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Unusual effect of temperature on the retention of
enantiomers on a chiral column

WILLIAM H. PIRKLE
School of Chemical Sciences, University of Illinois, Urbana, IL 61801 (USA)
(First received April 3rd, 1991; revised manuscript received May 14th, 1991)

ABSTRACT

The Van 't Hoff plots of data obtained by chromatographing the enantiomers of a conformationally
rigid spirolactam on a commercial high-performance liquid chromatographic column packed with a sta-
tionary phase derived from (R)-N-(3,5-dinitrobenzoyl)phenylglycine are non-linear. The extent and sense
of the curvature of these plots depends not only on the temperature but also on the concentration of
2-propanol in the hexane mobile phase. With low concentrations of 2-propanol, retention is seen to
decrease, then increase, then decrease again as the temperature is raised. This unusual behavior is ascribed
to the temperature-dependent interaction of 2-propanol with the stationary phase and/or the analyte.

INTRODUCTION

Plots of the natural logarithms of chromatographic retention factors against
the reciprocal of absolute temperature are termed Van ’t Hoff plots and are usually
linear. In the brief explorations by ourselves and others [1-3] into the effect of temper-
ature upon chiral recognition during liquid chromatography, non-linear Van ’t Hoff
plots had not been reported until rather recently when Papadopoulou-Mourkidou [4]
described such non-linear behavior for the enantiomers of two pesticides.

Many of the causes of non-linear Van ’t Hoff behavior are addressed in papers
by Horvath and co-workers [5-7]. Basically, any reversible process which alters the
enthalpy or entropy of adsorption can, in principle, give rise to non-linear Van ’t Hoff
plots. These processes may involve the analyte, the stationary phase, or the mobile
phase. Dissociative processes such as ionization, changes in conformation, or changes
in the extent to which the mobile phase interacts with either the analyte or stationary
phase are examples of such reversible processes. Additionally, the presence of mul-
tiple types of retention mechanisms or multiple types of binding sites may also lead to
non-linear Van ’t Hoff plots. In view of the importance of conformation and solva-
tion to chiral recognition, the frequency with which multiple retention processes can
be expected, and the occurrence of multiple types of binding sites on many chiral
stationary phases (CSPs), the marvel is not that an instance of non-linear Van 't Hoff
behavior has been found, but that such behavior had not been reported previously.
Because Papadopoulou-Mourkidou [4] used a hexane mobile phase containing but
0.2% 2-propanol as a polar modifier, we immediately suspected that this might be a

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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contributing factor to her observation. We also suspected that the narrow temper-
ature range over which prior studies were conducted might also have led to the
observed linear Van ’t Hoff plots.

In this paper, we report an instance of extreme non-linear Van ’t Hoff behavior
and rationalize its occurrence.

EXPERIMENTAL

The chromatographic system used consists of a Rainin Rabbit HPX pump, a
Rheodyne Model 7125 injector, a Regis covalent 250 x 4.6 mm L.D. (R)-N-(3,5-
dinitrobenzoyl)phenylglycine column, a Milton Roy UV monitor D operating at 254
nm and a Shimadzu CR1A integrating recorder. Column temperature was controlled
by immersing the column in either a stirred constant-temperature bath containing
ethylene glycol or a large dewar flask filled with ice and either water or methanol. In
the heated bath, temperature was controlled to £ 0.2°C; in the ice—methanol baths,
temperatures were held to £ 0.5°C of the recorded value. Void volumes were deter-
mined at each temperature from the detector response to a trace amount of 1,3,5-tri-
tert.-butylbenzene spiked into the analyte and were fitted to a linear plot. Values
obtained from the plot were used in computing capacity factor &’ and in k’ values, the
computation being performed by the “Enantiotherm™ program written by C. J.
Welch of this laboratory for the Apple Macintosh computer. The preparation and
characterization of this analyte are reported elsewhere [8].

RESULTS AND DISCUSSION

The conformationally rigid spirolactam 1 [8] was chromatographed at different
temperatures on a commercial covalent (R)-N-(3,5-dinitrobenzoyl)phenylglycine
CSP using mobile phases of hexane containing either 20, 10 or 5% (v/v) 2-propanol.
Void volumes were determined using 1,3,5-tri-zert.-butylbenzene as a marker. Reten-
tion times were recorded to 0.01 min by a recording integrator. Plots of the natural
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Fig. 1. Non-linear Van ’t Hoff plots for the enantiomers of 1 on the chiral phase using respectively: O and
® = 5% 2-propanol in hexane; & and ¢ = 10% 2-propanol in hexane; 01 and B = 20% 2-propanol in
hexane as an eluent.
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logarithms of the capacity factors versus |/RT (R is the gas constant; T is absolute
temperature) are shown in Fig. 1.

As one normally expects, increasing the 2-propanol concentration in the mobile
phase hastens the elution of the analyte enantiomers. Starting at subambient temper-
atures, one finds that an increase in column temperature causes a reduction in reten-
tion, linear Van ’t Hoff behavior being observed up to a point. The temperature at
which the deviation from linear Van 't Hoff behavior begins is found to decrease as
the 2-propanol concentration is reduced. Note that, with the 5% 2-propanol mobile
phase, retention begins to increase as the temperature is raised above ca. 55°C. It
seems likely that similar retention increases might have been encountered, had suffi-
ciently high temperatures been used, with the 10 and 20% 2-propanol mobile phases.
However, there is so little retention with these mobile phases at the higher temper-
atures that the experiments were not conducted. Instead, the 2-propanol concentra-
tion was reduced to 2.5% so as to increase retention and to make possible the use of
an extended temperature range. Fig. 2 shows the Van ’t Hoff plots resulting from
these experiments.

From Fig. 2, one may note, progressing from low to high temperature, an initial
linear Van 't Hoff segment, deviation from linearity followed by an increase in reten-
tion until a maximum is reached at ca. 110°C, followed by a subsequent decrease in
retention as the temperature is increased further. The last portion of the high-temper-
ature segment is again (approximately) linear. How might one rationalize such a plot?

Thermodynamic data such as reported herein include contributions from many
sources, contributions which are not readily segregated. Even so, plausible rational-
ization of the observations can be offered and finds considerable precendent in some
achiral systems. At low temperatures, residual silanol groups and strands of bonded
phase adsorb the 2-propanol. Since analyte adsorption requires loss of associated
2-propanol by the stationary phase and by the analyte, the determined enthalpies and
entropies of adsorption contain the enthalpies and entropies of the 2-propanol loss
and are accordingly reduced in magnitude. Note that below 25°C, the slopes of the In
k' versus 1/RT plots at each enantiomer are similar for each of the four 2-propanol
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Fig. 2. Non-linear Van 't Hoff plot for the enantiomers of 1 on the CSP using 2.5% 2-propanol in hexane as
an eluent.
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concentrations. These slopes are the AH values of adsorption and are, proceeding
from 20 to 2.5% 2-propanol, —3.07 + 0.032, —2.83 £ 0.28, —2.72 + 0.10 and
—2.64 £ 0.18 kcal/mol for the least-retained enantiomer and —3.46 + 0.036, —3.19
+ 0.30, —3.01 £ 0.08 and —2.90 & 0.16 kcal/mol for the most-retained enantiomer.
The lack of a strong dependence of 4H on 2-propanol concentration suggests that the
stationary phase and analytes are “saturated” with 2-propanol below 25°C even when
but 2.5% 2-propanol is present. Analyte adsorption thus “displaces” essentially the
same quantity of 2-propanol at each of the concentrations used. Note that the enthal-
py of adsorption becomes slightly more exothermic as the 2-propanol concentration
increases. This can be rationalized by the reasonable assumption that the return of
adsorbed 2-propanol to the bulk mobile phase becomes more exothermic as the 2-
propanol concentration increases. Thus, of the three processes, analyte adsorption,
2-propanol desorption, and 2-propanol “resolvation”, only the 4H of the latter is
dependent upon the 2-propanol concentration. Note that the loss in entropy upon
analyte adsorption also increases as the propanol concentration increases. In the
same order as before, the A4S values are —8.23 + 0.12, —6.11 + 1.06, —4.36 + 0.37
and —2.71 + 0.66 entropy units (e.u., cal mol~* degree ') for the least-retained
enantiomer and —8.95 4+ 0.07, —6.69 £ 0.56, —4.70 4+ 0.15and —2.88 + 0.29¢.u.
for the most-retained enantiomer. This trend is consistent with the view that analyte
adsorption returns essentially the same quantity of 2-propanol to the bulk mobile
phase at each of the 2-propanol concentrations used. Since the AS value of the return
of 2-propanol to the bulk mobile phase is determined in part by the change in the
mobile phase’s 2-propanol concentration, these 4.5 values might be expected to be
more positive at the lower 2-propanol concentrations. Here, return of a given quanti-
ty of 2-propanol procedures the greatest change in concentration. A greater positive
4S8 of 2-propanol return more effectively reduces the magnitude of the large negative
A4S of analyte adsorption, thus explaining the overall trend of the observed 4.5 values
with a decrease in 2-propanol concentration. The correlation coefficients for the data
leading to these four linear plots are 0.998 or greater.

