivative [5].

Other published methods use florisil for sample prep-
aration [16] or HPLC and Exclusion Chromatography (EC)

[17] to achieve 50 and 25 ug/kg detection limits, respec-
tively. Recent work with TLC has shown 5 ug/kg detection
limits [18].

At present, data documenting the natural occurrence of
sterigmatocystin are rare [19]. It is questionable whether
or not there is a significant health risk, but sterigmatocy-
stin is presumed to be a biosynthetic precursor of afla-
toxins [20] and therefore may also be present with the afla-

toxins.



Patulin

Originally isolated as an antibiotic, patulin has since
been shown to be mutagenic [5]. However, its toxicity to
humans is unknown. It is common in apples and apple prod-
ucts and is extracted with ethylacetate. This extract is
prepared with silica gel and analyzed by two-dimensional TLC
using a fluorescent 3-methyl-2-benzothiazoline hydrazone
hydrochloride derivative [5].

Two recent reports claim detection limits in fruit
juices by TLC and HPLC of 20 and 5 ppb, respectively [21,22].

Ochratoxin A

Ochratoxin A causes kidney and liver damage. Samples

are extracted from barley or green coffee with CHC13/0.1M

H3P04. This compound, a carboxylic acid, is separated from

its esters and other matrix components on a column of NaHCO3
diatomaceous earth. Analysis is by TLC, observing a blue-
green fluorescence [5]. Solvent-related spectral data have
been published [23], along with HPLC methods [24].
Citrinin

Citrinin is found on rice. barley, and dried fish.
There are no official analytical methods, but new techniques
are being developed. Recent reviews [19,25] have stre;sed
that quantitative zxtraction from natural substrates is the
major analytical problem. Analysis is complicated by the

fact that citrinin "streaks'" with almost every TLC develoving
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solvent used. Published work reports TLC detection limits
of 0.5 ug/g [26] and 0.3 ng by HPLC [27].
Penicillic Acid

Penicillic acid exists in two tautomeric forms. There
are no official analytical methods. A fluorodensitometric
assay on TLC plates using an NH3 derivative has been pub-
lished [28]. Also, 25 ng of the tetramethyl silyl deriva-
tive may be detected by Gas Chromatography (GC) [29].
Currently, two-dimensional TLC with a p-anisaldehyde spray
reagent is recommended [19].

Multiple Mycotoxin Methods

Many multiple mycotoxin detection methods have been re-
ported. Three recently published methods are representative
[30-32]. All employ TLC for some form of quantitation.
Table III lists the detection limits for these three methods
and a very recent one [33]. This latter work reports signif-
Layer Chromatography (HPTLC) and a novel multiple development
technique. However, the equipment Is somewhat specialized
and only results for standard mixtures are evaluated. The

method has not been applied to real samples.
Finally, Table IITI lists results from a2 method

-

Sephadex LH-20, which is separation by EC [34].



Detection limits for 5 multiple mycotoxin methods
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Table III

Reference

Mycotoxin

Aflatoxins
Sterigmatocystin
Patulin
Ochratoxin A
Citrinin

Penicillic Acid

[30]
(ug/kg)

10
40-60
40-60
80-200

Detection Limits

[31] [32]
(ng) (ug/kg)

10 4-5
1000 140

100 750-800
10 140

100 600-750
1000 3400-3650

[33]
(ng)

.005
0.2
0.2

.005

.010
2.0

[34]
(vg/kg)

10
50
10
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EXTRACTION OF THE SAMPLE

Introduction

Mycotoxins are usually extracted from mold-contaminated
samples using official methods approved by the Association of
Official Analytical Chemists (AOAC) [5]. A variety of or-
ganic solvents have been used, depending on the particular
matrix being extracted. The extractions require either a
Soxhlet extractor or wrist acticn shaker. After extraction,
the matrix is removed by filtration and the solvent is evap-

orated. The residue is used for the next step in the analvt-

ical scheme.

Collection of the Sample

Initially, dust samples were taken from the floor imme-
diately above the processing area of the solid waste process-
ing plant. It was assumed that this material had settled
out from the air. This assumption seemed reasonable since
the area in the processing area was visibly 'cCusty'', and all
surfaces (handrails, walkways, etc.) were coated with a
thick layer of dust.

Later samples were obtained directly from the air using
a high volume air sampler. Particulates were trapped on an
8 x 10 inch quartz fiber filter. 1In a typical experiment,

the air sampler was placed on a walkway immediately above the
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processing area. Material was collected on quartz fiber
filters. The sampler operated at approximately 1400 L min_l
for 8 hours and filters were changed every 2 hours. The

gray material could be easily removed from the filter, giving
4.7 g for the sample collected (3/5/82). The sample appeared

similar to the blank, a sample cf dust found in the apartment

of a typical midwestern graduate student.

Extraction of the Sample

Initial samples were placed in a 43 x 123 mm cellulose
thimble and extracted € hours with chloroform (CHCIB) in a
Soxhlet apparatus (ca. 6 cycles/hour). A small amount of
colored material was still being removed after 6 hours, but
this did not represent a significant amount of material.
The CHCl, appeared dark brown or black after filtering and
dilution (1 g sample/10 ml). The extracted material repre-
sented less than 10% by weight of the original sample.

Unfortunately, this extract fluoresced blue, as do the
aflatoxins. The levels of this background fluorescence re-
mained high through the remaining steps in the analytical
method, preventing analysis of aflatoxins.

Other common procedures [5] for extracting aflatoxins
include CHC13/H20 (100+10), methanol/HZO (55+45), and ace-
tone/HZO (85+15). The CHCl3/H20 mixture gave a brown ex-
tract, much like that described above for CHC13. The meth-

anol mixture gave a red-orange solution, while the acetone



14

mixture was green. All solutions fluoresced blue, but the
levels were considerably less for methanol and acetone.

Backgreound levels were acceptable for either methanol
or acetone mixtures, but interfering peaks prevented analy-
sis of all four aflatoxins. It was found that methanol,
with no H,0 added, provided good extraction efficiency with
few interferences.

The H,0 is apparently present to "release" the afla-
toxins from the matrix. This is similar to deactivation of
chromatographic absorbents with HZO' A CHC13/H20 mixture was
found to be superior to either CHCl3 or methanol for ex-
tracting corn or peanut meal, but methanol was chosen for

RDF samples.
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PRECIPITATION OF INTERFERING MATERIALS IN THE SAMPLE EXTRACT

Precipitation of interfering components in a particular
matrix extract has been used often [5]. However, in such
cases the matrix and its components were well-defined, allow-
ing specific chemical reactions to be used. Virtually no-
thing is known about the chemical composition of dust gener-
ated in an RDF processing facility. Nuclear Magnetic Reso-
nance (NMR) spectra of RDF extracts show only aliphatic hy-
drogens. The fluorescing species are present at low levels,
and are confirmed by the UV spectrum, showing steadily in-
creasing absorbance at shorter wavelengths. Only very
general comments can be made about the composition of the
extracts.

Sample extracts were injected onto a Styragel column as
the next step in the analytical scheme. However, with either
chloroform (CHCl3) or methanol (CH?OHQ extracts, some material
precipitated near the inlet to the column. This colored ma-
terial could not be eluted using the normal mobile phase
30% acetonitrile/chloroferm. This could not be explained
by the solvent effects proposed for that system (discussed
in next chapter). The column was not overloaded under these
conditions.

The problem could be explained in terms of simple solu-

bility. The extract, in CHC13, was injected into a system
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consisting of 30% CH3CN/CHCl Thorough mixing of sample

3-
and mobile phase would occur when the sample began to pass

through the packed column. Any compounds not soluble in 30%

CH3CN/CHC13 would, by necessity, precipitate onto the sur-

face of the stationary phase. For the CHCl3 extract, this
would be the less-polar components, since 30% CH3CN/CHC13 is
a polar mixture. For theCH3OH extract, polar components
would precipitate from the less polar mobile phase.

To eliminate this problem, all extracts were filtered
and the solvent removed using a rotary evaporator. The
residue was dissolved in 30% CHSCN/CHCl3 and the insoluble
residue removed by filtration. For the CHCl3 extract, a

considerable amount of brown material would not dissolve.

A red-brown oily residue
exhibited a bright green

It is unlikely that

remained from the CH,DH extract, and
fluorescence.

any aflatoxins are lost in this

step.
phase to extract the aflatoxins from the residue before fil-

tering. Second, the aflatoxins are known to be readily

soluble in 30% CHBCN/CHCl3 because standards chromatograph

readily in this mobile phase (i.e., chromatographic reten-

tion is a measure of solubility

Figure 2, which shows the UV detector response due to mate-

rial eluting from the Styragel column. Figure 2a was
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Figure 2. UV detector response of an RDF extract
eluting from 1.27x%20.4 cm Styragel column:
(a) extract dissolved in CHClj3, (b) extract
dissolved in 30% CH3CN/CHClj3
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produced by injection of the CHCl3 extract directly onto the
column. Figure 2b was produced by injection of the 30%
CH3CN/CHC13 soluble material. 1In this system, non-polar
components elute later. Note that, after precipitation,
some late eluting (i.e., non-polar) material has been re-
moved. Note also that the amount of material eluting at 10
minutes has decreased. This is not due to dilution of the
sample, but indicates that some components have been re-
moved. However, the amount of material eluting with the
more polar aflatoxins (11-14.5 min. fraction) shows less
change.

In summary, a simplification of the sample matrix and
extended column life can result by dissolwving the sample in

the mobile phase before injection.
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EXCLUSION CHROMATOGRAPHY ON STYRAGEL

Introduction

Exclusion Chromatography (EC), also known as Gel Per-
meation Chromatography, has been a well established tech-
nique for the analysis of molecules based on their molecular
size. Several mechanisms have been proposed to explain the
separation process, including restricted diffusion, steric
exclusion, and thermodynamic properties only [35]. Steric
exclusion has been accepted generally as the most descrip-
tive. The '"'gels'" used as chromatographic stationary phases
have a semi-solid consistency formed by the interaction of
the gel forming compound with a solvating medium [36].

However, many examples of 'anomalous retentions' are
known that do not follow a size exclusion pattern. For

example, Sephadex, a dextran-based gel, has been studied
extensively.

Effects of temperature [37] on retention, pH [38], res-
onance energy [39], and hydrophobic character [40,41] have
been reported. A wide variety of functional groups has been
examined for adsorption, partitioning, and other effects
[42-44] .

Non-exclusion effects have been reported with porous

poly(styrene)-divinyl benzene (PS-DVB) gels. 1In some cases,

only weak interactions are proposed [45-47] while other work
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proposes more specific mechanisms, including adsorption [48-
50] , partitioning [51], and solvent-solute hydrogen-bonding
[52-54] . An empirical approach to correct for changes in
molar volume due to the presence of various functional groups
has also been employed [55]. Other parameters have been con-
sidered in attempts to predict elution orders [56-59]. It
seems likely, therefore, that a single calibration curve
(elution vs. some size parameter) is not possible for a wide
variety of functional groups [60]. A survey of non-exclusion
effects is given in two recent reviews on exclusion chroma-
tography [61,62].

The Hildebrand solubility parameter, §, is a measure of
solvent "polarity". It has been used to explain solvent-gel
and solvent-solute interactions [51,63,64]. However, a
clear, concise explanation for the role of the solvent did

not evolve. This work considers the change in retention of

[}

a series of mycotoxins and test solutes as a function o

I+
-t

h

1)

total solubility parameter. From these data, a more unified
interpretation of solvent-related non-exclusion effects is
proposed. A better understanding of aromalous retentions in
exclusion chromatography has allowed more meaningful deci-
sions to be made regarding the separation process. This

has resulted in improved separations in real samples.
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The Role of the Solvent

With few exceptions, most workers have ignored a funda-
mental interaction between solvent and polvmer molecules.
Dissolution of a polymer is governed by equation 1.

AG = AH-TAS (1)

Since dissolution occurs with a large increase in entropy,
AH determines the sign of AG. The heat of mixing can be
shown to be dependent on (él - 62)2, vhere éy and 62, are
the solubility parameters for solvent and polymer. Thus, to
assure solution, (<Sl - 62)2 should be as small as possible
(preferably zero). That is, two substances will be most
miscible when their § values are nearly equal. Similarly,
any cross-linked polymer will be most soluble in a solvent
with the same § value, and will show the greatest degree of
swelling in that solvent [65]. Under these conditions, a
cross-linked polymer swells to form a kind of stationary
phase ''sponge' of solvent and

Recently, it has been proposed that the separation
mechanism in exclusion chromatography is a function of the
relative polarity of the solvent. By varying the solvent
polarity, one chould change the elution behavicr from a
reverse-phase to a normal-nhase svstem Solubility nmaram-
eters were used to indicate solvent ''polaritv', relative

to that of the stationary gel phase.



22

When 6 = 4§ the heat of mixing is nil, and

solvent gel’

"solution" is assured on the basis of entropy considerations
mentioned earlier. Such a solution resembles a2 liquid-
liquid partition chromatographic system where the mobile
phase and stationary phase (solvent in swollen gel) are
identical. Separations should be primarily size exclusion,
since there are no preferential interactions between the two
phases.

If the §-value (polarity) of the mobile phase is
changed by addition of a modifier, the stationary phase
should retain the original solvent, based on the thermody-
namic considerations mentioned above. Now, a true liquid-
liquid partition system exists between the original gel
stationary phase sponge and a modified mobile phase. A
solute molecule's retention would be further influenced

by its distribution ratio between the two phases. The

3 - ——— B I A s L
etermine the type of partition;

nature ¢f the mecdifier

i.e., normal-phase when § and reverse-

. < .
mobile 6statlonary’

- O 2 N > . .
phase when O 4.1, 6statlonary

When the base solvent does not have a §-value similar
to that of the gel, the strength of the solvent-gel inter-
actiong is low and swell
Hence, there is no stationary phase sponge, but more likely
a layer of sorbed solvent molecules on the gel. The mech-

anism now involves sorption rather than partition, a
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distinction that is often overlooked. The preceding discus-

sion is in agreement with that in references [66] and [67].

Choice of Stationary Phase and Solvent Systems

References [66] and [67] use PS-DVB gels as a stationary
phase. Styragel, a similar material, was used for this study.
It was designed for the analysis of low molecular weight ma-
terials (M.W. <500). This was contrary to the large pore gels
used in other studies, but was considered necessary here. The
analysis of low molecular weight solutes requires such gels,
and solvent effects on them should be observed directlyv.

For PS-DVB copolymers, § = 9.1 [65]. A review of various
solvents [68] indicates three with similar &-values that
should function well for exclusion chromatography, viz.
chloroform (CHC13) (6=9.3), benzene (§=9.2), and tetrahvdro-
furan (THF) (6=9.1). Coincidentally, these solvents are

commonly used as EC solvents, but usually from empirical

- —~ T mer cemaell \zad
A.T., LLnTYy wuwLng . <L

acceptable d-value (8.9), but was not studied here.
Tetrahydrofuran has been shown to be very reactive
chromatographically toward hydrogen-bonding molecules [53],
which is not desirable for this study. It was also not
compatible with the chromatographic system used, and con-

sequently was not studied as a base solvent.
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Other work on solvent effects used alcohols as modifiers

[66,67]. However, solubility parameter theory breaks down
for strongly hydrogen-bonding solvents [69]. Thus, alcchels

should be avoided as solvents.

Obviously, the total solubility parameter value is only
a general indicator of the intermolecular interactions oc-
curring in solution. More specific interactions have been
identified, assigned solubility parameter values, and tabu-
lated for a variety of solvents [70,71]. The five specific
solubility parameter values are disperion, Gd, orientation,
Go, induction, Gin’ proton-donor, Ga’ and proton-accentor,
Sy - An expanded treatment of the solubility parameter has
been reported which applies these specific interactions to
chromatography [68].

Since the purpose of this study is to investigate the
role of solvent polarity, particular attention must be paid
toc the a
mobile phase elution series based solely on § is inappro-
priate [70,71]. A binary solvent system, however, will
provide a gradual change in solvent interactions. In addi-

tion, it is desirable to measure cnly one ''solvent'" variable

Thus, in order to measure a retention change as a
function of the total solubility parameter, the other sve-

i ] '-1 i - 4
cific solubility parameters (Gd, 61n’ 60, Ga’ éb) must not
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change drastically as § changes. This can be accomplished
by a judicious choice of solvent modifiers. Thus, the sol-
vent binary systems chosen are: chloroform/il-chloropropane
(C1Pr), chloroform/acetonitrile (CH3CN), benzene (C6H6)/
cyclohexane (C6H12), benzene/acetonitrile. Table IV lists
the differences in § values for these solvents. Some cornro-
nises have been made to accommodate UV absorbance measurements.
The problem is most severe for the polar modifier, but the
difference in §-values is also greater. Note that the minus
signs are important to the relevant equations, which will be
discussed later.

Nine mycotoxins and a series of test solutes were chosen
to provide a wide variety of functional groups and suitable
absorption at 254 nm. The test solutes chosen were phenol,
benzene, toluene, pyridine, 2-butanone (methyl ethyl ketone),

nitrobenzene, and acetone.

The Chromatographic System
The mobile phase was originally delivered by a peris-
taltic pump. However, the irreproducibility of the flow rate
necessitated substituting a constant volume piston pump. A
low pressure pulse dampener was used to reduce the flow
variations caused by a single-piston pump.
Samples were injected with a Teflon® loop injector.

The volume of the "100 uL loop' was calibrated by filling
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Table IV. Differences in Solubility Parameter Values for
Binary Solvent Systems
K/j r 8 - 5% ]
2.3 2.k

(8§7)°-(8%) Gd 60 Gin Ga Gb
CHC13/PrCl -15.9 0.8 0.1 -0.1 6.5 -0.2
CHC13/CH3CN 59.9 -1.6 5.2 2.3 -6.5 3.3
C6H6/C6H12 -17.4 1.0 O 0 0 0.6
C6H6/CH3CN 51.8 -2.7 8.2 2.8 0 3.2
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it with an I, solution of known absorbance and pumping the
solution from the loop into a volumetric flask. After dilu-
tion, the absorbance of the solution was measured. From the
dilution factor obtained, the volume of the loon could be
calculated. The "1090 uL loop" was found actually to inject
190 uL. The 500 pL loop injected 630 uL.

The chromatographic columns were constructed of boro-
silicate glass, 12.7 mm inner diameter. Each column con-
tained a movable bed support at each end for adjusting the
bed height of the stationary phase. This allowed a change
in column length, without repacking, whenever the stationary
phase changed in volume.

The ultraviolet absorption detector contained a 2-mm,

8 pL semipreparative flow cell and could be operated at
either 254, 280, 340, or 365 nm. Wherever vossible, standard
Cheminert® (1/4-28 NF) fittings were used. Detector re-
sponce was monitored with a strip chart recorder.

Figure 3 presents data for the effective plate height
(HEEP) vs. the linear velocity (r). Linear velocity and
HEEP are described by equations 2, 3, and 4,

p=1L/ ty (2)
HEEP = L/N i (3)
5.545(%)2 (4)

N
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where L is the length of the column, N the effective plate
height, ty the mobile phase hold-up time, té the adjusted
retention time for toluene, and Wy the peak width at half-
height. The hold-up time of the mobile phase was measured
with a poly(styrene) standard of molecular weight 36,000.
For purposes of convenience and reproducibility, the linear
velocity chosen was, 0.037CHIS-1, which corresponds to a
flow rate of 1.00 mlL min.

Figure 4 presents data for HEEP vs. the injected volume
of carbon tetrachloride. The figure demonstrates the pos-
sible dangers of overloading the column. All injected
solutions of test solutes and mycotoxins were of sufficiently
low concentration to avoid such problems.

The data for Figures 3 and 4 were collected on a 20 cm
long column. The mobile phase was 307 (v/v) CHBCN/CHC13.
Figure 5 gives an example of the chromatograms, recorded at
a flow rate of 1.00 ol min. L. In general, asymmetry factors

for all measurements were less than 1-15.

Results and Discussion
Table V gives the bed height as a function of solvent
composition. As expected, when the difference between the
§ value of the solvent and the gel became greater (increasing
modifier), the gel tended to shrink. As the gel shrank,

solvent '"voids' appeared near the column inlet. Such large
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Figure 5. Chromatogram o
n
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Table V. Bed Height (cm) as a Function of Solvent

Composition

% Modifier

nonpolar polar

Base 50 30 10 0 10 30 50
Chloroform 21.8 21.8 23.0 23.0 23.0 20.4 20.3
Benzene 22.0 22.0 22.4 22.4 22.4 22.4 20.8
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pockets of solvent within the column decreased column
efficiercy considerably and increased the void volume.
Shoulders on peaks often appeared. Column efficiency could
be regained, however, by shortening the bed height with the
movable bed supports. This procedure allowed the mobile
phase to be changed without renacking each time, as has
been suggested elsewhere [67].

Figures 6 and 7 present the data for the chloroform-
and benzene-based systems, respectively. The benzene-based
system offers no advantage for the separation of the mvco-
toxins and is of little interest for routine procedures
because of the possible health problems associated with the
use of benzene. In addition, the column efficiency was
considerably less and the peaks too broad to be useful.
Hence, the benzene-based system will not be discussed
further.

In Figure 6. the solvent svsrtems to the right of the
base solvent represent a reverse-phase separation, while
those to the left represent normal phase separation. In
general, the solutes follow the trends expected from parti-

tion theory, with more polar compounds eluting faster

|-l

{lower k) than non-polar in reverse-phase, and vice versa.
However, it is clear that there is no simple explanation

and there are exceptions.



Figure 6.

Experimental log k vs. % modifier, chloroform-
based mobile phase: (©) phenol,
(x) toluene, (©) pyridine, (e)

(*) benzene,
(a) nitrobenzene, (8) acetone

2-butanone,
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Of particular interest is the tendency for the reten-
tion, using the base solvent as mobile phase, to increase
relative to the adjacent data points. This is inconsistent
with the data of Mori [66] where data points are given
only for mobile phases containing 0%, 50%, and 1170% modifier.
The lowest retention was reported at 07 modifier. This in-
dicates that the stationary phase exclusion limit is much
greater than in this study and differences in molecular
size cannot be distinguished.

The assumption by Mori [66] is that the lowest retention
indicates that no preferential interactions are occurring
(i.e., exclusion chromatography only). Without any inter-
mediate data, however, this does not constitute proof that
a completely different mechanism is operative. 1In the pres-
ent study, the increased retention at 0% modifier could be
the result of an exclusion process. Perhaps the absence of
other solvent effects allows
pores and greater retention when no modifier is present.

If one ignores the 0% data, there is a smooth relationship
throughout the range of polarity. This is indicative of a
liquid-1liquid partitioning system, and further evidence for

a different mechanism when no modifier i

s presen

t.
If the separation mechanism is indeed partitioning, it
should follow trends predicted by liquid-licuid partition

theory. Equation 5 states the retention relationship on the
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2

o~

73w [Gg - 87 - (g - a7 (5

basis of solubility parameter theory [36], where K is the

log K =

distribution constant, V the molar volume and SR, SM’ 58
represent soiubility parameter values for solute, mobile
phase, and stationary phase, respectively. Since,

V.
X4 — - II
K =k T (6)

S
Equation 5 can be rearranged to give,

— Vv 2
log k = T3RT [(GR - SM)

- (8g - 8)714C (D)
where C is a term containing several constants. This equa-
tion is simiiar to that given in reference [511}.

Figure 8 is a plot of calculated values from Equation
7 using data from reference [70]. Here the stationary phase
is assumed to be the chloroform layer distributed inter-
stitially among the strands of the polymer. The mobile
phase parameters are calculated from the volume fraction of
each component in the binary solvent system. Equation 7
predicts a compiete reversal of retention order, which is,

of course, not observed.

applicability of solubility parameter theory. As expanded
treatment using specific interactions [68] is given in

Equation 8,

log k = (657 - (e9)?

i,k h N

- 285(s5 - &) - 26, 2(s5-6))
JEPUC N SR AT SN S
Zéd(ain éin) 250(60 60 )

- 253(6% - ag) , 26%(61; -shivc (8
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where 1 represents the solute, and j and k represent sta-
tionary and mobile phases, respectively.

Figure 9 is a plot of calculated values using Equation
8. This indicates the importance of specific interactions
in the chromatographic process. The retention order has
changed in several instances. Unfortunately, it still does
not match the experimental data.

It is reasonable at this point to assume that the gel
is interacting with the solutes. Treatment of the gel

phase as a binary mixture has some precedence [51]. The

appropriate expression in this case is

ctat = T8ge1 (l_f).GCHC],?)' (9)

where &* represents all the specific solubility parameters
and £ is the fractional contribution from the aromatic rings
of the gel. Benzene is used here since the specific solu-
bility parameters for poly(styrene) are not known.

Empirically, it was found that a good approximation of
the experimental retention order is obtained when f = 0.25.
The order on the polar side is correct, while the non-polar
side reflects some inconsistencies. However, the general
trends are the same.

Two glaring exceptions involve phenol and pyridine.
Phenol elutes later and pyridine earlier than expected.

Coincidentally, these two have the highest values for the
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hydrogen-bonding parameters Ga, éb‘ As more approximations

were made in deriving these values [71], it is possible the
Note, also, that all calculations predict a general
decrease in retention for CHCl3 as the mobile phase. This
adds further weight to the contention that, when predicted,
size exclusion effects are occurring '"predominantly'.
Another inconsistency illustrated in Figure 6 is at the
extremes of polarity, i.e. 50% modifier. Solutes show a
leveling off or actual decrease in retention. All calcu-
lations predict an increase. For the partition system, as
the modifier concentration is increased, a point will be
reached where the thermodynamic and concentration effects
no longer allow a distinct CHC13/gel phase to exist. At
this point the liquid-liquid system has broken down and a
liquid-solid sorption mechanism has taken its place. This
ry to that
Figure 10 illustrates this change in mechanism. The
mycotoxin citrinin shows pronounced tailing in normal ad-
sorption chromatography. Figures 10a-c indicate very little
tailing for this partitioning system. However, citrinin

SN% CcU_CN The
SUH Liqua. ~0e

3
mobile phase was changed to 30% CH3CN and citrinin injected

again, Figure 10d. The retention time has changed and

-

tailing is observed. Even after changing the mobile phase
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back to 100% CHC13, tailing was still observed. 1In addition,
retention times for test solutes could not be reproduced.
Furthermore, the original bed height could not be regener-
ated, even after pumping CHCl5 through the column for sev-
eral hours. These trends are indicative of irreversible
sorption on the gel.

This is inconsistent with other work [67] where it was
suggested that partitioning occurred in a wide range of
modifier concentrations, and performancze could be regener-
ated after exposure to 50% modifier. The data presented
here indicate that partitioning probably occurs at modifier
concentrations less than 407%. At high concentrations the
mechanism is more likely sorption.