As the temperature increases, thermal desorption of 2-propanol leads to the
formation of sites at which analyte adsorption is more exergonic owing to the reduced
need to displace 2-propanol. This can increase retention of the analyte provided the
magnitude of the effect is sufficiently great. Such effects were noted some years ago by
Maggs [9], Scott and Lawrence [10] and by Gilpin and Sisco [11] on achiral systems. At
a given temperature, the number of “desolvated” sites increases as the 2-propanol
concentration is reduced. Hence, as the temperature is increased, the point at which
an increase in retention is first noted is found to decrease as the 2-propanol concentra-
tion is reduced. However, analyte retention can only increase until the thermal de-
sorption of 2-propanol nears completion. Beyond this temperature, the decrease in
retention expected with an increase in temperature is again observed. The enthalpies
of analyte adsorption, —5.12 £+ 0.90 and —5.45 £+ 0.87 kcal/mol, obtained from the
linear high-temperature segment of the Van 't Hoff plots exceed those obtained from
the linear low-temperature segments, since there is less of the offsetting contribution
from displacement of 2-propanol from the stationary phase (or the analytes) upon
analyte adsorption.

Severely non-linear Van 't Hoff plots have been noted by Gilpin and Sisco [11]
using polar stationary phases (silica, 2-carbomethoxyethyl, cyanopropyl) and hexane
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saturated with water as a mobile phase. These concave plots were explained on the
basis of “changes in modifier concentration in the mobile phase and on the surface as
a function of temperature”. This is in line with the views of Maggs [9] and Scott and
Lawrence [10]. The explanation of the present data is simply an elaboration on this
theme. Since most CSPs are rather polar, non-linear Van 't Hoff plots will doubtless
be the rule when non-polar mobile phases containing polar modifiers are used and
extended temperature ranges are investigated.

We hasten to add that other factors may also be involved in producing non-
linear Van 't Hoff plots. Self-association of the bonded-phase strands, were it to
occur, could be disrupted by increasing either the temperature or the 2-propanol
concentration. Amides of N-(3,5-dinitrobenzoyl)amino acids do indeed associate in
solution. This interaction is thought to favor a “head to tail” orientation [12] whereas
the adjacent strands are more or less confined to a head-to-head orientation. Self-
association is still conceivable, however. In any event, differential scanning calometric
experiments with the dry adsorbent show no transition (up to 200°C) which would
suggest thermal disruption of such self-association. Even so, such self-association of
the strands of bonded phase cannot be totally discounted.as a contributing factor to
the observed effect. Under identical conditions, several other analytes do not afford
the complex curves noted herein for the enantiomers of 1. Hence, the unusual behav-
ior cannot be attributed solely to the CSP-mobile phase combination. Evidently,
there is some domain into which the various equilibrium constants must fall if the
Van ’t Hoff plots are to resemble those described herein. Depending upon the values
of the AH and A4S values of the various processes, thermally promoted “desolvation”
can cause Van 't Hoff plots to be concave or convex.

Three interesting points remain to be made. First, plots of the natural logarithm
of the separation factor for the enantiomers against the reciprocal of absolute temper-
ature (Fig. 3) are essentially linear for all four 2-propanol concentrations even though
the 2.5% 2-propanol mobile phase produces the very non-linear Van 't Hoff plot of
the retention parameter, k. This indicates that whatever the unusual occurrence is, it
affects both enantiomers equally and that chiral recognition is little influenced by the
2-propanol concentration. This seemingly rules out either a mechanism change (such
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Fig. 3. Plots of In a versus |/ RT for the enantiomers of 1 on the CSP using, respectively: & = 2.5; O = 5,
& = 10 and O = 20% 2-propanol in hexane as an eluent.



6 W. H. PIRKLE

as a change in the proportion of achiral vs. chiral retention processes) or the pop-
ulation of higher energy conformers which afford a different enantioselectivity. This
behavior is to be contrasted with the non-linear natural logarithm of the separation
factor, In a, versus 1/T behavior noted recently during the gas chromatographic sep-
aration of the enantiomers of several amino acid derivatives on a CSP [13]. Second,
the demonstrated difference in the thermodynamic parameters determined in the 2-
propanol-desorbed region and the 2-propanol-saturated region should be given heed
by those who formulate computer models for chiral recognition systems. Computer
models have as yet taken no explicit cognizance of the role played by the solvent. For
that reason, thermodynamic parameters calculated from these models should perhaps
be compared with experimental values obtained from high-temperature “desolvated”
experiments rather than those determined at ambient temperature in the presence of
strongly interactive mobile phases. Finally, the ability of the chiral column to sep-
arate enantiomers is unimpaired after its use at more than 150°C for several hours,
thus indicating that neither racemization nor loss of bonded phase has occurred to
any significant extent. Such durability is not expected of all CSPs (e.g., protein or
cellulosic CSPs). Although the higher temperatures are well above the boiling point of
the mobile phase at atmospheric pressure, the pressure within the system is great
enough to prevent boiling in either the column or the flow cell, considerable cooling of
the eluent having occurred before the latter was reached.
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ABSTRACT

As part of the development of a technique to predict retention in high-performance liquid chromato-
graphy from the molecular structure of analytes by the summation of contributions representing the parent
skeleton and functional groups, the retention index values for benzene and the substituent indices for 21
aromatic and 4 aliphatic substituent groups, based on the alkyl aryl ketone scale, have been determined in
20:80 to 60:40 tetrahydrofuran—pH 7.0 buffer eluents on a Spherisorb ODS-2 column. The results have
been compared with index values obtained with eluents based on methanol and acetonitrile.

INTRODUCTION

In recent years there has been considerable interest in the application of com-
puter-based systems to predict retention times and relative retention times in high-
performance liquid chromatography (HPLC) [1]. Previous studies from these lab-
oratories have examined predictions based on the components of the molecular struc-
ture of the analyte [2-4]. To increase the applicability of the system the calculations
were based on the alkyl aryl ketone retention index scale. The retention index (/) of
the analyte is given by the summation of a series of terms:

[=1p + Isp + Ylspx + Ysacx + Yhyz (1)

These represent the retention index of a parent compound (/p), a contribution
for saturated alkyl chains (/s r), contributions for substituents on saturated aliphatic
carbons (Isr_x), contributions for aromatic substituents (/s a,_x), and terms to ac-
count for any interactions between substituents (/; y_;) caused by electronic, hydro-

¢ For part VI, see ref. 4.

0021-9673/91/303.50 © 1991 Elsevier Science Publishers B.V.



8 R. M. SMITH, R. WANG

gen bonding and steric effects. Each of these terms will be sensitive to eluent composi-
tion and the organic modifier in the eluent and will be related to the percentage of
modifier using a quadratic equation (/ = ax? + bx + ¢ in which x = % organic
modifier and a, b and ¢ are index coefficients). So far in this study [3,4] the coefficients
for benzene as a parent compound and for the substituent and interaction indices of a
wide range of aromatic and aliphatic functional groups have been determined for
separations carried out using methanol-pH 7 buffer and acetonitrile-pH 7 buffer
eluents. The terms have been included in an expert systems program CRIPES (“chro-
matographic retention index prediction expert system”) which has been tested with a
range of substituted analytes [3].

In studies to improve or optimise the selectivity of a separation,
tetrahydrofuran (THF) has frequently been proposed as a useful alternative organic
modifier, instead of methanol or acetonitrile, with different interaction and retention
properties [5,6]. It would therefore be expected that the index values of the parent
compound and the different substituents should differ when determined in each of the
three eluents. An understanding of these relative changes for compounds containing
different groups should make possible the prediction of the optimum conditions for
the separation of the components of a mixture.

In the present work the parent and substituent index coefficients for a number
of aromatic and aliphatic functional groups are reported for separations carried out
using THF-pH 7.0 buffer eluents over the range 20-60% THF and are compared
with the indices determined earlier for methanol and acetonitrile-buffer eluents. The
potential application of the alkyl aryi ketone retention index scale in THF—water
eluents has been demonstrated in a preliminary study [7], which examined the effect of
different eluent compositions on a small set of model compounds.

EXPERIMENTAL

Chemicals, equipment and procedures were as described previously [2]. THF
was HPLC grade from FSA Scientific Apparatus (Loughborough, UK).

The retention indices were calculated by linear interpolation of the retentions of
the model compounds between the log k' of the alkyl aryl ketones, which were as-
signed retention index values of carbon number x 100. Retention index 7 = 100 # +
100(log k% — log k,)/(log k+1 — log k) in which k), = capacity factor of model
compound and k&, and &}, ; = the capacity factors of the alkyl aryl ketones, contain-
ing n and n + 1 carbon atoms, respectively, which were eluted immediately before
and after the analyte. For compounds which ¢cluted more rapidly than acetophenone
the scale was extrapolated from the results for acetophenone and propiophenone.