Undoubtedly, all three mechanisms may be operating
simultaneously for all solvent systems. With enough data,
one could imagine a relationship describing the relative
importance of each mechanism as a function of the differ-
ence in solubility parameter of mobile and stationary phase.

It appears that the partitioning process is occurring
inside the pores rather than on the surface of the gel.

The poly(styrene) standard elutes in the void volume and
shows no signs of other effects, except in 50% cyclohexane/
benzene. Here, the standard was retained somewhat. The

void volume in that case is determined by components in a

real sample.
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It should be noted that the CHCl, retention values for
the test solutes could not be fitted to an absolute cali-
bration curve, i.e., no size or molecular weight parameter
produced a linear correlation. Hammett plots for substi-
tuted phenols show better correlations at 30% CH,CN than
0%, indicating polar effects, but the trend is not conclu-
sive.

The data make omne skeptical zbout the validity of the
term exclusion chromatography as applied to any solvent
system. Residual effects seem to be operating in all cases.
For other EC gels, such as Sephadex, where § gel is unknown,
it is not obvious which solvent is appropriate. Many, if
not most, EC calibration curves obtained from a homologous
series may merely be a summary of polarity effects, since
molecular weight and polarity are generally related in a
homologous series. Still, it should be emphasized that
such curves are useful, because despite whatever functional
group interactions are occurring, they are the same for
each member of a series.

Figure 11 illustrates a ''proper" calibration curve
for phthalate esters on Styragel with a CHCl3 mobile phase.
However., one cannot claim that this is non-in
chromatography (EC).

Finally, it should be emphasized that these solvent

effects are disadvantageous only if pure EC is desired.
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There are abundant examples that illustrate the advantages

of non-exclusion effects in achieving difficult separations.

Mixed Exclusion Chromatographic Solvent Systems

Since both CHCl3 and THF function independently and
well as EC solvents, a mobile phase mixture of the two was
investigated. Figure 12 illustrates the results. Aniline
and phenol were included in the experiments to indicate
possible hydrogen-bonding effects.

It is interesting that relatively non-polar solutes
such as benzene and toluene show changes in retention for
different mobile phases. Clearly, hydrogen-bonding is not
the only factor affecting retention. The decrease in re-
tention for phenol in the presence of THF containing sol-
vents is consistent with other observations [53], indicating
a hydrogen-bonded complex.

There is no obvious explanation for the change in
retention with 60% CHC13. It does not represent any simole

solvent ratio.

Exclusion Chromatography of Mycotoxins
Figure 13 presents data for mycotoxins under the same
conditions used to obtain the data given in Figures © and 7.
The data show the same general trends as the test solutes.

However, the multiple functional groups present make
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quantitative analysis difficult and produce greater rela-
tive changes in retention. The mycotoxins are, in general,
polar organic melecules and show the expected trends in a
liquid-liquid partitioning system, i.e., decreased retention
in a more polar mobile phase.

The reverse-phase system appears best for separation
of the mycotoxins in a real sample. The compounds tend to
elute in a similar range, allowing a 'class" separation of
polar materials from non-polar materials.

The effect of the polarity of the mobile phase on a
chloroform extract of refuse-derived fuel is shown in
Figure 14. First, note that a large fraction of the mate-
rial eluted in the void volume. This represents the
molecules (MW >500) too large to be included in the gel
pores. It is also the most highly colored fraction (brown
in this case). This illustrates one mechanism operating
1. T~ ~

.3 - S PR B, ) 1. PR N I
itn tne E,cl 410 aIrroras a very simp.ie iethod for reducin

114}

the complexity of the matrix.
As the mobile phase becomes more polar (CH3CN concen-
tration increasing), the less polar components spend more

time in the stationary phase and elute after the mycotoxins.

£
1L Lile

3]

:L}'CO
The optimum separation appears to occur with a mobile phase
containing 30% CH3CN. Apparently, a large portion of the

absorbing material is less polar than the mycotoxins. 1In



Figure 14. Chloroform extract of an RDF sample eluted with varying concentrations
of CH3CN in the mobile phase. The brackets indicate the elution times
of the mycotoxins: (a) 100% CHClj, (b) 10% CH3CN, (c) 30% CH3CN, (d)
507% CH3CN. The elution time for citrinin is indeterminate for this
mobile phase



RELATIVE ABSORBANCE

] 7 1" | T
| |
b C d
| . ] .g(\/\J
o, leI._L_f.L. gl L R e
O 10 20 0] 10 NO O 10 20 0 I0 20 30

TIME (min.)

[4°]



53

general, then, elution occurs in order of decreasing polarity
when CH3CN is present in the mobile phase.

Note that for mobile phases containing 50% CH3CN, some
material elutes very slowly from the column. In fact, some
colored components could not be removed from the column
with this solvent system. Sorption, not partitioning, must
be the principal mechanism. This is further evidence that
liquid-1liquid partitioning may not occur over a wide range
of solvent modifier concentrations. The retention volume
of the last eluting component (i.e., the peak capacity of
the column) changes in Figure 14. This is contrary to what
is expected of a stationary phase which operates by exclu-
sion only.

Styragel can be used in a manner that one can control
the relative contribution of three different separation
modes on one stationary phase by choice of mobile phase.

In this case, partitioning and exclusion were combine

[}

to
achieve better sample preparation than was possible by

other methods. Since the stationary phase is relatively
nonpolar, it will be most useful in the reverse-phase

mode. The column packing is relatively inexpensive and
reusable, even on a semipreparative scale, if suitable pre-
cautions are taken. This procedure should be useful for
many difficult separation problems, especially when judicious

use is made of specific interactions (i.e., hydrogen-bonding).
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MODIFIED FLORISIL FOR RAPID SAMPLE PREPARATION

Introduction

Although the Styragel column described in the previous
chapter provided a good separation of the sample extract,
the amount of material collected (~1 mg) exceeds the capacity
of the Thin Layer Chromatography plates used for quantita-
tion. The background fluorescence levels were also higher
than desirable. Additional sample preparation steps were
deemed necessary.

Since a small amount of material was present in the
aflatoxin fraction, a short chromatographic column imme-
diately following the Styragel column seemed appropriate.
It was also necessary to minimize the time and extent of
sample handling involved.

Since the Styragel column involved liquid-liguid
partitioning as a separation mechanism, an adsorption
material (i.e., liquid-solid interaction) was chosen for
the second column. Initially, small (5-20 mm) columns of
various adsorbenis weire packed into disposable Pasteur
pipettes. The adsorbent was supported on either side by
a small amount of diatomaceous earth. The aflatoxin
containing fraction was allowed to flow through these

columns. Acidic alumina, neutral alumina, and silica were
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selected as adsorbents. With 30% CH3CN/CHC13 as the eluent,
the aflatoxins passed through the silica, along with most
of the components in the sample. Both alumina cclumns re-
tained some fluorescing material, while the aflatoxins
passed through. The overall background level was reduced,
but not significantly.

It has been suggested that mixtures of common adsor-
bents could alter the selectivity compared to a single
adsorbent [72].

A 2:1 (w/w) mixture of charcoal/diatomaceous earth
gave a clear eluate, but retained the aflatoxins so strongly
they could not be subsequently removed. DMixtures of
charcoal/alumina behaved as the charcoal columns. Mixtures
of alumina and Florisil would tightly sorb the aflatoxins

when 30% CH3CN/CHC13 was passed through the column. Much

of the interfering material passed through the column.
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certain solvents. In all cases, acetone or HZO/acetone
mixtures eluted the aflatoxins in a smaller volume than any
other solvent. Furthermore, Florisil above gave better

recovery of the aflatoxins and was studied further.
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Chemical Properties of Florisil

Florisil is a mixture containing approximately 84.0%
§i0,, 15.5% Mg0O, and 0.5% NaZSO4 by weight [731. The
adsorbent possesses permanent acidic properties, and
chemisorption is common. Therefore, tailing is often
observed. The chemisorptive properties, and retention,
are very sensitive to the amount of water present. It
has been suggested that at least 1% (w/w) H,0 should be
present for the most reproducible properties [74]. This
may be accomplished by first activating the adsorbent at
400°C for 16 hours, followed by addition of H,0 and
equilibration on a wrist action shaker for 48 hours. The
solvents most often used for eluting materials are pentane,
methylene chloride, and benzene.

Flerisil has been suggested for use in the analysis

for aflatoxins [75]. After packing, the adsorbent is

vated with 5% (w/w) H,0. However, this is designed for
relatively high levels (>1 ng) of aflatoxins. 1In the
present study, aflatoxins could not be recovered when added
to a Florisil column at levels less than 500 pg. Deacti-

% HoO or 1% acetic acid, or treatment of
packed columns with 1% acetic acid/CHCl3, 1% HZO/acetone,

4% H20/acetone, or 5% acetic acid/hexane gave recoveries

in the 40-70% range. Elution of the aflatoxins with 50%
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H20/acetone or various combinations of HZO’ methanol, acetic

acid, and acetone also gave poor recoveries.

Chemical Deactivation of the Adsorbent

The chemisorption by Florisil is probably due to
formation of an organo-Mg complex. The likely points of
interaction are indicated in Figure 15. The carbonyl
interaction seems most reasonable, considering that acetone
disrupts the complex and elutes the aflatoxins.

An attempt was made to mask, or at least reduce, the
extent of Mg-interaction with the aflatoxins. Four dif-
ferent chelating agents were mixed with Florisil in equi-
molar amounts corresponding to the Mg present (3.8 mmol/g).
Thus, 3.8 mmol ethylenediaminetetraacetic acid (EDTA),
8-hydroxyquinoline, tartaric acid, or oxalic acid dihydrate
were dissolved or suspended in acetone. Each solution was
added to 1 g Florisil, suspended in acetone, and stirred
several minutes. The supernatant liquid was removed and
the solid dried. Each combination was examined for the
ability to retain aflatoxin when applied in 30% CH3CN/CHC13,
and the ability to release the aflatoxins with 47% HZO/acetone.

The adsorbent treated with 8-hydroxy-quinoline produced
a large amount of green fluorescence, indicating chelation
with Mg. A significant amount of material leached from the

column, and this combination was not studied further. The
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Figure 15. Proposed points of interaction between Mg+
and aflatoxin Bl
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EDTA-treated adsorbent destroyed the fluorescence of the
aflatoxins and for this reason was not studied further.
Tartaric acid and oxalic acid-dihydrate worked well, gquali-
tatively, but oxalic acid was chosen partly because of its
solubility in acetomne.

This oxalic acid-modified Florisil showed some residual
chemisorptive properties and it was necessary to deactivate
further with H,0. Samples of Florisil deactivated with 5%,
7.5%, and 10% (w/w) H,0 showed better recoveries when packed
in 2 6 x 9 mm column. The 7.5% deactivated column was
chosen. Furthermore, when the column length was increased
to 22 mm, the recovery of all aflatoxins was >507% when 380
pg each was injected.

The purpose of the oxalic acid was to complex the
"most active' Mg sites in the Florisil. Obviously, some
Mg atoms will be more accessible to compomnents in the mobile
phase, while others will be
occluded in the matrix (i.e., "less active"). The equimolar
amount of oxalic acid added would assure that all Mg atoms

are complexed if necessary. However, it is unlikely that

all oxalic acid would be complexed. In fact, some acid is

recovered in the sunernatant 13
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has not been quantitated.
In unmodified Florisil samples, aflatoxins were sorbed

at the top of the column. When deactivated with oxalic
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acid and HZO’ aflatoxins would elute slowly through the
column while the fraction was being collected. Thus, while
collecting a 3.5 mL fraction, some aflatoxins would elute
from a Florisil column less than 15 mm long. This extent
of deactivation was considered necessary to prevent losses
at low levels (<500 pg).

It should be noted that aflatoxins elute from the
Florisil in the order G2, Gl, B2, Bl. This is the order
expected after elution from the Styragel column (i.e.,
reverse phase). Thus, losses due to early elution from the
Florisil column are only of concern for G2.

After collection of the aflatoxin fraction on Florisil,
it was possible to elute interfering compounds without
losing aflatoxins. Thus, more background fluorescence and
interfering peaks were removed with 1.2 mL 20% methanol/
CHC13. Aflatoxins were completely removed with 5.0 mL

47, H20/acetone.

Column Design
Figure 16 illustrates the design of the Florisil column.
The two pieces are machined from a Teflon rod. The packing
is held in place by two pieces of 270 mesh brass screen
which have been soldered to small washers. The lower screen
fits snugly into the packing compartment. The upper screen
fits into a lip at the top of the packing compartment. A

tight seal is made between the rim of the lower section and
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the upper cap. The external connections accept standard
Cheminert® fittings. Florisil is dry-packed into the column
with tapping. Each column accepts approximately 300 mg
Florisil.

Figure 17 illustrates the two valves used for stream
switching between the Styragel and Florisil columns. Each
valve is a 3-way slider-type designed to work with standard
Cheminert fittings. The valves are mounted above each other,
immediately following the detector. When Valve-1 is in
position "A", the mobile phase passes to a waste container.
Position "B" diverts the mobile phase to Valve-2, which must
be in position "A", for collection of the aflatoxins con-
taining fraction. After the fraction has been collected,
Valve-1 is moved to position "A" and Valve-2 can be moved
to position "B'. This connects the Florisil column to a
5 mL syringe for elution of interfering components (1.2 mL
20% methanol/CHCl3) and then aflatoxins (5 mlL 4% HZO/ace—
tone) .

Thus, while the remaining material is eluting from the
Styragel column, the sample is undergoing a second separa-
tion. The aflatoxins are collected in a 10 mL pear-shaped
flask and the solvent evaporated. Losses due to transfer
between glassware and column are eliminated, and exposure
to solvents is minimized without increasing the time

required.
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Figure 17. Schematic diagram of stream switching valves
between the Styragel and Florisil columns
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NEW TECHNIQUES FOR THIN LAYER CHROMATOGRAPHY

Introduction

Thin Layer Chromatography (TLC) was first proposed as
a "new chromatographic technique" in 1951 [76]. The term
TLC was first applied in 1956 [77]. Like other chromato-
graphic techniques, TLC has enjoyed a period of extensive
growth.

The technique involves coating a flat surface, usually
glass, with a thin layer of adsorbent (silica gel, alumina,
Florisil, cellulose, etc.). A sample dissolved in a suit-
able solvent is applied to the plate and is allowed to flow
through the adsorbent, usually by capillary action. Compo-
nents in the sample will migrate, in the direction of flow,
a fraction of the distance of the leading edge of solvent.

This fraction is designated, RF’ where

distance solute hags moved

®F = Jistance solvent front has moved. (10)
By definition O<RF<1.
RF is related to other chromatographic terms by

equations 11-13,

_ 1
Re = T35 % (1)
A
k=KV_S (12)
M
1-R
F
Ry = log( Y = log k. (13
%y .



65

where k is the distribution constant, AS the area of adsor-
bent, and VM the volume of the solvent.

The mechanism causing separation in adsorption chroma-
tography is competition between solute and solvent for
adsorption sites on the surface of the stationary nhase [78].
Whether or not a solute molecule will be displaced by a sol-
vent molecule depends on the relative energies of adsorption
of each.

More detailed treatments are provided in the classic
works of Stahl [79] and Snyder [80].

As the mobile phase mixture proceeds up the plate, the
polar components will be preferentially sorbed to the sur-
face. This occurs until that component is removéd from the
mobile phase. As fresh solvent is continually fed in at the
bottom of the plate, a second frontal line of polar solvent
develops which follows the main mobile phase front. Fronts
are designated c-, B-, Y- etc. Each front moves at a given
fraction of the rate of the a-front.

Thus, the area '"above" any given front will be depleted
of the component forming that front. Alfter develonment, if
a solute is not located below the last demixing front, then
the polar mobile phase components causing the fronts below
the solute are not necessary.

It should be noted that maximum resolution in TLC

occurs for RF values in the range 0.2 - 0.5 [81].
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Application of the Sample

The application of the sample onto a TLC plate is
important since this determines the minimum spot size and,
hence, resolution. The sample is usually applied in a
volume of 2-10 ul with commercially available disposable
glass micropipets or a 10 ul syringe with a #3 needle
(flat tip).

Micropipets are easier to handle and operator error
due to non-reproducible filling of a syringe is not a
problem [82]. However, the micropipets are filled by
capillary action and when chloroform (CHC13) solutions are
applied, as is usually the case here, the weight of the
solutions is too great to aiiow complete filling by capil-
lary action. If a 5 pL pipet is "filled" in a nearly
horizontal position and then placed vertically, nearly half
the solution will drain out, forming a drop on the tip.
Application of a small spot is difficult in this case. In
addition, there is a possibility that the pipet may not
always fill completely. Evaporation at the tip may also
create problems.

Delivering 5 pL of solution with a 10 uL syringe was
found to be more reproducible. Using 1 ng aflatoxin Bl
and the fluorescence system to be described later, the
percent relative standard deviation (7% RSD) for six developed

spots was 8.9% and 2.3% for application with a micropipet and
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syringe, respectively. Analysis of the applied spots before
developing gave similar results. Hence, syringes were used

for all remaining work with standaxrds.

Pre-Development of the Spot

In TLC, band broadening will always reduce the resolu-
tion between two components by increasing the width of the
spots in the direction of development. To improve resolu-
tion, the sample spot should be as narrow as possible in
this direction. It is important to note that this does not
change the chromatography (i.e., Rp values remain unchanged),
but merely the "apparent'" resolution due to the decreased
width of each sample spot. This was first demonstrated by
Fessler and Galley [83]. After application of the sample,
the plate was dipped in a solvent for which R

F
components (e.g., methanol), and allowed to develop for 1

= 1 for all

minute. All components in the sample followed the solvent
front, producing a narrow band immediately above the loca-
tion of the original circular spot.

The same effect has been
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;7 commercially
available "Pre-Adsorbent" TLC plates [84]. 1In this case,
the pre-adsorbent zone has a low activity such that RF =1
for all components in any solvent. During development, the

sample is compressed to a narrow band while in the pre-

adsorbent zone, and enters the main adsorbent area as such.
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Unfortunately, thewidth of the band cannot be controlled
due to the low activity of the pre-adsorbent. If the entire
spot cannot subsequently be analyzed because cf instrumental
limits, a higher detection limit may result. An adaptation
of the method of Fessler et al. [83] was used instead.

After application, the TLC plates were pre-developed
15 seconds in 1:1 (v/v) methanol/CHC13. The result for
aflatoxins is shown in Figure 18. The decrease in spot
width increases resolution after development.

For real samples, the amount and chemical nature of
the applied material required different solvents for pre-
development. The methanol/CHCl3 mixture would not pass
"through" the spot, but flowed "around" it, causing distor-
ted spots. A mixture containing a more non-polar solvent
was necessary. The non-polar solvents appeared to ''wet' the
spot area, allowing better solvent flow through the spot
development stages. A 3:7
(v/v) mixture of ethyl ether/acetonitrile was chosen for
real samples. The solvent mixture was allowed to flow just
beyond the visible edges of the spot. This required about
10 seconds, after which the plate was dried. R, = 1 for

mnd e
“CTL

2.1 alimeead T2 1. -
€¥ild1L Snoweld Liccie O

y this mixture. Some ma
no movement in ethyl ether/acetonitrile. However, this
material also showed little movement in the main developing

solvent mixture and did not interfere in the analysis.
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Figure 18. Effect of pre-development on the fluorescence scan

profile of afliatoxins: (a) after application to

the plate, (b) after pre-development (methanol/
chloroform)
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Background Fluorescence and Removal of Impurities

The level of background fluorescence on the TLC plates
varied from plate to plate. An intense fluorescent band
was always found migrating with the 8-solvent front ({-amyl
alcohol front). The intensity of fluorescence decreased
slowly behind the front and created a changing baseline in
the region of the plate containing the four aflatoxins.

The level and rate of change was unpredictable and prevented
analysis at higher amplifier sensitivities (less than lxlO-8
A full scale). The impurity could have been present in
either the salvent or the plate. Under long-wave UV radia-
tion (360 nm), the material fluoresced yellow.

All components in the developing solvent were purified,
except formic acid, which showed no fluorescence. After
purification, no residual fluorescence was noted in concen-
trated solutions of each of the solvents. Furthermore, the
t band and tailing were not significantiy reduced
when purified solvents were used in the developing mixture.

Figure 19 further indicated that the impurity was
present on the TLC plate. Following the application cf 5 uL
purifisd methanol to a plate, a fluorescent scan indicated

-~ L I - ary
that the methancl had "'eluted

some imaterial. The ‘'peaks”

appeared visually as a circle of radius slightly smaller

than the circle corresponding to the methanol applied to

the plate. The lower fluorescence level within the spotted
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Figure 19. Fluorescence scan across an untreated TLC plate
following application of 5 ulL purified methanol
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region indicated that the impurity was indeed in the plate,
not the solvent. A similar experiment with cleaned plates
produced no change in background level.

Single or double development of a TLC plate with
purified methanol moved the impurity to the upper half of
the plate, but significant tailing remained in the region
of interest. Continuous overnight development in methanol
produced plates with little change in background intensity.
The impurity could be seen as a dark yellow band at the top
of the plate.

After removal from methanol, the plates were dried in
a vacuum desiccator (<0.1-mm Hg) for 1 hour in the presence
of a heat lamp. This was preferred to oven drying, which
often produced background "spikes'', probably from physical
disturbances on the plate during heating.

The pre-cleaning step changed the nature of the surface

(decrease) in resolution was not significant. All cleaned
plates were deactivated to a reproducible level by storage
in an atmosphere containing 48% relative humidity (saturated

KSCN solution).

Design and Use of a Sample Applicator for TLC
When applying samples to a TLC plate, the size and exact

location of the spot were difficult to control. Evaporation
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of the solvent was the rate-limiting step. The ability to
place the material in a pre-determined and reproducible
position for analysis was considered an unneccesary variable.
Several commercial "applicators' were available, but they
could not control both spot size and location. Most con-
sisted of an application region flushed with air (or Nz) and
a ruled edge for spot location. The fixed position appli-
cators were more expensive and only suitable for syringe or
pipette, not both. An applicator was neecdzd which could
rapidly evaporate solvent, allow for reproducible position-
ing of the sample, and permit use of syringe, pipette, or
other sample introduction techngiues.
Design

This applicator was designed to accept 5x20 cm TLC
plates. A 5-10 cm channel was milled in a clear 7.5x14 cm
Lexam® block. The slot depth matched the thickness of the
TLC plate, including the adscrbent layer. Three holes were
drilled in the block, approximately 13 mm from the bottom
of the milled channel. The center oI each hole corresponded
to assigned micrometer settings on the fluorometer, allowing

exact placement of each sample for analysis. Two brass

ingertes were machined t¢o £fit in hele 2s shown in

Figure 20. The top insert allowed a pipette or syringe
needle to contact the surface of the plate at the center of

the hole. The lower insert helped direct the gas flow to
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Figure 20. Schematic diagram of upner and lower brass
inserts for TLC apnlicator
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the center of the spotting area. Gas flow was provided to
each application area through a manifold machined in the

lock. Standard fittings allowed connection to a compressed
N2 tank.

The entire assembly was mounted on a larger Lexan block,
and fastened vertically. This allowed application of CHCl3
solutions with 5 uL pipettes in a horizontal nosition, thus
preventing draining of the pipette before spotting.

For real samples, it was difficult to work with small
(i.e., <30 ul) volumes due to evaporation. Larger volumes
required multiple applications which often damaged the ad-
sorbent layer and syringe. Dilution of the sample to a
standard volume and application of a small fraction would
unnecessarily limit the ultimate powers of detection.

Further modification was necessary to allow application
of the entire sample. The aflatoxin fraction was collected
in 2 pear-shaped 10 mi fiask with a 14/20 standard taper
neck. A machined Teflon plug fit snugly into the neck of
the flask. A 1 mm 0.D. Teflon tube passed through the plug
to the bottom of the flask. The other end of this tubing
was coiled into three loops. The free end could then be
placed into the brass insert and positioned immediately
above the surface of the plate. A second length of tubing‘
was inserted into the Teflon plug. The free end was fitted

with a 1 mL syringe (Leur tip). This allowed a slight
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positive air pressure to force the sample through the tubing,
directly onto the TLC plate.

This modification worked best when the entire sample
volume could be drawn into the coiled secticn of the tubing.
Because nitrogen flow evaporated the solvent at a slower than
expected rate, it was necessary to apply the sample as a
series of small (3-5 pL) aliquots by momentary application
of a small positive pressure with the syringe. An aliquot
could be applied every five seconds. Thus, a 150 plL sample
could be apglied in 3-4 minutes, producing a small spot
with no damage to the adsorbent layer.

Spotting solvent

The size of the sample spot is influenced by many
variables, but the most important is probably solvent po-
larity. Each sample application can be considered a small
scale chromatographic system. The solvent will "elute' the
sample to an extent determined by the relative polarirty of
solvent and sample, and strength of adsorbent. Therefore,
the polarity of the solvent should be as low as possible to
produce a smaller spot.

Aflatoxins are known to sorb to glass. A more polar
solvent was recommended Ior complete removal. However, the
need for a small spot size required a compromise. After
removal of the solvent in the aflatoxin fraction (5 mL 4%

HZO/acetone), 100 pL 1.5% acetone/CHCl3 was added to the
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flask. This assured complete recovery from the walls of
the flask and any residual Florisil which might have been
flushed from the column. An additional 50 plL of hexane was
added to reduce the overall polarity of the solvent. This
150 yL mixture was then applied to the plate as described
previously. A check of the procedure with standards showed
no losses. Figure 21 illustrates the spot shapes obtained
using these techniques. Note the difference in spot width
when CHCl3 is the solvent (Figure 2lc), compared to 40%
methanol/CHCl3 (Figure 21b).

In addition, the applicator is useful for protecting
O2 or H,0 labile compounds from decomposition. Aflatoxins
Bl and Gl are H20 sensitive, which requires solvent evapora-

tion with N, flow in the applicator, both after pre-develop-

ment and developizent.

Developing Solvent
A variety of solvent
separating the four aflatoxins [5]. 1Individual TLC plates
and laboratory conditions vary to such an extent that a
universal developing solvent is not practical. A test of
all suggested solvent systems indicates that a mixture of
chloroform, <co-amyl alcohol, trichloroethane, and formic
acid provides the best separation.

Further experiments revealed that trichloroethane did

not significantly affect resolution. The best resolution
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Fluorescence scan profiles of 500 pg each of the
aflatoxins obtained using the TLC sample appli-
cator: (a) in 5 uL 40% methanol/CHCl3, no N,
flow (b) 1n S uL 40% methanol/CHC13, Ny flow,
(\-) in 5 M Cuu.:. n" fluw, \U/ it .LJC HL \100

L 1.5% acetone/éHCl3, 50 uL hexane), Ny flow
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was obtained using CHC13/iso—amyl alcohol/formic acid (95+
4+1). Plates were developed for 1 hour in cylindrical con-
tainers in an atmosphere saturated with solvent vapor
(filter paper liners). After initial solvent removal with
the TLC sample applicator, the plates were dried 30 minutes
in a vacuum desiccator (<0.1 mm Hg). Failure to remove the
developing solvent completely resulted in additional back-
ground fluorescence.