RESULTS AND DISCUSSION

The retention times and capacity factors were determined for a series of alkyl
aryl ketones from acetophenone to heptanophenone and for three sets of model
compounds, alkylbenzenes from benzene to butylbenzene (five compounds), sub-
stituted benzenes (nineteen compounds) and terminal substituted propylbenzenes
(four compounds). The last set was used as model for aliphatic substitution as previ-
ously it has been demonstrated that there were no significant interactions between
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TABLE I

CAPACITY FACTORS OF MODEL COMPOUNDS ON ELUTION WITH THF-BUFFER
ELUENTS

Compound k'
THF (%)
20 30 40 50 60

Acetophenone 7.22 3.48 1.87 1.12 0.69
Propiophenone 19.25 7.59 3.39 1.73 0.96
Butyrophenone 45.50 14.35 5.35 2.38 1.20
Valerophenone 112.42 27.28 8.33 3.21 1.47
Hexanophenone - 51.31 12.72 4.26 1.78
Heptanophenone - 93.37 18.90 5.54 2.13
Benzene 27.63 11.86 5.21 2.54 1.37
Toluene 64.54 21.24 7.74 3.38 1.68
Ethylbenzene — 38.37 11.31 4.34 1.98
n-Propylbenzene - 68.23 16.86 5.61 2.38
n-Butylbenzene - 124.08 24.16 7.21 2.80
Acetanilide - 1.45 0.82 0.53 0.33
Aniline 3.87 243 1.51 0.95 0.61
Anisole 24.75 9.71 4.16 2.04 1.12
Benzaldehyde 6.89 3.56 1.97 1.16 0.72
Benzamide [.11 0.65 0.45 0.37 0.23
Benzenesulphonamide 1.89 1.21 0.81 0.54 0.35
Benzonitrile 9.64 4.56 2.29 1.26 0.74
Biphenyl - 53.28 12.40 4.11 1.76
Bromobenzene 99.11 24.87 7.83 3.14 1.52
Chlorobenzene 79.50 21.91 7.29 3.01 1.51
N,N-Dimethylbenzamide 1.07 0.63 0.46 0.35 0.25
N-Ethylaniline 27.77 12.32 5.20 2.38 1.21
Fluorobenzene 35.75 13.61 5.38 248 1.30
Methyl benzoate 18.40 6.87 3.02 1.55 0.88
N-Methylbenzamide 1.25 0.71 0.50 0.35 0.25
Naphthalene - 29.50 8.39 3.23 1.51
Nitrobenzene 20.43 8.35 3.49 1.68 0.91
Phenyl acetate - 4.78 2.44 1.36 0.80
Phenol 8.84 4.23 2.07 1.10 0.62
1-Bromo-3-phenylpropane - 69.26 15.59 4.94 2.00
I-Chloro-3-phenylpropane - 58.99 13.83 4.57 1.89
4-Phenylbutyronitrile - 9.88 3.86 L.77 0.92
3-Phenyl-1-propanol - 397 1.76 0.92 0.54

functional groups in this position and the phenyl ring [8]. A range of THF-pH 7.0
phosphate buffers eluents (20:80 to 60:40) gave capacity factors in the range 0.2-100
(Table I). As with the previous studies [2], it was impractical to measure the retentions
of carboxylic acids or of aliphatic amines as these compounds were often partially or
completely ionised in the pH 7.0 buffer. The stationary phase was Spherisorb ODS-2
from the same batch as the earlier work (2] to ensure a uniform set of retention data.
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Fig. 1. Relationship between log k" and carbon number x 100 for the alkyl ary! ketones at different % of
THF.

Unlike the previous studies [2] using methanol or acetonitrile as the organic
modifier, the relationships between the logarithms of the capacity factors of the alkyl
aryl ketones and their carbon numbers was not linear as acetophenone was eluted
more rapidly than predicted in each eluent (Fig. 1). A similar but less pronounced
effect was also observed in the preliminary studies [7] on a Spherisorb ODS column.
This effect might be caused by a difference between the empirical value for the column
void volume, measured using aqueous sodium nitrate sotution, and the effective void
volume experienced by the alkyl aryl ketones. A linear interpolation between the
logarithms of the capacity factors of the alkyl aryl ketones was therefore used to
calculate the retention indices of the model compounds (Table II). The retention
indices were similar to those obtained previously [7] on a Spherisorb ODS column
(e.g., at 30% THF, previous values in parenthesis: methyl benzoate, I = 887 (896);
nitrobenzene, I = 915 (931); toluene, I = 1061 (1049). However, the differences in the -
index values were greater than the expected experimental error of +10 units [2]
indicating a small but significant difference in the retention properties of the two
stationary phases.

In order to determine the coefficients of the parent index value for benzene (/p),
the experimental retention indices were related to the percentage of THF (x) using a
quadratic least-squares correlation to give the equation Ip = 0.0243x% + 1.037x +
913 over the composition range 20-60% THF. As in the earlier studies, extrapolation
outside the empirically determined range is likely to be inaccurate. Using this equa-
tion the predicted retention indices of benzene in the different eluent compositions
were calculated (Table IT). They showed a close correspondence to the empirical
values and will be used as the reference values to calculate the effects of the sub-
stituents on retention. The values of the parent indices in the THF-buffer eluents (J,
= 944-1063) are generally higher than those found earlier for the parent indices of
benzene in methanol-buffer (I, = 888-999) or acetonitrile-buffer eluents (/p = 910~
963) [2].

The rentention indices for the alkylbenzenes (benzene, toluene, ethylbenzene
and n-propylbenzene) increased with the chain length as expected (Table IT) but the



RETENTION PREDICTION IN RP-HPLC. VII. 11

TABLE II

RETENTION INDICES OF MODEL COMPOUNDS ON ELUTION WITH THF-BUFFER
ELUENTS

Compound I
THF (%)
20 30 40 50 60

Benzene 942 970 994 1022 1065

Calculated 1, 944 966 994 1026 1063
Toluene 1039 1061 1083 1118 1165
Ethylbenzene - 1153 1172 1207 1259
n-Propylbenzene - 1247 1271 1304 1361

Calculated I, _,° 1252 1280 1312 1349
n-Butylbenzene - 1347 1362 1400 1452
Acetanilide - 688 661 627 577
Acetophenone” 800 800 800 800 800
Aniline 736 753 764 762 762
Anisole 929 939 945 952 969
Benzaldehyde 795 803 809 808 812
Benzamide 609 585 560 545 467
Benzenesulphonamide 663 665 659 632 594
Benzonitrile 829 835 834 827 821
Biphenyl - 1206 1195 1187 1195
Bromobenzene 1086 1086 1086 1093 1117
Chlorobenzene 1062 1066 1070 1078 1114
N,N-Dimethylbenzamide 605 581 564 532 493
N-Ethylaniline 943 976 994 1000 1004
Fluorobenzene 972 992 1001 1014 1039
N-Methylbenzamide 621 596 578 532 493
Methy! benzoate 895 887 881 875 873
Naphthalene - 12 1101 1102 1114
Nitrobenzene 907 915 906 893 884
Phenol 821 825 817 795 767
Phenyl acetate - 841 845 845 813
1-Bromo-3-phenylpropane - 1250 1251 1256 1265
1-Chloro-3-phenylpropane - 1227 1221 1227 1233
4-Phenylbutyronitrile - 934 928 905 887
3-Phenyl-1-propanol - 817 789 755 726

“ Calculated as [, + 1LPhCHZR + 3 x 100.
® Defined as carbon number x 100,

increases for each additional methylene unit were often smaller than the theoretical
value of 100 units expected for the increments between homologues (Table III). The
mean value for the addition of a methylene group to the benzylic carbon was signif-
icantly smaller (91 units) than the increment for the other methylene groups (95-98
units). A similar effect was observed earlier in studies with methanol- and acetonitrile-
containing eluents, when the increments were in the range 92-112 units, except for the
addition of a methylene group to a benzylic carbon, 87-95 units [9]. These results
suggest that the methylene increment for the alkylbenzenes in a THF-buffer eluent
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TABLE 111

RETENTION INDEX INCREMENTS FOR THE ADDITION OF A METHYLENE GROUP TO AN
ALKYLBENZENE

Compound Retention index increment
THF (%) Mean
20 30 40 50 60
1, (Benzene) 944 966 994 1026 1063
Benzene-toluene 95 95 89 92 102 95
Toluene—cthylbenzene 92 89 89 94 91
Ethylbenzene-n-propylbenzene 94 99 97 102 98
Propylbenzene-n-butylbenzene 100 91 96 91 95

differs from that of the alkyl aryl ketones. From the Martin equation, the methylene
increment should be constant irrespective of the functional groups. However, similar
differences have been observed previously, particularly between aliphatic and aro-
matic homologous series, as in a recent study comparing homologous nitroalkanes
with 2-alkanones and alkyl aryl ketones [10]. In the present study, an interaction
index term was therefore included for the addition of a methylene group to a benzylic
carbon (fipnch,k = —14) similar to the correction in methanol and acetonitrile
eluents (/i pncu,g = — 12) [9]. This interaction value ignores the low value for alkyl
substitution on benzene but would compensate by slightly over-correcting for sub-
stitution of toluene. Using this interaction value the predicted retention indices can be
calculated for n-propylbenzene (Table IT) and these will be used as the reference point
for aliphatic substitution.

The differences in the effect of methylene groups on retention could pose prob-
lems for retention prediction systems and imply that additional correction factors
might be required for precise results on different homologous series. However, the
discrepancies are small compared to the effects of many of the substituents and are
similar to the uncertainty in the empirical measurement of retention indices. Thus,
they can probably be safely ignored in most predictions.

Substituent index increments

Using the calculated parent index values for benzene (/p) and n-propylbenzene
(Ir-a = Ir + L pncu,r + 3 x 100) the changes in the retention caused by the presence
of each aromatic and aliphatic substituent were calculated as the retention index
increments between the substituted model compound and the corresponding parent
hydrocarbon (61 = I5,_x — I, or 81 = Ix_x — Iz_y) (Table IV). In each case the
increments changed systematically with eluent composition. As with the other eluent
modifiers, there were large differences between the same group as an aliphatic or
aromatic substituent (e.g, in 40% THF, &I for Ar-Br = 92 and R-Br = —29).

Although, as expected, the difference between the amino group (-NH>) and the
N-ethyl group (-NHEt) in THF-buffer (20:80) was about 200 units, the difference
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TABLE 1V

RETENTION INDEX INCREMENTS FOR SUBSTITUENTS ON AN AROMATIC RING IN THF-
BUFFER ELUENTS

Substituent Hansch Retention index increment
constant,
n [12] THF (%)
20 30 40 50 60

Ar-X (61 = I,y = I, )
SO,NH, —1.82 —281 -301 -335 -394 —~ 469
CONH, —1.49 —335 —381 —434 —481 —596
CONHCH, -1.27 -323 -370 -416 —494 ~570
CON(CH,), - -339 —385 —430 —494 - 570
NH, —-1.23 - 208 ~213 —230 —264 —301
NHCOCH, -0.97 - -278 —333 —399 —486
OH —0.67 —123 — 141 -177 —231 ~296
CHO —0.65 —149 —163 —188 -218 ~251
OCOCH, —0.64 - -125 — 149 —181 —250
CN —-0.57 —115 - 131 - 160 - 199 —242
COCH,* —0.55 — 144 — 166 - 194 -222 —263
NO, -0.23 -37 =51 —88 —133 —179
OCH, -0.02 -15 -27 —49 - 74 -94
CO,CH, ~0.01 —49 -79 -113 —151 —-190
H 0.00 0 0 0 0 0
NHCH,CH, 0.08 -1 10 0 -26 -39
F 0.14 28 26 7 -12 ~24
CH, 0.56 95 95 89 92 102
Cl 0.72 118 100 76 52 St
Br 0.86 142 120 92 67 54
Ph 1.96 -~ 240 201 161 132
(Naphthalene) - - 146 107 76 51

R-X (61 = e x — Iy
OH - 1.64 - —435 —491 - 557 —623
CN -1.27 - —318 -352 — 407 —462
Ct 0.06 - -25 -59 -85 —116
Br 0.20 - 2 -29 - 56 -84

increased to 250 units at higher proportions of modifier, suggesting that the influence
of the eluent on primary and secondary amino groups differed and that different
substituent index coefficients are necessary. A comparison of the increments for the
carboxamide (-CONH,), N-methylcarboxamide (-CONHMe) and N,N-dimethyl-
carboxamide [CON(Me),] groups showed an even more marked effect. At each eluent
composition the increments for all three functional groups were very similar (ie.,
THF-buffer (20:80), Isar-x = —335, —323 and —339 units, respectively, and at
THF-buffer (60:40), Isarx = —596, —570 and — 570 units) despite the presence of
the additional methyl and dimethyl groups, which might have been expected to make
the subsituted carboxamide groups more hydrophilic. The retention prediction sys-
tem will therefore have to regard primary, secondary and tertiary amides as different
groups (with different substituent index coefficients), rather than simply considering
them as primary amides, which have been altered by alkyl substitution. During the
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evaluation of the retention index expert system (CRIPES) this simpler approach was
used for the prediction of the indices of N,N-dimethylbenzamide and N-methylben-
zamide in methanol and acetonitrile eluents [3]. However, there were large differences
between the predicted and experimental values and it was clear that the substituted
amides would also need to be distinguished in those eluents.

Using the retention index increments for each substituent the coefficients of the
quadratic relationship between the increment and the percentage of THF in the cluent

TABLE V
COEFFICIENTS OF SUBSTITUENT INDEX EQUATIONS FOR SUBSTITUENTS

I, xor Iy = ax* + bx + ¢, x = % THF in eluent.

Substituent Index coefficients
a b c

Ar-X
SO,NH, —-0.0964 3.024 —-303
CONH, —0.1228 4.009 —389
CONHCH, —0.0643 -1.037 =277
CONH-R* —0.0643 —1.037 —377
CON(CH,), —0.0564 -1.196 —294
CON-R,* —0.564 ~1.196 — 496
NH, —0.0721 3.601 —-259
NHCOCH, —0.0800 0.300 -215
NHCO-R* —0.0800 0.300 -315
OH —0.0800 2.040 —131
CHO —0.0307 —0.133 —133
OCOCH, —0.1125 6.055 —-207
OCO-R* -0.1125 6.055 -307
CN —0.0457 0.437 —105
COCH, —0.0271 —-0.769 —-118
CO-R* —0.0271 —0.769 —218
NO, -0.0514 0.454 -23
OCH, —0.0121 —-1.099 14
O-R¢ —0.0121 —1.099 - 86
CO,CH, -0.0157 —2.283 3
CO,-R* —0.0157 —2.283 -97
H 0.0 0.0 0
NHCH,CH, —0.0743 4423 —-58
NH-R*¢ —0.0743 4423 —258
F —0.0429 2.409 —-18
CH, 0.0 0.0 100
Cl 0.0243 —3.763 186
Br 0.0150 —3.490 208
Ph 0.0250 - 5.890 395
(Naphthalene) 0:0350 —6.310 304

R-X
OH -0.0250 —4.050 -290
CN -0.0520 —0.145 —265
Cl 0.0075 —3.665 76
Br 0.0075 ~3.535 101

“ Values of core functional groups excluding alkyl groups (methyl = 100, ethyl = 200).
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Fig. 2. Relationship between retention increments or calculated substituent indices for selected aromatic

substituents and the proportion of THF in the eluent. Points indicate experimental values (retention index
increment, 4/) and the lines are calculated substituent indices (I5.ar_x) based on the coefficients in Table V.

were calculated (Table V). For substituents containing aliphatic, methyl or ethyl
groups (such as -COMe, -CONMe, and -NHETt) the corresponding coefficients for
the core functional group (-CO-, -CON= and -NH-) were determined by sub-
tracting 100 or 200 units as appropriate. These coefficients can then be used as general
terms for the prediction of the retention indices of substituted functional groups (such
as ~NHbutyl) by adding the appropriate alkyl chain substituent contribution (Is ).
From the coefficients in Table V the substituent indices (Is,ar—x and Isg_x) can be
calculated and these corresponded closely with the empirical retention increments
(for examples see Fig. 2).

The substituents indices in the three different modifiers can now be compared to
identify those groups which are particularly susceptible to differences in the proper-
ties of the eluents (Table VI). As in a typical optimisation procedure approximately
isoeluotropic conditions were selected for comparison. These were chosen to give
similar capacity factors for acetophenone (methanol-buffer (50:50), &' = 3.23; aceto-
nitrile-buffer (40:60), k' = 2.91; THF-buffer (30:70), k' = 3.48). The parent index
values for benzene differed in each eluent (, = 913, 927 and 966, respectively). In
contrast, the value for the phenyl substituents decreased (Is.ac—pn = 305,271 and 241,
respectively). For many of the substituents the differences between the eluents were
less than 30 units and the aromatic nitro (s, Ar-No, = — 54, —54and — 56) and chloro
groups (Is.ar_ct = 105, 98 and 92) had almost identical indices. However, these com-
parisons are not general and would alter with the strength of the eluents. For exam-
ple, the substituent index of the chloro group (Fig. 3) changed markedly with THF
composition, whereas in methanol and acetonitrile eluents it was almost constant
with eluent composition [2].

The largest differences between modifiers was found for the phenolic hydroxy
group (s ar—ou, methanol-buffer = —229; acetonitrile—buffer = —243 and THF-
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TABLE VI

COMPARISON OF SUBSTITUENT INDICES IN METHANOL-, ACETONITRILE- AND THF-
BUFFER-CONTAINING ELUENTS

Ig arx and Igp_ based on coefficients in [2,8] and Table V.