Few generalizations could be drawn concerning optimi-
zation of separation. Increasing concentrations of formic
acid increased the resolution between the B-group and G-group
of aflatoxins. However, Bl1/B2 and Gl/G2 resolution was
poorer. Iso-amyl alcohol had the opposite effect.

For real samples, a blue fluorescing component appeared
near Bl. Addition of 5% or 10% hexane to the mixture im-
proved the separation. The eventual use of an internal
regquired some Compromises in resolution. However,
the best resolution for the five peaks and most ccmplete
separation from interfering components was obtained using
CHC13/hexane/iso-amyl alcohol/formic acid (89.4 + 5 + & +
1.6). Values of R, for the aflatoxins and internal standard
are given in Table VI.

The developing solvent mixture is not stable for more
than one day. Resolution deteriorates and RF decreases,

presumably due to formation of {so-amyl formate.
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Table VI
Values of RF for aflatoxins and internal standard in chloro-

form/hexane/iso-amyl alcohol/formic acid (89.4 + 5 + 4 + 1.6)

Bl 0.32
B2 0.25
Gl 0.22
G2 0.16

Int. Std. 0.14
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Fluorescent Derivative of Sterigmatocystin

Sterigmatocystin exhibits weak natural fluorescence.
An aluminum derivative, however, produces a more intense
yellow fluorescence. An ethanol solution of AlCl3-6H20 is
sprayed on the plate and fluorescence is observed after
heating [5]. The intensity of fluorescence is sensitive to
the amount of A1C13 added, but too much causes diffusion of
the spots.

A better solution is saturated AlCl '6H20 in CHClS/

3
methanol (90+10). After heating at 130°C for 5 minutes, the
spot is smaller. If aflatoxins are to be determined on the
same plate, a slight loss of fluorescence intensity will be
noted after heating. However, the loss of fluorescence

intensity is less at 130°C than if the plate is heated for

a longer time at a lower temperature.
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ANALYSIS OF TLC PLATES BY LASER FLUORESCENCE

Apparatus

The TLC fluorescence scanning system consists of a
pulsed N, laser which emits light at 337.1 nm. The laser
output is focused to a sharp line with a cylindrical
quartz lens. The incident radiation strikes the plate at
an angle of approximately 45°. Fluorescence normal to
the plate is focused onto the entrance slit of a l/4-meter
monochromator, which is set at 440 nm. The current pro-
duced by the photomultiplier tube is amplified and directed,
through an RC time constant circuit, to a digital volt-
meter, an X-Y recorder, and an integrator. A block diagram
of the system is given in Figure 22.

The TLC plate is held in a screw-driven slide assembly
on the bottom of an enclosed box containing the focusing
and light collecting optics. The laser is focused on the
TLC plate, which is scanned manually across the beam. The
screw drive also turns a 10-turn helical potentiometer.

The voltage drop across the potentiometer, provided by a 9V
battery, drives the X-axis of the X-Y recorder. This allows
scanning in either direction and permits the operator to
stop/start the scan when necessary.

Figure 23 describes the integrator developed for this

system. An optical interrupter mounted on the screw of the
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plate drive signals the integrator every 1l/4 turn. This
turns the timer integrated circuit (IC) "on'", allowing the
//F converter and counter to collect data from the voltage
output of the amplifier. The length of time the IC is "on"
is determined by the RC-constant of the IC, which can be
varied with a 10-turn potentiometer. The result is a histo-
gram of data points, the sum of which is provortional to the
area of the peak. Approximately 25-30 points are collected
for an average spot on a TLC plate. The X-axis for this
system is position instead of time. Since the integrator
only '"'counts' when '"triggered" the scan can be stopped at
any position (time) without loss of data. This equipment
was designed and constructed in collaboration with Mal Iles

(Spectrochemistry Group, Ames Laboratory - USDOE).

Optimization of Parameters

The laser output was restricted by a 5 mm diaphragm
before focusing. This provided a sharper focused image on
the TLC plate. Smaller diaphragm widths produced sharper
images, but with no improvement of the signal/noise ratio.

All optical components were adjusted to maximize the
signal reaching the photomultipnlier. The collection optics
were focused with 430 nm light from a Hg lamp.

A considerable amount of electrical noise was present

9

when using the most sensitive amplifer scale (1 x 1077 A

full scale). The noise was time related, and therefore not
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a problem with spatial irregularities on the TLC plates.
Operation of the laser at different nitrogen pressures
failed to produce any improvement.

The background and noise levels were measured for
varying source intensity using neutral density filters. A
constant ratio would indicate noise in the source, due to
a linear dependence of both variables on source intensity.
However, the noise was found to be an approximate square-
root function of the intensity, indicating that the noise
was in the photomulitiplier tube. The tube was replaced with
one less sensitive to red light which did not require
cooling (RCA 1P28).

The pulse rate of the laser (20 Hz) and the noise made
it difficult to maintain a proper baseline with the offset
on the amplifier. A 500 ms time constant was placed in the
circuit after the amplifer. This influenced the pen on the
X-Y recorder, digital voltmeter, and the integrator. Stable
baselines were obtained, but the scan rate was reduced to
0.5 - 1 minute per peak. Typical reproducibility values
(% RSD) for a set of developed spots were 1.7, 1.5, 2.7,
and 1.6% for aflatoxins Bl,, B2, Gl, and G2, respectively.
These reproducibility values include the fact that photo-
decomposition decreased the peak area after each scan.
Actual reproducibility values (i.e., not including decompo-

sition) should be lower.
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Determination of Aflatoxin Standards

Figure 24 illustrates the fluorescence emission curves
for the 4 aflatoxins, the internal standard, and background
(Aex=337.l). The wavelengths of maximum emission for BL,
B2, Gl, G2, internal standard, and background are 428, 426,
442, 438, 432, and 405 nm, respectively. All subsequent
data were collected at 440 nm, which provided the best
compromise between the fluorescence of the aflatoxins and
background.

Figure 25 represents typical scans of developed TLC
plates at 3 different concentrations of aflatoxins. The
direction of development is to the left in the figure. The
individual peaks are, left to right, Bl, B2, Gl, G2. Note
that 10 pg appears to be the detection limit for this sys-
tem. At the amplifier sensitivity used to detect 10 pg,
plate irregularities become the limiting factor. Also,
photodecomposition occurs to such an extent that, below 150
pg, only one scan across the spots is allowed. Subsequent
scans show significant (i.e. >25%) loss.

In Figure 25a, the baseline is easily adjusted to zero
with the amplifier offset. The resolution is sufficient so
that the integration is stopped/started at the valley be-
tween peaks. However, as shown in Figures 25b and 25c,
below 500 pg the change in baseline over the region of

interest is too great, relative to peak heights, to allow
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proper use of the offset.

Figure 25b and 25c¢ illustrate the method of background
correction used. The offset is adjusted so that the lower
background level, usually at lower RF than G2, has a posi-
tive value. The stop/start points for the integration of
each peak are indicated by the vertical lines. The hori-
zontal line representing ''zero" is also shown. The area of
the resulting trapezoid is then measured. In a separate
experiment, it has been determined that the conversion factor
for this system is 4.15 integrator areas/mmz. This number is
then subtracted from the area obtained from the scan to
obtain the peak area.

A calibration curve for the 4 aflatoxins using these
techniques is shown in Figure 26. The curves apnpear linear
over almost two orders of magnitude. There is some curva-
ture above 1000 pg. The %RSD for each set of data points
ranges from less than 5% for higher concentrations to 25%

for the lower concentrations.

Fluorescence Enhancement
It has been reported recently that TLC fluorescence
could be enhanced b te with viscous scl-
vents (i.e., paraffin oil/hexane, glycerol/methanol)
[85]. Fluorescence enhancement factors were revorted to be
greater than 10 for some compounds. It was not possible to

spray uniformly a reproducible layer onto the plate.
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Instead, plates were dipped in 5-50% solutions of paraffin
oil/hexane until the plate coating appeared uniform. After
initial solvent removal, the plates were dried and analyzed.
Figure 27 illustrates the enhancement for two aflatoxins.
The maximum occurred near 30% paraffin oil. An example of
the enhancement is given in Figure 28.

The mechanism of enhancement is not obvious. The pezk
shape did not change and there were no changes in the emis-
sion spectrum.

Fluorescence quenching by 02 has been often observed
[86]. The paraffin o0il could function by excluding 0, from
the surface of the plate. The system was adapted so that
N, could be flushed over the plate at the point of excita-
tion. Cooling of the N, on the plate with liquid N2 Dro-
duced no additional fluorescence.

Fluorescence enhancement factors for nitrogen are
given in Tabie VII. Nitrogen alone provides 60-70% oI the
enhancement produced by paraffin oil. However, it is not
clear whether this indicates a different mechanism or lower
0, exclusion efficiency for this particular case. If a
small amount of O2 is allowed to mix with the N, flow, the
fluorescent intensity is reduced to the level observed in
air. Pure 0, almost completely quenches the fluorescence
of the sterigmatocystin-Al derivative, while the fluores-

cence ¢f the aflatoxins is decreased by a factor of two.

e U
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Table VII
Fluorescence enhancement factors for the four aflatoxins and

the sterigmatocystin-Al derivative (SMAl)

Enhancement Factor

N, 30% Paraffin 0il 20% Glycerol
SM, 4 3 3.3 7.3
Bl 1.3 2.4 0.8
B2 1.3 2.2 1.1
Gl 1.5 2.3 0.7
G2 1.5 2.7 1.1
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Figure 28. Fluorescence scan of & aflatoxins on a developed
TLC plate: (a) after exposure to 30% paraffin
cil/hexane, (b) before exposure
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These data seem to indicate that the paraffin oil functions

by reducing O2 quenching.

An attempt was made to correlate the enhancement with

fluorescence lifetimes.

signal vs. time were recorded

Photograrhs of the photomultiplier

from an oscilloscope. Plots

of log (intensity) vs. time were made for the time period

starting after the laser pulse began to decay (10-15 ns).

Assuming a first order decay,

the slope of the linear por-

tion would be -k/2.303 where k represents the decay con-

stant.

T =

1/k

Results are given in Table VIII.

there appears to be no direct
and fluorescence enhancement.
since the background lifetime

the mycotoxins, time-resolved

~CC . A B e e — e A 2
oLier 10 4 pLovewellie Ll

g
While paraffin oil did

The lifetime, T, was defined as,

(14)
Unfortunately,
relationship between lifetime
It should be noted that
is of the same magnitude as

(i.e., gating) techniques

T increase the fluorescence of

the aflatoxins, it also increased the noise and background

levels.

Its primary advantage here would be mainly to pro-

tect developed plates from decomposition and was not studied

further.
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Table VIII

Fluorescent lifetimes (1) for mycotoxins

T (ns)
0, N, 30% Paraffin 0il 20% Glycerol
SM, 1 7.2 14.7 15.6 12.8
Bl 5.3 8.6 5.3 4.4
B2 4.6 7.4 4.5 7.7
Gl 6.6 8.8 8.2 6.0
G2 6.1 8.4 8.0 7.2
Background 5.7 11.4 6.2 4.6
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Quenching Phenomena

All previous steps in the analytical scheme have shown
essentially quantitative recoveries. However, when 500 pg
each of the aflatoxins was added to the sample just before
application to the spot, a 50-707 recovery was obtained.

In Figure 29, the peak heights (or areas) are less than
the same level of standards developed on the same plate.
Notice, however, that the aflatoxins are resolved without
interference from matrix components. In fact, the lower
background on this section of the plate provided a "window
of vulnerability" to analysis.

The recovery was not dependent on the concentration of
aflatoxins added to the plate. When up to 2 ng was added to
the sample, the recovery remained constant when compared to
similarly treated standards. This eliminated any constant
mass losses .ae to chromacvography or sample handling prob-
lems. In addition, dilution of the sample did not increase
recovery.

To eliminate specific chemical interiferences, samples
were extracted with equal volumes of various reagents before
injection ontc the Styragel column. Thus, extractions with

’Z/OH', and 5% EDTA had

0.1 M HC1, 5% NaOH, 1% KMnO, , 5% S04
little effect on recovery. While some individual matrix
components were affected by some reagents, the overall back-

ground level was unaffected. The absorbance trace of
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material eluting from the Styragel columns did not change.
The data indicate an absorption type of quenching.
Emission spectra of the aflatoxins did not change in the
presence of the matrix, eliminating coupling between similar
states of background and aflatoxin. It is possible that the
background absorption is so high that the incident intensity
(Io) is effectively reduced. The effect would be a '"lowering"
of the aflatoxin calibration curve, since fluorescence in-
tensity is proportional to I,. Unfortunately, losses are
also observed in spiked peanut butter, where the background
fluorescence level is only slightly higher than background.
This indicates a change in surface characteristics such as
absorptivity and scattering coefficients. Both background

absorption and surface phenomena are probably responsible.

Development of an Internal Standard

Fluorescence loss due to matrix effects should be
corrected through the use of a internal standard. It is
assumed that the added intermnal standard will be affected
by the matrix to the same extent as the aflatcxins. There-
fore, the area ratio of aflatoxin/internal standard should
remain constant for real sample or standard.