Eluents selected to give similar capacity factors for acetophenone; 50:50 methanol-buffer, &' = 3.23; 40:60
acetonitrile—buffer, &’ = 2.91; 30:70 THF-buffer, k' = 3.48

Substituent Substituent index

MeQOH-Buffer MeCN-buffer THF-buffer

(50:50) (40:60) (30:70)
Benzene 7, 913 927 966
Ar-X

CONH, —321 —-392 —381
NH, ~254 —230 —216
OH —229 —243 —142
CHO —138 — 141 — 165
CN —-134 —111 -133
COCH, —113 —127 — 165
NO, —54 —54 ~56
OCH, ~11 -19 -30
CO,CH, -10 - 34 -80
Cl 105 98 95
Br 135 127 117
Ph 305 271 241
R-X
OH -362 —459 —434
CN —300 —280 —316
Cl -39 ~49 =27
Br 3 —13 2
buffer = —142). In contrast, the aliphatic hydroxyl group behaved very differently

(Isr_on = —362, —459 and —434, respectively). Although the values for the carbo-
methoxyl substituent (CO,CH,) were relatively similar in the three isoeluotropic
eluents the values became markedly different in eluents with higher proportions of
modifier (Fig. 3). These changes emphasise that differences in the elution order be-
tween modifiers may be significantly dependent on the composition of each eluent
and it may not be sufficient to rely on comparisons of a single set of isoeluotropic
eluents to achieve the optimisation of a separation. .

However, even relatively small differences of less than 50 units in different
eluents can have a marked influence on the relative retentions of the components of a
mixture. A typical pair of compounds, e.g., methyl benzoate and nitrobenzene, have
predicted retention indices of 903 and 859 units, respectively, in a methanol-buffer
(50:50) etuent but their elution would be reversed to I = 886 and 910 units in THF-
buffer (30:70). This predicted change would mirror changes reported previously for
these compounds by Tanaka et al. [11] on an ODS-bonded Hypersil column.

Many workers have used HPLC retentions for the approximate determination
of octanol-water distribution constants (log P) and close correlations have often been



RETENTION PREDICTION IN RP-HPLC. VIL 17

200
100 - A.:!>.<.:=
x
L]
h-}
£
R
2 A
Z A
a B A
w
—100 +
_200 T T T T -y T v T

™
0 20 40 60 80 100
Organic modifier (%)
Fig. 3. Comparison of the substituent indices of the aryl chloro group (Ar-Cl, solid symbols) and the

carbomethoxy group (Ar-CO,CH,, open symbols) in THF-buffer eluents (O and @), methanol-buffer
eluents ({0 and M) and acetonitrile eluents (A and A) (values from ref. 2).

found, particularly amongst members of a homologous or pseudohomologous group
of compounds (such as the alkylsubstituted barbiturates). The substituent indices
were therefore compared with the corresponding Hansch substituent constants (z
values [12], see Table IV). Across the range of aromatic substituents there was a close
correlation (Fig. 4). Unlike the corresponding comparison in methanol and aceto-
nitrile eluents [2], the value for the aromatic hydroxyl group in THF—buffer correlated
with its 7 value. However, the carboxamide (as with the other eluent modifiers) and
sulphonamide groups were outliers, although in different directions.
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Fig. 4. Relationship between the magnitude of the calculated substituent indices of aromatic substituents in
THF-buffer (30:70) eluent and Hansch = values (from Table IV).
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CONCLUSIONS

The parent retention indices for benzene and substituent indices for 21 aromatic
substituents and 4 aliphatic substituents have been determined and expressed as the
coefficients of quadratic equations covering an eluent composition range from 20 to
60% THF. The magnitude of the substituent indices corresponded closely to the
Hansch n values for the groups.
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ABSTRACT

Various restricted-access reversed-phase (RARP) packing materials, including alkyl-, alkyl ether- and
alkylamide-type stationary phases, were compared with a commercially available peptide-bonded internal
surface reversed-phase material and a shiclded-type RARP material. Alkyl-type RARP materials were
found to be more hydrophobic than ether or amide-type phases, which in turn were more hydrophobic
than the materials commercially available at present. The contribution of polar as well as ionic groups in
the stationary phase structure to retention selectivity was noted with some materials. The advantages of
having a variety of RARP materials in terms of retention and selectivity were shown for separation of
various drugs with a limited range of mobile phases.

INTRODUCTION

Restricted-access reversed-phase (RARP) packing materials were developed for
the high-performance liquid chromatographic (HPLC) analysis of body fluids, namely
serum, in which proteins co-exist with the analytes. Pretreatment of biological samples
can be simplified by using these materials, because high-molecular-weight solutes can
be excluded from the pores of RARP materials which possess hydrophilic external and
hydrophobic internal surfaces.

Two types of RARP materials have been reported in terms of the preparation
procedure. The first method is a three-step procedure; (1) introduction of hydrophobic
groups on all the surfaces of porous silica particles; (2) removal of hydrophobic groups

from the external surface; (3) introduction of hydrophilic groups onto the external
surface.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Hagestam and Pinkerton[1] prepared a glycylphenylalanylphenylalanine (GFF)-
bonded internal surface reversed-phase (ISRP) material [abbreviated to ISRP-peptide
(GFF)][1-6], and Haginaka and co-workers [7,8] prepared alkyl amide-bonded ISRP
material (ISRP-amide) following this scheme by utilizing enzyme-catalyzed cleavage
of external hydrophobic groups. The packing materials prepared by these methods
necessarily include a functional group such as an amide group in the hydrophobic part
of the stationary phase which can be cleaved by an enzyme.

RARP materials can also be prepared from ordinary alkylsilylated silica gels
such as silica-C,g. Sudo ez al. [9] used oxygen plasma, and Kimata ez al. [10] used
aqueous hydrochloric acid to remove alkylsilyl groups from the external surface of
packing materials designed for reversed-phase liquid chromatography (RPLC).

The second type of RARP materials are mixed-type materials, which possess
both hydrophobic and hydrophilic groups on all surfaces of the porous silica gel. Gisch
and co-workers [11,12] reported an RARP material with phenyl groups bonded with
polyoxyethylene chains, currently available as LC-HISEP. Haginaka and Wakai
reported a C; g phase bonded together with diol groups [13]. They also reported an
RARP material with chiral groups for the separation of enantiomers [14]. In these
RARP materials, the hydrophobic properties of alkyl or aryl groups were controlled
by the presence of hydrophilic groups so that proteins are not retained under the
separation conditions for low-molecular-weight compounds.

The RARP materials prepared by different methods are expected to show
different retention characteristics, depending upon the solute accessibility to and the
chemical structure of the hydrophobic groups on the internal surface in relatively small
pores of ca. 8 nm or less. In RPLC, a variety of packing materials, such as alkyl- or
aryl-bonded silica gel [15], polymer-based materials [16] and carbon packing materials
[17} have been used to meet various separation needs. The characterization of C,g
packing materials from various manufacturers would allow one to select a proper
column for a particular application [18].-Such characterization of RARP materials
would be similarly useful for column selection as well as for designing new RARP
materials, because a limited range of mobile phases can be used with RARP materials
which should not denature proteins in a column.

Here we report the comparison of retention characteristics of various RARP
materials with respect to the effect of hydrophobicity and the contribution of ionizable
groups in the stationary phase.

EXPERIMENTAL

Equipment

The HPLC system consisted of an LC-6A pump, an SIL-6A automatic sample
injector, an SPD-6A UV detector and a C-R5A data processor (all from Shimadzu,
Kyoto, Japan). Column temperature was maintained at 30°C by using a thermostated
water bath.

Materials

An ISRP column (15 cm x 4.6 mm I.D.) of glycylphenylalanylphenylalanine-
bonded phase [ISRP-peptide (GFF)], originally prepared by Hagestam and Pinkerton
[1], was purchased from Kohken (Tokyo, Japan). An LC-HISEP column (15¢m x 4.6



SELECTIVITY OF RARP PACKING MATERIALS 21

Internal  External
Surface Surface

]
OH b °’§i'RD OH O-S:i-(CH,)a-O-CH;(I:H—(':H,
] ]
R-$i-0 R-Si-0 R-$i-0 OR OH
1
alkylsiltylation decomposition introduction of
in conc. HCl diol functionality

Fig. 1. Preparation method of SHRP packing materials by acid decomposition, and stationary phase
structure. R: CygHj, (SHRP-C3), CgH 5 (SHRP-Cg), C¢HsCH,CH, (SHRP-PE), CH,OCH,CH,OCH,
CH,CH, (SHRP-E2), CH;0(CH,CH,0),CH,CH,CH, (SHRP-E3).

mm L.D.) was purchased from Supelco (Bellefonte, PA, USA). A size-exclusion
chromatography column (30 cm x 7.5 mm I.D.), TSK G2000SW, was purchased
from Tosoh (Tokyo, Japan). A Cosmosil 5-C,5 column was obtained from Nacalai
Tesque (Kyoto, Japan).

ISRP-amide packing material was prepared according to a previously reported
procedure [7]. Superficially hydrophilic reversed-phase (SHRP) packing materials
with alkyl groups, SHRP-C 5, SHRP-Cg and SHRP-phenylethyl (SHRP-PE), as well
as alkyl ether-type materials, SHRP-E2 and SHRP-E3 (see Fig. 1 for structures), were
prepared by acid decomposition of bonded phases followed by the introduction of dio!
groups, as reported previously [10]. Acid decomposition of the precursor of SHRP-E2
and -E3 phases with concentrated hydrochloric acid was performed in the presence of
stearyl alcohol (10% of the weight of packing material). The carbon contents of these
packing materials at each stage of preparation are listed in Table I. The packing
materials were packed into stainless-steel columns (150 mm x 4.6 mm 1.D.).

Silica particles (Develosil; particle size = 5 um; pore size = 6 nm; surface
area = 500 m?/g) were purchased from Nomura (Seto, Japan). Alkylsilylating
reagents were either purchased from Petrarch System (Bristol, PA, USA) or prepared

by standard methods. Bovine serum albumin (BSA) and drug standards were obtained
commercially.

TABLE I
CARBON CONTENTS OF RARP PACKING MATERIALS

Packing material Carbon content (%)

Before decomposition® After decomposition Alkyl/diol

SHRP-C;, 20.08 12.29 14.95
SHRP-Cy 14.01 6.79 9.06
SHRP-PE 14.33 5.85 8.62
SHRP-E2 5.76 4.38 537
SHRP-E3 5.76 4.05 7.29
ISRP-amide - - 5.44

* End-capped.
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Chromatographic measurement

All chromatographic measurements were carried out at 30°C. The recovery of
BSA was calculated based on the peak area by taking the area obtained without
a column as 100%.

RESULTS AND DISCUSSION

Hydrophobicity

The hydrophobicity of RARP materials was compared in terms of the retention
increase with the addition of one methylene group in the solute structure in 10%
acetonitrile and in 60% methanol. The slopes of the plots of log k&’ (k' = capacity
factor) values of phenylalkyl alcohols in 10% acetonitrile, and those of alkylbenzenes
in 60% methanol, against the carbon number of the alkyl portion of the solutes were
calculated according to eqn. 1 and are listed in Table II. The correlation coefficients
were always greater than 0.99 for alkylbenzenes, and greater than 0.98 for phenylalkyl
alcohols.

logk' =aC, + b ()

TABLE Il
HYDROPHOBICITY OF RARP PACKING MATERIALS

Packing material a value in k' a value in ke
60% methanol® 10% acetonitrile

SHRP-C; 0.277 11.62 0.407 31.39
SHRP-Cg 0.255 9.19 0.376 29.74
SHRP-PE 0.201 592 0.322 14.24
SHRP-E2 0.164 3.65 0.292 11.56
SHRP-E3 0.158 2.95 0.270 8.58
ISRP-peptide (GFF)  0.031 0.95 0.113 1.70
LC-HISEP 0.076 1.22 0.187 2.17
ISRP-amide 0.168 2.29 0.262 5.66
C,5-60° 0.295 19.90 0.422 67.84
C,-60-Df 0.282 10.31 0.418 39.20
C,g-100¢ 0.278 15.24 0.410 63.79
C,5-300" 0.266 4.34 0.397 23.54
C,,-300" 0.257 4.12 0.401 20.16
Cg-300" 0.236 3.45 0.386 16.31
C-300" 0.220 2.75 0.370 14.14
C,-300" 0.196 1.78 0.336 8.57
C;-300" 0.187 1.57 0.323 7.07
C,-300" 0.170 1.35 0.293 3.53

¢ Calculated according to the equation, log k' = a C, + b; solute: alkylbenzene, CsHs—C,Hyy 4.
" Solute = methyl benzoate; mobile phase = 40% methanol.

¢ Solute = benzyl alcohol; 2-phenylethanol, 3-phenylpropanol; mobile phase = 10% acetonitrile.
4 Solute = 3-phenylpropanol; mobile phase = 10% acetonitrile.

¢ Precursor of SHRP-C, g, before decomposition.

J Precursor of SHRP-C g, after decomposition, before the introduction of diol groups.

¢ Prepared from silica gel with 10-nm pores.

" Prepared from silica gel with 30-nm pores.
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Generally the longer the alkyl group of stationary phase, the greater the
hydrophobicity. Commercially available ISRP-peptide (GFF) and LC-HISEP showed
very low hydrophobicity. The a values obtained with the ISRP-amide phase-were
similar to those with SHRP-E2 and SHRP-E3 at an intermediate range. Alkyl-type
SHRP materials gave a values which were closely related to the carbon contents of the
packing materials prior to the introduction of the diol groups.

Also listed in Table II are the a values obtained with the precursor of SHRP-C, 5
and ordinary RPLC materials with end capping. The similar a values found with the
precursors of SHRP-Cg, Cy5-60 and C,5-60-D, as well as SHRP-C, g suggest that
the acid decomposition of alkylsilylated phase proceeded preferentially at the external
surface, leaving the C,g groups on the internal surface at relatively high surface
densities [10]. C; g phases with lower surface coverages are known to give much smaller
a values [10]. Note that the effect of pore size on a value, or on the hydrophobicity, is
smaller than that of alkyl chain length.

Small-pore materials generally resulted in greater retention, because of their
large surface areas, accompanied by slightly larger @ values. A slight increase in
retention was seen with the introduction of the diol function to the decomposed alkyl
phase. These results suggest that the solute retention is determined not only by the
hydrophobicity but also by the microscopic environment in the bonded phase
composed of hydrophobic and hydrophillic groups, in addition to the availability of
such surfaces, or the surface area of the packing materials.

Contribution of ionic groups in the stationary phase

Fig. 2 shows the dependence of retention of benzoic acid on the pH of the mobile
phase. As shown in Fig. 3, the retention of the acid on LC-HISEP and ISRP-amide
showed a clear decrease at low pH. The ISRP-amide phase possesses an alkylamine
structure [7]. The pK, of the amine structure in the stationary phase is expected to be
around 9. As the protonation of the amino groups in the stationary phase increases
from pH 8 to pH 6, the retention of ionized benzoic acid with a pK, of ca. 4.2 [19]

Fig. 2. The pH dependence of the &’ value of benzoic acid. O = LC-HISEP; @ = ISRP-amide; A =
SHRP-E3; A = ISRP-peptide (GFF); (] = SHRP-C,5. Methanol concentration of mobile phase:
LC-HISEP = 10%; SHRP-amide and SHRP-E3 = 15%: SHRP-peptide (GFF) = 5%, SHRP-C,5 =
60%; each mobile phase containing 0.02 M phosphate buffer.
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Fig. 3. Difference in selectivity of various RARP materials. Mobile phase: 30% acetonitrile-0.02
M phosphate buffer containing 0.1 M sodium sulfate (pH 7). Solutes: 4 = furosemide; 14 = indomethacin;
15 = carbamazepine; 20 = nifedipine.

increases. With the decrease in the extent of ionization of benzoic acid below pH 5, the
retention decreases at relatively constant ionization state of the amine. A similar
observation with LC-HISEP suggests the presence of an amine function on this
stationary phase. Other packing materials showed normal retention behavior for
benzoic acid for the pH range studied.

Recovery of BSA from RARP materials
Table 111 shows the recovery of BSA from the RARP columns. All the stationary
phases gave nearly complete recovery of BSA with less than 40% acetonitrile in the

TABLE 111
RECOVERY OF BSA FROM RARP COLUMNS

Packing material Acetonitrile content (%) of mobile phase”

0 10 20 30 40 50

ISRP-peptide (GFF) 94 89 103 100 89 50

SHRP-C,4 85 85 96 96 93 64
LC-HISEP 101 94 100 103 115 73
ISRP-amide 98 91 90 84 89 47
TSK gel G2000SW 107 99 97 102 75 47

“ Mobile phase = acetonitrile~0.02 M phosphate buffer + 0.1 M sodium sulfate (pH 7).
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Fig. 4. Structure of drugs. | = Phenylpropanolamine; 2 = theophylline; 3 = salicylic acid; 4 =
furosemide; 5 = trimethoprim; 6 = hydrochlorothiazide; 7 = barbital; 8 = quinidine; 9 = tolbutamide;

10 = propranolol; 11 = phenylbutazone; 12 = ibuprofen; 13 = phenobarbital; 14 = indomethacin;
L5 = carbamazepine; 16 = phenytoin; 17 = dipyridamole; 18 = imipramine; 19 = lidocaine; 20 =
nifedipine.

mobile phase. The recovery of BSA in 40% acetonitrile was noticeably lower, and the
column for aqueous size-exclusion chromatography, TSK G20000SW, was not an
exception. This suggests that the denaturation of BSA was not caused by a particular
stationary phase structure, but by the mobile phase. The results indicate that the
organic solvent content in mobile phase should be limited to be 30% or less, if
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acetonitrile is to be used as an organic solvent. Pinkerton ez al. [2] suggested that the
organic solvent content should not exceed 25% acetonitrile, 20% isopropanol and
10% tetrahydrofuran. The mobile phase composition is limited when RARP materials
are to be used for serum analysis.