For this analytical problem the selection of an appro-
priate standard is difficult. The compound must absorb
light at 337.1 nm and fluoresce at 440 nm. Its Rp value

must be similar to that of the aflatoxins and fell within
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the analytical "window" created by the background fluores-
cence. An aflatoxin derivative seems most appropriate.

The synthesis of an internal standard is illustrated
in Figure 30. A commercially available derivative is
aflatoxin G2a. It is formed by hydration of the double
bond in the furan ring of aflatoxin Gl. The RF value for
G2a is very low (<0.1l) and unsuitable. It is known that
alcohols adsorb strongly to silica. This explains the
greater retention of G2a, since the rest of the molecule
remains unchanged. The retention of the molecule should be
reduced (i.e. greater RF) by modification of the alcohol
moiety. This is most readily accomplished through esteri-
fication, since esters are not retained as strongly on
silica.

Inductive effects

™~

Figure 31 illustrates retention characteristics of
series of substituted acetate esters of GZa (GZa-0Ac). As
expected, G2a-0Ac has a greater Rp value. It is now par-
tially resolved from G2.

Using similar arguments, one could predict a change
in retention of the ester if its electronic characteristics
were altered. By polarizing the ester bonds, the energy of
adsorption, and, as a result, retention, would increase
(i.e. lower RF). This can be accomplished by introducing

electronegative Cl-atoms. Due to the complexity of the



FFigure 30.

Synthesis of the

HCl/HZO
“THF >
HO™ O
G2a

internal standard

0
b rbar
RC-C1
CHC13,

pyridine

Ri-om‘l

-}

G2a-0Ac
for R==CH3

¢01



0 l l
Rgl 0- 0(,H3ﬂ

M

Figure 31. Retention characteristics of substituted esters of aflatoxin G2a

€01



104

molecule, the effect is not pronounced here, but the dis-
tance between G2 and the ester derivative does increase with
increasing Cl-substitution. The actual resolution is better
than indicated in Figure 31, due to the presence of impuri-
ties in the derivative reaction mixtures.

Unfortunately, the mono- and trichloro-esters are un-
stable and cannot be purified by TLC or HPLC. The aflatoxin
derivative, G2a-0OAc, is easily purified by prevparatory TLC
and may be synthesized from either Gl or G2a, depending on
availability. It is, however, somewhat unstable in the pres-
ence of methanol.

Analysis using the internal standaxrd

The TLC developing solvent was modified, as described
earlier, to maximize the G2/G2a-0OAc separation. The internal
standard was added to all standard solutions and samples at
a level equivalent to 200 pg aflatoxin/5 pL. This repre-
sented the middle concentration range of the calibration
curve.

Figure 32 illustrates results using the internal stan-
dard. The lower curve is a TLC scan of developed standards.
The upper curve represents the same level of aflatoxins and
internal standard added to a real sample. Although a dif-
ference in peak heights was expected, the ratio between the
area (or height) of the internal standard and the aflatoxins

remains constant. All quenching effects are now corrected.
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J VoV

Figure 32. Quenching effects for RDF samples uvn TLC plates:
(a) fluorescence scan of an RDF sample developed
on a TLC plate, spiked with aflatoxins and in-
ternal standard, (b) identical levels of afla-

toxin standards and internal standard developed
on the same plate
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The Bl ratio is slightly higher in the sample, indicating

the possible presence of BLl.

Calibration Curves

The logarithmic calibration curves for each of the four
aflatoxins are presented in Figure 33. The concentration
range is 10 pg to 5000 pg aflatoxin standard applied to the
TLC plate. The data and 7 RSD are given in Table IX. As
expected the % RSD is less at intermediate concentrations,
where the aflatoxins and internal standard are present in
similar amounts.

In Figure 33, the data points show a good correlation
with a second-order polynomial. Non-linearity at high con-
centration could indicate self-quenching or electronic
saturatior.. Theoretical discussions [87] have indicated that
TLC fluorescence calibration curves should show non-linearity
the non-linearity is due to photomultiplier saturation. The

data are linear, however, at concentrations below 250 pg

(Figure 35).
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Table IX.

Data for calibration curves

Concentration
(rg)

5000
2000
1000
500
200
100
50
29
10

Bl B2
Ratio 7% RSD Ratio % RSD
16.1 4.70 22.2 3.54
11.0 11.6 16.6 11.6

6.75 16.0 11.3  12.7

6.04 8.43 8.0 5.78

1.92  4.92 2.89 6.70
.985 8.23 1.36 8.07
.518 8.62 717 4.00
.282 34.6 413 12.9
.124 29.8 .119 12.6

Gl

Ratio

13.
.54

8

4.96

=W

.12
.04
.552
.222
.176
.058

% RSD

6.99
11.3

9.38
13.0
13.5

6.92
12.1
27.0
34.3

G2

Ratio

15.
10.

4

.45
.03
.12

.265
.228
.040

% RSD

7.06
12.9
8.38
b .45
1.74

80T



area ratio area ratio

area ratio

Figure 34.

109

ecaa
-t
N
LI L
de@0 ,,?“/
] A -
2096 1 -
1 o
8 -
A zeon PYS
spee 1
40 @@
Z@Qq r b
- —"‘—-"
zaan 4 e
-— --’-d-'---
199G 4 S
——
l:t] e -t -t
) 2000 4500
ces0 1
4Ga0 . -
Zeen T
/'/,--
2220 >
et
A
109206 {4 -~
r'
] .
@ T T o -
g 2Geg AGTR
conc. (pg)

Effect of photomultiplier voltage and amplifer
range on non-linearity at high cogcentrations

of aflatoxin B2: (a) 7GgV, ix107°4A, (b) 700V,
3x107°A, (e¢) 600V, 1x107°A



3 I
o . J Bl o -
'S < .l--*_.
“ -~ -
o P
b1 -
o P
.".-’f
|
b
a e o e S A A N . S S—
0 50 1an 199 209 250
3 r
Gl
o2 -
o
o
m 3
v
o -
o 1 Y
- St
(41} e
+ T
"
?
Iy o Y W S S — S—
n by e (N 159 SUN 250

Figure 35.

conc. (pg)

Linear calibration curves for four

4]

[N}

]

5]

i PO
B 2 .',..-'
b 4 '.v,
- ,/
| A
- ..*":'J
'.‘ s 4 A e e e J— - 4 Iy
n 50 s 150 2un 259
S
G2
1 - .--—"*--
) T
t—- - --# -
e —
1 1Y) 1N {59 20N 25

conc. (pg)

aflatoxins at low concentratilons

0Tt



111

ANALYSIS OF REAL SAMPLES

Introduction
An air sample (RDF-1) was collected at the Ames Solid
Waste Recovery System during the period (11/18/81 - 11/19/
8l). The plant had been functioning normally for several
days prior to sampling. A second sample (RDF-2) was col-
lected (3/5/82). On that date, the plant first began
operations after a one week shutdown. A contaminated ground
corn sample was obtained from Dr. John Richards (National
Animal Disease Center-USDA, Ames Iowa). A contaminated
sample of peanut meal was obtained from Dr. H. M. Stahr
(Veterinary Diagnostic Lab, ISU).
The aflatoxin concentration in each sample was calcu-
lated using equation 135,
Conc. (ppb) = VT§€;17§ (15)
inj -
where X is the amount of aflatoxin found on the TLC plate
(pg), V the volume to which the extract was diluted (mL),

Vinj the volume injected onto the Styragel column (150 pL

in this case), and W the weight of the sample (g).

RDT Saurples
Each RDF sample (2.0g) was extracted with 50 mL of
methanol. After filtration and precipitation, the samples

were diluted to 10 mL with 30% CH3CN/CHC13. Representative
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elution profiles from Styragel for sample and blank are
shown in Figure 36. A standard addition experiment was
performed with RDF-1. Additional 2.0 g samples were spiked,
before extracting, to provide 20, 50,100, and 200 pg of each
aflatoxin per 199 uL injection onto the Styragel column.
Since the entire injected sample is applied to the TLC
plate, the spiked levels transfer automatically to the de-
veloped TLC plate.

The results are shown in Figure 37. The calculated
intercept is 261 pg aflatoxin Bl. Using the calibration
curves and the ratio from the unspiked sample, a value of
246 pg Bl in the sample is obtained. These concentrations
correspond to 6.87 and 6.47 ppb Bl, respectively. The
agreement indicates that the matrix is not interfering with
the analysis and that the recovery of the added standards

was good. The standard addition curves for the other afla-

-2~ Z

toxing showed zero or mnear-zero inrtercepts.

A representative example is given in Figure 38. Figure
39 shows a higher level of Bl present in RDF-2. This sample
aliquot contains 645 pg Bl (17.0 ppb). The % RSD for this
sample 1s 19.6%. The peak appearing next to the internal
standard in both cases is not G2, but an artifact of the
analytical method that could not be eliminated.

A blank sample (4.0 g) was treated similarly. Tigure

40 shows 115 pg Bl (1.51 ppb) for this sample.
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Figure 40. Fluorescence scan of a developed plate showing

what could be 1.51 ppb aflatoxin Bl in the
Blank. The arrows indicate the expected
positions for the four aflatoxins
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Corn

A 10.0 g sample of ground corn was extracted using the
CB method [5] (5 mL H,0, 50 mL CHC13) and diluted to 25 ml.
Figure 41 shows the elution from Styragel and the resulting
TLC fluorescence scan. Even though the Florisil column
was not used for this sample, there are no interferences,
and the background level is low. The levels obtained for
B1, B2, Gl, and G2 are 245, 22.3, 6.2, and 2.0 ppb, respec-
tively. The Bl level may actually be higher, due to satur-

ation problems at this level.

Peanut Meal
A 10.0 g peanut meal sample was treated in the same
way as the corn sample. Figure 42 shows the results. The
Florisil column was also not used for this sample. The

background level is low, but one component interferes with
the analysis of G2, However, the other aflatoxins may be

easily determined. Levels of 20.4, 2.51, 2.18, and 3.46

pob are found in this sample.
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CONCLUSIONS

RDF Samples

The presence of aflatoxin Bl in the air of the ASWRS
is not surprising. As mentioned earlier, high levels of 4.
flavus are found in the air. The fact that RDF-2 levels are
much higher is predictable. The garbage being processed
that day had been in the holding area for a week, during
which time the temperatures remained above freezing. The
presence of a multitude of organisms was indicated by the

increased temperature of the center of the pile.

Chemical Confirmation of Aflatoxin Contamination

The only question remaining is whether or not the peaks
labelled Bl in Figures 38 and 39 actually are aflatoxin Bl.
At this point, the sample has undergone three chromatographic
separations and a precipitation step. An interfering compo-
nent must have an identical RF—value, absorb light at 337.1,
and fluoresce at 440 nm. For these reasons it is likely
that the peak is BIl.

In addition, the peak shape is similar to the standards

The peak interfering with G2 was shown to be distinct from

G2 in the additions experiment.
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Finally, an RDF sample was exposed to HZO and a small
(5-10 uL) amount of trifluorocacetic acid, and heated 10
minutes at 40-50°C. This reaction is an accepted confirma-
tory test, as it converts Bl to B2a. After removal of the
H,0 followed by TLC development, the peak corresponding to
Bl had disappeared. An identically treated standard pro-
duced the same results. Thus, the presence of Bl in the
RDF samples is confirmed.

The labelled peak appearing in the blank is also prob-
ably Bl. This could represent a '"nmormal" background level,

since A. flavus is quite common, but more information is

needed.

Critical Evaluation of the Method

Advantages

Use of the Styragel column is the most important step
in the analytical method. The investigation of solvent
effects has led to a better understanding of the mechanism
of separation. This, in turn, produced better separations
by taking advantage of the combined exclusion and partition-
ing processes. The fact that the column is reusable is
probably its biggest advantage.

The modification/deactivation of Florisil represents
an improvement over existing methods. Care must be taken
to avoid premature elution of aflatoxins, but this adscr-

bent allows recovery at levels below 500 pg. Existing
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modifications are concerned with ng levels of aflatoxins.
Column design, including the stream-switching values, re-
duces operator handling and sample exposure. For replicate
analyses, the Florisil column can be repacked before the
next sample elutes from the column.

The absolute detection limits for the TLC plates are
similar to the lowest reported values. The laser fluores-
cence system is the only one of its kind. The low relative
concentration detection limits are possible due to the
ability to apply the entire Styragel/Florisil sample to the
plate.

In general, the sample preparation eliminates uncertain-
ties between individually packed columns and adsorbents, and
provides an overall reduction in time involved. The sample
obtained could be analyzed by any other method at this point.
Problems

The uncertainties in the quantitation of developed TLC
samples may be the major drawback of the method. The levels
for this methed range from 5 to 20% for all but the lowest
concentrations.

The integrator is the likely source of error. Even
though all electronic equipment was carefully shielded, R

F
radiation from the laser often caused the integrat

L (=3

ct

A ~
(oS v

count at random intervals. The integrator stop/start de-

cisions and background correction were performed manually.
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An interface to allow computer collection and manipulation
of the data should solve this problem. The ultimate limit
of variation may be determined by the pulse-to-pulse repro-
ducibility of the laser, which is presently within a few
percent.

Sample decomposition may be a problem. Data from RDF-1
were collected during a two-week period, while RDF-2 was
analyzed in a few days giving a smaller 7% RSD. While no
clear trends were evident, the aflatoxins are known to be
light sensitive and the complexitv of the sample matrix
makes the possibility of chemical reactions likely.