Retention selectivity for drugs

Fig. 3 shows the retention of drugs on the RARP columns (The structures of the
drugs are shown in Fig. 4). The stationary phases are arranged in order of increasing
hydrophobicity. The stationary phase with greater hydrophobicity generally gives the
larger retention for neutral compounds (Nos. 15 and 20), with SHRP-PE being an
exception. Compounds with a carboxyl group (Nos. 4 and 14), however, were retained
on LC-HISEP and on ISRP-amide much more than expected on the basis of
hydrophobicity.
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Fig. 5. Selectivity of RARP materials relative to C, g packing material. Acetonitrile concentration of mobile
phase: Ci5 = 40%; ISRP-peptide (GFF) = 20%; other RARP packing materials = 30%. The mobile
phase contained 0.02 M phosphate buffer and 0.1 M sodium sulfate (pH 7). Solute number as indicated in
Fig. 4.



SELECTIVITY OF RARP PACKING MATERIALS 27

The log k' values on SHRP-C,5, ISRP-peptide (GFF), LC-HISEP and
ISRP-amide are compared with those on an ordinary Cyg column in Fig. 5. The
retention selectivities of RARP materials prepared via acid decomposition of the
bonded phase, SHRP-C, g, as well as Cg, E2 and E3, were relatively similar to that of
ordinary C,s, as shown in Fig. 5a.

ISRP-amide and LC-HISEP showed preferential retention of solutes with
a carboxyl group (Nos. 14 and 4), as shown in Fig. 5b and ¢, while relatively little
retention was seen with amino compounds (Nos. 8, 10, 18 and 19). The contribution of
amino groups in the stationary phase should be responsible for these results. In
contrast, the ISRP-peptide (GFF) phase showed selective retention of amino
compounds (Nos. 8 and 10). This packing material is known to contain a carboxyl
group in the peptide-bonded stationary phase, which exists as an anion at this pH
[4-6]. These RARP materials showed widely different retention selectivity indicated
by the scattered plots in Fig. 5b—d from ordinary C,, presumably due to the presence
of hydrophilic groups in the stationary phase. The difference in the range of &’ value as
well as the difference in selectivity provided by these RARP materials can increase the
capability of RARP materials, because a limited range of mobile phases can be used
with these packing materials to retain the native state of proteins in a sample, as
mentioned earlier.

It has been pointed out that hydrophilic compounds were not well resolved from
the early-eluting protein peak by using commercial ISRP-peptide (GFF) [7]. Fig.
6 shows the chromatograms for theophylline, phenylpropanolamine and barbital on
ISRP-peptide (GFF), LC-HISEP, SHRP-C;; and Cg. ISRP-peptide (GFF) and
LC-HISEP gave very small retention for these drugs under the present conditions.
Although the quantification of theophylline and caffeine has been successfully
achieved by using ISRP-peptide (GFF) [20,21], the optimization of the separation
conditions would be easier with stationary phases showing greater retention. A newer
peptide-bonded ISRP phase, ISRP-peptide (GFF)-I1, has been reported to be more
retentive than ISRP-peptide (GFF) [22]. As shown in Fig. 6, SHRP-Cg and C, 5 gave
adequate retention for these compounds in the presence of 5% acetonitrile, although
the peaks were somewhat broader on these phases.

When hydrophobic drugs were chromatographed, the ISRP-peptide (GFF)
column gave fast separation of dipyridamole, nifedipine and imipramine in 20%
acetonitrile, while SHRP-C 3 showed prolonged retention, as shown in Fig. 7. Because
the recovery of proteins tend to decrease with acetonitrile content at 40% or higher, the
RARP materials with high hydrophobicity cannot conveniently be used for these
drugs. These are just a few examples of the advantages of having a variety of RARP
materials with different retention properties.

Fig. 8 shows another example to illustrate the advantage of the availability
of various types of stationary phases. The two RARP columns with similar
hydrophobicity can provide different sclectivity. When one phase fails to give
separation, still another phase is available. These RARP materials with intermediate
hydrophobicity seem to be applicable for a wide range of compounds. The acid
decomposition method for the preparation of RARP materials can produce a variety
of phases from RPLC phases currently available.
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a b c d
ISRP-peptide L.C-HISEP SHRP-Cig SHRP-Cs
(GFF)
23
2
1
3
1
1
1 2
3
3
2
i 1))/ — .
0 5 16 15 o 5 o 6 5 1 15 50 s
(pin) (min) (min) (min)

Fig. 6. Chromatograms of hydrophilic drugs injected with 20 ul of human serum. (a) ISRP-peptide (GFF),
(b) LC-HISEP, (c) SHRP-C,, (d) SHRP-Cs. Solute: 1 = theophylline; 2 = phenylpropanolamine; 3 =
barbital. Mobile phase: (a) and (b), 0.02 M phosphate buffer + 0.1 M sodium sulfate (pH 7); (c) and (d),
mobile phase for (a) and (b) + 5% acetonitrile. Flow-rate: 1.0 ml/min. Wavelength: 254 nm.
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Fig. 7. Chromatograms of hydrophobic drugs injected with 20 ul of human serum. (a) ISRP-peptide (GFF),
(b) SHRP-C, 5. Mobile phase: (a) = 20% acetonitrile-0.02 M phosphate buffer + 0.1 M sodium sulfate;
(b) = 30% acetonitrile-0.02 M phosphate buffer + 0.1 M sodium sulfate. Solute: 1 = dipyridamole; 2 =
nifedipine; 3 = imipramine. Flow-rate: 1.0 ml/min. Wavelength: 254 nm.
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a b SHRP-E2 ¢ d ISRP-amide
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Fig. 8. Drug separation using (a and b) SHRP-E2 and (¢ and d) ISRP-amide. Mobile phase: (a) 5%
acetonitrile-0.02 M phosphate buffer + 0.1 M sodium sulfate, (b and d) 30% acetonitrile=0.02
M phosphate buffer + 0.1 M sodium sulfate, (c) 0.02 M phosphate buffer + 0.1 M sodium sulfate. Solutes
(injected with 20 ul of human serum): 1 = theophylline; 2 = phenylpropanolamine; 3 = barbital; 4 =
dipyridamole; 5 = nifedipine; 6 = imipramine. Flow-rate: 1.0 ml/min. Wavelength: 254 nm.

CONCLUSIONS

The hydrophobicity of RARP materials was found to be as follows: SHRP-
Cys > SHRP-Cg > SHRP-E2 ~ E3 ~ ISRP-amide > LC-HISEP > ISRP-
peptide (GFF). The order of extent of retention was roughly the same. In order to
achieve complete recovery of proteins, and also to elute analytes in a proper k' range,
hydrophobic RARP materials should be used for the separation of hydrophilic drugs,
and hydrophilic stationary phases for hydrophobic drug analysis. Those with
intermediate hydrophobicity can be used for both hydrophobic and hydrophilic
compounds. The availability of RARP materials with a wide range of hydrophobicity
and with different selectivity will increase the separation capability of RARP

stationary phases in the analysis of biological samples. Further addition of RARP
materials is expected [22].
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ABSTRACT

The processes of lateral diffusion of solutes in the bonded layer of n-alkyichlorosilane-modified
silicas were studied using pyrene as a luminescence probe. It was shown that all bonded-chain carbon
atoms interact with the solute for supports of pore diameter 40-50 nm. The reduction of the average pore
diameter results in partial permeation of the solute into the bonded layer, which in turn leads to a decrease
in apparent viscosity of the bonded layer. The presence of accessible silanol groups causes a strong decrease
in pyrene mobility in the bonded layer.

INTRODUCTION

The most informative method for the investigation of the state and dynamics of
surface-adsorbed molecules is high-sensitivity luminescence. This method considers
the diffusion-limited processes of probe molecules: luminescence quenching, non-
radiating energy transfer of electronic excitation and formation of exciplexes (excited
complexes) and cxcimers (excited dimers) [1-5].

The most successfully applied luminescence probe material is pyrene: it provides
quantitative data on diffusion of adsorbed molecules [6-8] and allows study of
conformational organization of the bonded layer of reversed-phase packings in liquid
chromatography [9-11]. Knowledge of the dynamic behaviour of molecules adsorbed
in the bonded layer allows prediction of the properties of reversed-phase packings and
more understanding of their chromatographic non-reproducibility.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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This paper deals with the study of pyrene lateral diffusion in the bonded layer of
n-alkylsilane-modified silicas. Emphasis is placed on the effect of the bonded alkyl
chain length and average pore diameter.

EXPERIMENTAL

Silica supports
The relevant characteristics of the silica supports used in this work are given in
Table 1. The specific surface area was determined by benzene adsorption [13].