Modified Florisil had a finite useful lifetime. After
1-2 weeks, the adsorbent was less active, probably due to
atmospheric moisture. The decrease in activity was such
that aflatoxins were lost during collection. Best results
were obtained with the adsorbent stored in a glass-stoppnered
lask wrappe in. Warming in front of a heat

lamp before opening reduced the rate of decomposition.

Future Work
More information is needed about solvent effects on
Styragel. Physical parameters for the gel must be evaluated,
and retention characteristics in more varied solvent systems
should be studied. Retention characteristics of other myco-

toxins should be studied in new solvent systems.
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The preliminary aflatoxins data for corn and peanut
meal indicate that the method may be applicable to a variety
of matrices. This would represent an improvement over
existing methodology, which requires separate procedures
for each sample matrix. Separation and determination of
other mycotoxins also need to be studied.

The availability and popularity of Liquid Chromato-
graphic (LC) systems indicates that LC will soon completely
replace TLC for analysis. The adaptation of these sample
preparation preccedures to LC quantitation is inevitable.

However, some questions remain unanswered about sur-
face effects in TLC. Investigations of solvent effects on

spotting and fluorescence enhancement by paraffin oil would

be interesting.

Health Risk Assessment
It is of interest to evaluate the exposure level of
workers to aflatoxin Bl. An air sampler passing 1400 L
min ' for 8 hours will sample 6.72 x 10°L. A total of 4.7
g is collected, giving an average level of 7.0 x 1()-6 g
Lt particulates in the air. Assuming 15 ppb (15 ng/g) Bl

4 ng L-1 Bl in the air. An

in the sample gives 1.0 x 10~
average person inhales 6L min_l [88] or 2880 L day-1 (8
hours). The total exposure tc Bl is then 0.29 ng day_l.
However, only approximately 25% (w/w) of the particulates

are respirable (i.e. reach the lungs), reducing the exposure
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level to 70-80 pg day
An average worker is not likely to inhale a toxic
amount in a lifetime; however, the long-term mutagenic

effects are unknown.
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EXPERIMENTAL SECTION

General Considerations
NMR spectra were recorded using a Varian A-60 instru-
ment. UV-VIS spectra were recorded with either a CARY 219
or a Perkin-Elmer 320 spectrophotometer.

All glassware in contact with any mycotoxins was

cleaned in a KOH/alcohol bath. Clean glassware were rinsed
with dilute acid, distilled water, acetone, and then air

dried. No carry-over problems were observed.

Purification of Solvents

All solvents were filtered through a fine glass frit
(4-5 um) or 0.5 um Teflon filter. The following solvents
were A.C.S. grade and used as received: toluene, benzene,
phenol, 2-butanone, nitrobenzene, aniline, chloroacetic
acid, trichloroacetic acid. The Iollowing were reagent
rade and used as received: formic acid, ethyl ether,
trifluoracetic acid. Pesticide-grade hexane was used as

received.

Chloroform

Chloroform as received contained approximately 0.5%
(v/v) ethanol, which was unacceptable for chromatographic
studies. Ethanol was removed by passing chloroform through

a column of neutral alumina (activity Grade I) (25 g/500 mL)
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[89]. A blue fluorescing impurity was removed by distilla-
tion under nitrogen.

Acetonitrile

Acetonitrile (2L) was refluxed over KMnO4 24 hours and
distilled under nitrogen through a Vigreux column. Thke
first 10% of the distillate was discarded. The remaining
distillate was passed through a column containing 100 g
acidic alumina (activity Grade I). The purified solvent
showed a UV-cutoff below 190 nm.

Acetone

Acetone (2L) contained a blue fluorescing impurity and
was refluxed several hours over KMhO4. This was followed
by distillation through a Vigreux column under nitrogen.
Methanol

Several small pieces of Na metal were dissolved in 2L
methanol, followed by several g iodine. After refluxing
several nours the solivent was distilied [85].

Tsg-amyl alcohol (3-methyl-1-butanol)

Several small pieces of Na metal were dissolved in
iso-amyl alcohol and the solvent was distilled immediately.
This removed an unidentified yellow impurity.

Tetrahydrofuran (THF)

THF was purified by refluxing one hour over CaHZ,

followed by distillation under nitrogen [89].
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Pyridine
Pyridine was dried over KOH overnight, followed by
distillation over barium oxide [89].

Other solvents

l-chloropropane, acetyl chloride, and benzoyl chloride

were distilled under nitrogen.

Thin Layer Chromatography

TLC plates were obtained as 20x20 cm plates, prescored
to 5x20 cm (Anasil O, TLP099, Analabs, Inc., North Haven,
CT). The 250 um coating consisted of 15 um particles with
a 60A pore diameter and 300 m2/g surface area with an
organic binder.

Plates were purified by allowing them to develop in
methanol overnight. After removal, the plates were dried
in a vacuum desiccator for one hour in the presence of a
heat lamp. Storage was in an atmosphere of 48% relative

humidity (saturated KSCN solution).

Exclusion Chromatography
Styragel, a poly(styrene)-divinyl benzene copolymer,
was obtained from Waters Associates (Milford, MA). The
gel has a 37-75 um particle size distribution and 60A pore
size. The exclusion limit was near 500 vu.
As mentioned previously, the chromatographic system

consisted of a pump, injector, column, and detector. The
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stationary phase (10.0g) was allowed to swell in CHCl3 and
packed as a balanced density slurry in CHC13/toluene. After
settling, the packing was compressed to form a 12.7 mm x

23.0 cm cclumn. Agreement of capacity factors, k, calculated
for identically packed columns, was within + 0.03. All
changes in mobile phase composition occurred in increments

of 10%.

The capacity factor, k, was calculated using equation
16,

k = (VR'VO)/Vb (16)
where VR is the retention volume of the solute and Vo is
the void volume, represented by the retention of a poly-
styrene standard.

The equation for k normally used in exclusion chroma-
tography (EC) has pore volume, Vi’ in the denominator
rather than V,. Equation 16 is used here for two reasons.
First, the system is operating in a non-EC mode for much of
this work and equation 16 is valid for these conditiomns.
Second, it is unlikely that any solute can achieve total
permeation without interacting with the gel, and thus

measurement of V., is often a subjective experiment [90].
Florisil

The design and operation of the Florisil column has

been discussed.
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To prevare large amounts, 10.0 g of Florisil (Fisher,
F-101) was suspended in 75 mL acetone and stirred. Stirring
was continued for 10 minutes after addition of 4.85 g oxalic
acid -ZHZO in 30 mL acetone. The suspension was allowed
to settle and the supernatant liquid removed. The remaining
solid was dried overnight at 80°C, yielding 10.3 g. The
adsorbent was deactivated with 7.5% (w/w) HZO and equili-

brated for 24 hours on a wrist action shaker.

Synthesis of the Internal Standard

Preparation of acid chlorides

Acid chlorides were prepared from the corresponding
acid using the method of Brown [91]. The acid (0.1 mol)
and benzoyl chloride (0.2 mol) were heated and distilled
through a Vigreux column under nitrogen. By this pro-

cedure it was possible to obtain 30-35% yields for chloro-

were consistent with expected products (chloroacetyl
chloride (CDC13) - 84.5 ppm (s), no acid protons; trichloro-
acetyl chloride, no spectrum, no acid protons, some CHCl3

present from decomposition of starting material).

Preparation of acetate derivative of aflatoxin GZa (GZa-

0Ac) from G2a

One mL of a 10 ppm by weight solution of aflatoxin

G2a (Sigma Chemicals) in CHCl3 was cooled to 0°C. One drop
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dry pyridine was added. Two drops of acetyl chloride (or
other acid chloride) were added during a 20 minute period.
The solvent was removed as quickly as possible, the residue
dissolved in CHCl3, and purified by preparatory TLC in 10%
CH3CN/CHC13. The derivative, identified by its R (slightly
less than that of G2), was scraped from the plate and eluted
with 50% CH3CN/CHC13. After evaporation, the derivative was
dissolved in CHC13.
Preparation of G2a-0OAc from Gl

Cne mL of a 10 ppm solution of 2.1 in THF was warmed
to 50°C and 2 drops concentrated HCl added. After 5 minutes,
a small amount of anhydrous NaZSO4 was addad and the solution
filtered. One drop acetyl chloride was then added and the
solvent removed. Purification was also by preparatory TLC.
An attempt to prepare G2a-0OAc directly by solvo-mercuration
failed.

Other derivatives could not be purified by TLC or LC

and were not studied further.

Preparation of Mycotoxin Standards
The four aflatoxins, sterigmatocystin, ochratoxin A,
penicillic acid, and patulin were obtained from Aldrich

Chemical Co. (Milwaukee, WI). Citrinin was a gift from

Eivind Lillihoj (USDA Regional Research Laboratory, Peoria,
IL).
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All mycotoxins were obtained as solids and dissolved
in an appropriate solvent for UV standardization. Aflatoxin
stock solutions were 10 ppm each. All other solutions were
100 ppm.

A series of dilutions containing all four aflatoxins
was prepared. Three concentrations were prepared for each
decade. The concentrations were adjusted to provide a given
amount in a 5 uL volume. Thus, the standards labelled '"'100",
"200", and ''500" actually represented 20, 40, and 100 pg/uL
solutions of each aflatoxin.

Calibration curves

All solutions were diluted with a CHCl3 stock solution
containing the internal standard. This eliminated the un-
certainty in adding the internal standard separately. The
calibration curve data were cbtained by applying 5 uL to
the plate with a 10 uL syringe. The area for each aflatoxin
was divided by the area of the internal standard for that

particular sample. This eliminated problems caused by

(=l

irregularities in the plate or day-to-day variations in
laser output. Calibration curves were obtained by plotting

the area ratio vs. amount applied to the plate.

Operating Parameters
The nitrogen laser was built in the Ames Laboratory.
A power supply provided 10 kV and 7 mA. The discharge

chamber was filled with nitrogen at a pressure of 50 Torr,
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and discharged at a rate of 20 Hz. A beam with 8 x 30 mm
dimensions and a pulse width of 10-15 ns was produced.

The photomultiplier tube (RCA 1P28) was operated at
700 V. The signal was amplifed by a MODEL 135 electrometer

(Princeton Applied Research).

The Analytical Method for Aflatoxins in Refuse Derived Fuel

Collection of the Sample

An air sample is cbtained by collection on a guartz
fiber filter or similar material. The sample is scraped from
the filter, mixed thoroughly, and a weighed aliquot removed.
Extraction

The sample is placed in a gless-stoppered flask with
50 mL methanol and shook on a wrist-action shaker for 1 hour.
The sample is removed by filtration.

Precipitation

the residue suspended in 30% CH3CN/CHC13. After thorough
mixing, the solution should be filtered to remove particu-
lates larger than 5 um. The sample is then diluted to a

predetermined volume.

The sample is injected onto the Styragel column, which
uses a 30% CHSCN/CHC].3 mobile phase at 1.00 mL/min. The
fraction containing the aflatoxins is diverted to the Flori-

sil column by means of Valve-1. The elution time of the
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aflatoxins has been determined previously by injection of
standards, and is usually 11-14 minutes after injection.
Florisil

After the fraction has been trapped on Florisil,
interfering components are removed by injection of 1.2 mL
20% methanol/CHCl3 through the Florisil column via Valve
-2. Aflatoxins are eluted into a 10 mL pear shaped flask
with 5.0 mL 4% H20/acetone. The solvent is removed with a
rotary evaporator.

[oead

L L

(@]

The samnle is dissolved in 100 uL 1.5% acetone/CHCl3,
then 50 pL hexane is added. A 5 pL aliquot of the internal
standard is added and the entire solution is applied to a
TLC plate with the sample applicator.

The spot is pre-developed in a 30% ether/acetonitrile
solution and dried with the applicator. The plate is de-

veloped 1 hour in formic acid/<iso-amyl alcohol/hexane/CHCl3

(1.6 + 4 + 5+ 89.4). After preliminary drying in the
P

L

3 3 > 4 A 3 - £
applicator, the plate is dried in a vacuum desiccator for

't

30 minutes.

Fluorescence analysis

The plate is placed in position and scanned across the
focused laser. The amplifier offset and range switches are
used to put the background "on scale'. The output is

monitored with an X-Y recorder. The starting and stopping
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points for each peak are noted on the recorder, and the inte-
grator reset for each peak. Background correction is per-
formed manually and background area is subtracted from the
recorded integral. From the area ratio of peak to internal
standard, the amount of aflatoxin present is determined
using the calibration curves. Relative concentration is
determined using equation 15.

To prevent confusion due to wvariations in TLC develop-
ment, it is advisable to develop one set of standards only

on each plate. By scanning the standards first, the

"location'" of aflatoxins is determined in the real samples.

Identical Rp values for sample and standard provide addi-

tional confirmation of aflatoxins.
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PART II. TISOLATION AND IDENTIFICATION OF THE SPORE PIGMENT
IN ASPERGILLUS FLAVUS
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INTRODUCTION

Fungal pigments are of interest to mycologists for use
in fungal taxonomy. The color and other macroscopic char-
acteristics are often the first properties used in identi-
fying an organism. Thus the identification of pigments is
of interest.

Fungal pigments have been studied extensively. The
known pigments in the Basidiomycetes have been summarized
[92]. An extensive survey of fungal pigments [93] is con-
cerned with mycelial pigments only.

The majority of pigments are orange, red, or blue, with
many variations. The chemical compounds responsible for
these colors are diverse, with the quinones and carotinoids
predominating. Within each of these groups many specific
compounds have been identified (i.e., at least 60 quinones
and 20 carotinoids). Pyrones, polyvenes, sesquiterpenes,
tropolones, aryl carbonyls, and N-heterocycles have also
been identified.

Spore pigments have not been investigated to any con-
siderable extent. While much is known about the gross com-

position and characteristics of fungal spores [94], the
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chemical nature of the pigments has been largely ignored.

The brown and black pigments have been identified as melanins,
which are presumably large polyaromatic molecules. Some work
has considered the function of these pigments in protecting
the spore from lysis [95-97] and ultraviolet radiation [98].
Fats, lipids, and saccharides have been identified in the
interior of the spore [99-101] while the cell wall has been
found to contain polysaccharides, phosphates, protein, and

nucleic acids [102].

Aspergillus flavus

The mycelium and conidiophores of Asnmergillus flavus

are hyaline (transparent). However, the spores, a charac-
teristic olive green, are useful for taxonomy. The prolific
nature of this genus makes it easy to culture and recognize.

In the smooth conidia (spores) of Aspergillus the pig-

ment is present in diffuse form [103]. Little information
is available concerning the chemistry of the green pigment.
The maximum spectral reflectance of A. flavus spores is in
the yellow (560-575 nm) region [104]. The correlation be-
tween the appearance of an electron spin resonance [ESR]
signal and accumulation of pigments in A. flavus spores
indicates a stable free radical [105] is present. but not
necessarily in the pigment. Exposure of mature green

conidia of several species of Asnergillus to ammonia fumes

changes the green color to yellow-brown. The change is
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reversible and the green may be restored by exposure to
acetic acid or HC1l fumes. A correlation has been proposed
between the degree of acidity and the shade of green [106].

In other species of Aspexrgillus, the green color is produced

only in the presence of Cu(II) and halogen ions. Green

conidia are reported to contain larger amounts of copper

[107,108].
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EXTRACTION OF THE PIGMENT

The pigment was not readily released from the spore
walls. Many traditional techniques were unsuccessful, as
documented below.

Spore Disruption

Spores were suspended in distilled water and shaken
thoroughly in the presence of 100 um glass beads. After
several minutes, this succeeded in "cracking'" open most
(>90%) of the spores. Unfortunately, the pigment remained
with the spore wall fragments and any attempt at filtration
resulted in a clear filtrate and clogged filter medium.

An attempt to disintegrate the spores further by
either a high-speed blender or ultrasonic agitation also
failed. Use of a vortex mixer and glass beads [109] caused
some additional breakage, but still left relatively large
fragments.

Enzymatic Hydrolysis

The enzyme chitinase was obtained to hydrolyze the
chitin in the spore walls. Spore fragment suspension and
enzyme were mixed in a pH 6.0 buffer and stirred several
days. The chitinase was expected to liberate 3.5 mg gluco-
samine/mg enzyme in 48 hours.

After one week at 22°C, large spore fragments were

still present. 1In sclutions containing acetate buffers,
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fresh mycelium was present, indicating germination of un-
ruptured spores.

Spore walls are known to have protective layers which
inhibit chitinase [96]. However, spore suspensions treated
with 5% Triton X-100 or acetone were mot suscentible to
hydrolysis by chitinase.

Chemical Degradation

Direct extraction failed with several common organic

solvents, including chloroform, tetrahydrofuran, acetone,

hexane, ethanol, and watexr. Extraction with 107 Triton

o &4

>

-100 gave a yellow filtrate, but refluxing caused decompo-
sition of the detergent.

The pigment might be covalently bound to the spore
wall. Spore suspensions were refluxed in 0.5 M HCl and 0.5
M NaOH. The HCl extraction produced a clear filtrate. The
NaOH solution, however, was red and little material remained
on a 0.5 um fiiter. The alkaline solution fiuoresced green.
Upon acidification with HC1l, the solution became green and
a precipitate appeared.

Buffers

The solid obtained by alkaline extraction retained
some red color and less severe extraction techniques were
investigated. A 0.25 M, pH 9 carbonate buffer refluxing
for 1.5 hours produced a brown spore mass and red filtrate,
which became green in acid. However, the buffer appeared

to decompose and was considerec unsuitable.
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A 0.2 M, pH9 phosphate
and green acidified filtrate
Upon cooling, small crystals

itated. The solid was most

buffer gave a brown spore mass
after a two hour extraction.
of an olive green solid precip-

readily collected on a 0.5 um

filter. The solid was not soluble in most organic solvents,

including ethyl acetate, chloroform, acetone, methanol,

acetonitrile, water, tetrahydrofuran, hexane, and toluene.

The precipitate was only soluble in dimethylsulfoxide (DMSO)

or N,N-dimethylformamide (DMF). The DMF solution became

red, however, indicating an acid-base reaction. Therefore,

the pigment appears to be a fairly strong acid.
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PURIFICATION OF THE PIGMENT

The extracted pigment showed little movement on most
common chromatographic sorbents.

No movement was observed on silica with the following
mobile phases - 40% CH3OH/CHC13, CH3CN, CH3OH, 50% DMF/CHC13.
On acidic alumina (Activity Grade V, 15% w/w HZO)’ no move-
ment was observed with mobile phases consisting of acetic
or formic acid. Dilute HCl stripped the column, but no
pigment was recovered. An attempt to chromatograph the
pigment on Styragel using previously discussed partion/
exclusion effects [110] failed using 30% CH4CN/CHCl, or
30% DMSO/CHC13. The pigment was eluted on diatomaceous
earth with 60% DMSO/CHC13, but the material was red. How-
ever, acidification resulted in a color change back to
green. The presence of HCl in the mobile phase (0.1 M)
prevented the color change.

Pigment movement and resolution were better, however,
on Styragel, which has a more controlled particle size. A
mobile phase consisting of 35% DMSO/CHCl3 with 0.05 M HC1l
moved the pigment readily on a 14x85 mm gravityv packed
column. The main component eluted guickly and was followed

by a smaller band which comprised less than 197 of the sam-

ple. A small amount of material remained at the top of the
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The age of the spores determined the relative amount of
the first two bands. Older spores (i.e., harvested a longer
period of time after accumulation of pigment) showed greater
amounts of the minor component. This may be a decomposition

product.
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STRUCTURE ELUCIDATION

Spectroscopic Data

UV-VIS

In acidic solution (2.37 mg pigment in 2.0 mL DMSO
and 1.0 mL 0.1 M HC1l), the pigment shows a broad absorption
band in the 600-680 nm region (A = 0.75 at 620 nm). The
solution absorbence increases steadily at shorter wavelengths.
In basic solution (1.29 mg pigment in 2.0 mL DMSO and 1.0 mL
0.1 M NaOH), the spectrum shows an absorption of 0.3 to 0.4
in the 900-700 nm range with steadily increasing absorbence
at shorter wavelengths. A dilution of this solution to
100 mL shows a peak at 480 nm (A = 0.15) with steadily in-
creasing absorbence. For both acidic and basic solutions,
further dilutions revealed no characteristic absorption
Datterns.

NMR

An acceptable lH FT-NMR could not be obtained. Only

broad peaks were observed, suggesting the presence of a free

radical. However, no ESR spectrum was observed. The lH

data obtained were: & 2.49 (s8), slightly broadened (DMSO);

8§3.62 (s), slightly broadened (HZO); §7.16 (s), broad, small;
12

§8.29 (s) broad, small. A ““C spectrum revealed one very

small peak at 79.3 ppm.
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An FT-IR spectrum of pigment evaporated on a NaCl disk
gave the following peaks: 3600-3200 cm L, broad; 3100-2900,
weak; 1646, strong 1534; 1411, weak; 1233, weak; 1025; 948,
weak; 663, weak.

Emission Spectroscopny

No metals are present except in trace amounts.

Mass Spectrometry

A mass spectrum of the purified pigment was obtained
by direct insertion into the electron beam. As the probe
was heated, the intensities of the high mass clusters shifted
to higher and higher mass. This suggested that a probe dis-
tillation cf a complex mixture was taking place. The highest
mass reported was 717.64.

The high mass region is dominated by weak clusters
which resemble hydrocarbons. Prominent peaks appear at 692,

677, 664, 603, 577 and 425. The lower mass region is domi-

nated by the base peak at 57, and peaks at 69, 71, 84, 91,
98, and 233.
Degradation Products
The mass spectrometric data for the KMnO4 degradaticn

of the spore pigment, obtained with a direct insertion probe
FTinnigin 4000 instrument, are partially summarized in Figures
43-44. In Figure 43, a component in the first liquid chro-

matographic fraction is identified as decyl hexanoate
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(MW = 256). The mass spectrum is dominated by the hydro-
carbon clusters, and all masses indicated are observed in
the spectrum. At high mass, the indicated peaks are two

to three times as intense as adjacent mass units. The base
peak in the spectrum is at m/z 43. The molecular ion's
intensity is 1.7% of the base peak. Since a fragment at
m/z 256 is also observed in the spectrum of the pigment, it
is not clear whether this represents a decomposition product
or merely one component that has been carried through intact.
The latter case is more likely since an ester is not likely
to be formed by permanganate oxidation.

In Figure 44, the mass units observed in the second
LC fraction indicate the presence of stearic acid, a C18
carboxylic acid. The molecular ion at m/z 284 is less than
1% of the base peak at m/z 43. TUpon further heating of the
probe, an ion appears at m/z 312, indicating the presence
of a CZO carboxyiic acid.

The third LC fraction, collected as a tail on the
second elution band, shows patterns similar to the second
fraction. A prominent ion at m/z 77 and others at m/z 91
and 122 indicate the possible presence of an aromatic ring,

but no complete structure could be established.



150

Conclusions

The spectral data for the pigment indicated that the
molecule was primarily hydrocarbon. The identified frag-
ments confirmed this. The C18 chain was probably attached
to the rest of the molecule through a double bond or an
aromatic ring.

Unfortunately, the identified fragments do not account
for the color of the pigment. The chromophore is probably

a central, substituted aromatic ring which cannot be identi-

fied

Future Work

A better purification step is necessary. If the present
"purified" material is a mixture, as the mass spectrum sug-
gests, the components must be separated and identified on a
more efficiently packed Styragel or uStyragel column.

Since the pigment appears to be primarily a hydrocarbon,
on a molar hydrogen basis, any attempted degradations must
also separate the hydrocarbon fragments from the chromophore.
If the C18 fragments can be removed, which would not be
difficult in the KMnO4 degradation, the structure of the

chromophore might be readily determined.
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EXPERIMENTAL SECTION

Purification of Solvents

Dimethyl sulfoxide (DMSO)

DMSO was stored overnight over NaOH. The solvent was
then distilled at reduced pressure over BaO [89].

N,N-Dimethvlformanide (DMF)

DMF was stirred over KOH for one hour, then distilled

over BaO [89].

Culture Methods

Previously identified spores of Aspergillus flavus

sclerotia were suspended in water and inoculated into six
2800 mL Fernback culture flasks. Each flask had been
sterilized and contained 150 mL of Czapek's medium (Difco
Laboratories, Detroit, MI).

At 22°C, white mycelium was visible in a few days.
Sporulation was noted by the appearance of a light yellow
color after one to two weeks. The characteristic olive
green color formed two to four weeks after inoculation.

The color appeared stable for about three weeks, after which

time the green slowly deteriorated to brown.

Spore Harvest
The spores could pbe liberated by suspending them in

either 407% ethanol/H20 or 0.85% (w/v) NaCl containing 0.1%
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(v/v) Twreen 80 (polysorbate 80). Avproximately 100 mL of
solution was swirled in each flask to dislodge the spores.
This spore suspension was removed by aspiration and the
procedure repeated.

The suspension was filtered through a 0.5 um filter.
The filtrate appeared yellow, but this was a component from

the medium, not the spores.

Extraction

Dry spores were weighed into a flask and refluxed in
a 0.2 M, pH8 phosphate buffer for two hours. Approximately
10 mL of buffer was used for 100 mg spores.

After cooling, the solution was filtered through a
0.5 ym filter, producing a red filtrate. The solution
turned green upon acidification with concentrated HCl. A
green solid precipitated upon cooling and was collected on
a 0.5 ym filter. Approximately 10 mg pigment could be ob-

tained from 1 g spores.

Purification
Approximately 6.0 g of Styragel were slurried in a 35%
DMSO/CHCl3 solution containing 0.05 M HC1l. The slurry was
ravity packed into a 14 mm i.d. column. The pigment,
dissolved in 70% DMSO/CHC13, was added to the column and
eluted with the DMSO/CHC13/HC1 mixture. The main compcnent
eluted first, with a minor component eluting immediately

afterwards.
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The collected fraction was diluted with three to four
volumes of CHC].3 and cooled. The green precivitate was

collected on a 0.5 um filter.

KMnO4 Degradation

A few mg of purified pigment were dissolved in 20 mL
H,0 containing 0.5 g K,CO5. A 3% (w/v) solution of KMnO ,
was added dropwise at 110°C until the purple color remained
for more than a few seconds. After stirring 5 minutes, the
solution was cooled and filtered.

The filtrate was acidified with concentrated HCl and
extracted with CHC13. The CHCl3 solution contained a small
amount of a light yellow solid.

The mixture appeared to be complex when a HZO solution
was analyzed by LC, but two major elution bands and a tailing
region were collected for mass spectrometric analysis. Con-
ditions: 25.0 cm x 4.6 mm Zorbax C8 column (DuPont)

operated at 1.00 mL/min with 40% HZO/methanol, 50 uL injection

volume, absorbence monitored at 254 nm.
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