Modification of silica surfaces
Modification was carried out using absolute octane as solvent and absolute
pyridine as activator [14].

Additional silanization (end-capping)
Silanization was effected with a trimethylchlorosilane-hexamethyldisilazane
(1:2) mixture.

Surface concentration of bonded alkyl groups
The surface concentration of bonded alkyl groups was determined through
carbon content analysis and eqn. 1 [14]:

108P,
2 - c
P (umol/m®) = G 5om. = PADS M
TABLE 1
CHARACTERISTICS OF THE MODIFIED SILICAS
Sample Initial support Modifier Carbon  Bonding Sample
content  density  symbol®
Type Specific  Pore (%) (umol/m?)
surface  diameter
area (nm)
(m*/g)
1 Silochrom C-80 67 45 CISi(CH3), 1.1 4.0 MC,
2 Silochrom C-80 67 45 CISi(CH3),CsH 5 2.3 4.0 MCq
3 Silochrom C-80 67 45 Cl3SiCgH, 5 2.0 2.7 TCys
4 Silochrom C-80 67 45 Cl3SiCgH, 5 1.9 2.7 TCq
5 Silochrom C-80 67 45 C138iC, ,H,5 4.0 3.67 TCas
6 Silochrom C-80 67 45 Cl38iC ¢H;3 5.3 3.67 TCes
7 Silochrom C-80 67 45 Cl38iC ¢Has 5.1 3.67 TCys
8 Silochrom C-80 67 45 Cl38iC,gH34 5.7 3.67 TCigs
9 A-300 166 25 CISi(CH3),Ci¢H33 103 3.33 MC;,
10 KCK-2 186 135 CISi(CH;),C ¢H;; 114 3.33 MCy
11 Si-100 283 11.5 CISi(CH;),Cy6Hs5 153 3.16 MCi,
12 Si-60 476 5.4 CISi(CH;),CyH33  17.6 2.21 MC;,

* 8 = Sample end-capped by trimethylchlorosilane-hexamethyldisilazane; M, T = treatment with mono-
and trichlorosilanes, respectively.
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where P is the surface concentration of the bonded alkyl group, n, is the number of
carbon atoms in the modifier molecule, M is the corrected molecular weight of
organosilicon modifier, P, is the carbon content (%) of the sample and § is the specific
surface area of initial silica. The surface concentrations of the bonded alkyl groups for
synthesized silicas are listed in Table I.

Introduction of pyrene onto the support surface

Pyrene was introduced from a solution in hexane; this was then followed by
solvent removal in vacuo (10 Torr) at 35-40°C for 15-20 min. For wide-pore modified
silicas (samples 1-8, Table I), the surface concentration of pyrene was determined from
eqn. 9 (see below) and varied between 8.3 - 107* and 0.16 umol/m?2. This range
corresponds to 0.1-20% of surface monolayer coverage given a pyrene adsorption
area on silica of 1.5 nm? [4].

For narrow-pore modified silicas (samples 9-12, Table I), the surface concentra-
tion of pyrene was determined from eqns. 10 and 11 and varied between 2.2 10~ % and
0.20 pmol/m?.

Fluorescence excitation and fluorescence spectra
Fluorescence was measured with a Perkin-Elmer LS-5 spectrofluorimeter; solid
samples in cuvettes (2.5-nm bandpass).

RESULTS AND DISCUSSION

The synthesized adsorbents may be classified into three types on the basis of their
potential interaction with pyrene:

(I) Samples obtained by modification with alkyltrichlorosilanes (RSiCly). The
interaction of such modifiers with the silica surface affords the following structure
[14,15]:

, . |
%OH + Cl3SiIR —— %O—?i—R
OH

Consequently, a significant amount of accessible silanol groups is present on the
sample surface [14,15].

(IT) Samples prepared by modification with alkyltrichlorosilanes and addi-
tionally silanized (end-capped) by a trimethylchlorosilane (TMS)-hexamethyldi-
silazane (HMDS) mixture. Such treatment leads to shielding of residual silanol groups
(14,15}

OH 0SL(CH,)5

2 | Z |
%*O—Si—R TMS—HMDS —treated %»O—?i—R
|

(IT) Samples treated with alkyldimethylchlorosilanes of the general formula
CISi(CH;),R. After such treatment residual silanol groups on the surface are mainly
shielded [14,15]:
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CH,

, . i
%OH +  CISi(CHy,R ——» %»o—?i—re

CH,

It would be expected that adsorbents having shielded residual silanol groups
(types II and III) will show weak adsorbate-adsorbent dispersion interactions
(Fig. 1a). Increasing the bonded alkyl chain length may intensify these interactions due
to pyrene dissolution in the bonded hydrocarbon layer.

For adsorbents with accessible silanol groups (type I) specific interaction of
pyrene with silanol groups is possible (Fig. 1b).

Reduction of the silica support average pore diameter leads to the formation of
a “conformationally rigid” bonded layer structure [16] which should also affect the
behaviour of adsorbed molecules (Fig. 1c).

Formation of pyrene excimers on the support surface. Calculation of the coefficient of
lateral diffusion

Effect of alkyl chain length and end-capping. The excitation fluorescence and
fluorescence spectra of the various wide-pore silica samples (samples 1-8, Table I) were
measured over a wide range of pyrene concentration.

Electronic-vibration bands typical of pyrene monomer were observed in
fluorescence excitation and fluorescence spectra at low degrees of surface coverage
(Fig. 2). The increase of pyrene surface concentration results in fluorescence of
excimers, as has been found for solutions [17,18], with a maximum at 460 nm.
However, the excitation fluorescence spectra coincides with that of pyrene monomer
(Fig. 3).

Excimer formation depends on both bonded alkyl chain length and the presence
of accessible silanol groups. The minimum concentration required for supports of
types II and III for formation of pyrene excimers increases with increasing bonded
alkyl chain length (Table IT). The formation of pyrene excimers was not observed on
silicas with accessible surface silanol groups (Type I) at up to 20% pyrene monolayer
surface coverage (Table II, last two lines).

Fig. 1. Interaction of pyrene with the bonded layer of modified silicas.
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Fig. 2. Normalized fluorescence spectra of pyrene sorbed on (1) octyltrichlorosilane-modified silica and (2)
the same sample after end-capping. Surface concentration of pyrene in both cases: 2.5 - 1072 ymol/m?.

The surface formation of pyrene excimers is a diffusion-limited process.
A qualitative description of the observed effects can be obtained using the Einstein—
Smolukhovsky equation:

D = {(Ax>?/4t - )
Ly
100+ A
n
I
I
Iy
1
,’\‘ '\ 1 3
1 ]
1Moy
A >
sof A1 |
[ ‘ \
\
. 1 1 i
300 350 400 450 500 A,nm

Fig. 3. Normalized excitation (broken line) and emission (solid line) fluorescence spectra of pyrene sorbed on
hexyldimethylchlorosilane-modified silica. Surface concentration of pyrene: |
4201073 3 = 8.30 - 1073 umol/m>.

= 083 -107% 2

35
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TABLE 11

STATE OF PYRENE IN THE BONDED LAYER OF ALKYLSILANE-MODIFIED SILICAS
M = Monomer; E = excimer; P = phase. Support C-80.

Sample® Surface concentration of pyrene (umol/m? - 10%)

083 25 44 42 5.0 83 16 25 33 130 160

MC, E E E E E P P P P - -
MCs M M E E E E E P P P —
TCys M M E E E E E E P P —
TCiys M M M M M M M E E P P
TCies M M M M M M M M E E E
TCigs M M M M M M M M M E E

Cs M M M M M M M M M M M
TC,¢ M M M M M M M M M M M

“ Notations as in Table 1.

where D is the diffusion coefficient, and Ax and ¢ are the length and time of the
molecule jump, respectively. Considering ¢ as the lifetime of the pyrene monomer in an
excited state (680 ns [18]) and Ax as the mean distance between pyrene molecules
(1), given by the equation/ = 1 .075/\/C0, where Cj is the surface pyrene concentration
in molecules per nm? at which the intensity of excimer fluorescence at 460 nm is three
times the noise level, it is possible to estimate (using eqn. 2) the diffusion coefficient of
pyrene in bonded layer of the modified silicas. The results are given in Table .

Such an approach is only applicable for a qualitative description of diffusion in
the bonded layer, as pyrene molecules may not be uniformly distributed on the surface,
4x # [, and f depends on the nature of the support.

TABLE 111

PHYSICO-CHEMICAL CHARACTERISTICS OF LATERAL DIFFUSION PROCESSES OF
PYRENE IN BONDED LAYER OF ALKYLSILANE-MODIFIED SILICAS

Sample Sample® nc Co - 103 Diffusion coeffi- n kpy - 10712 E,
No. (atoms/nm?) (umol/m?) cient - 10¢ (cm?/s) (cP)  (m?/mol ' s) (kJ/mol)
according to

Eqn. 2 Eqn. 5

1 MC, 6.9 0.41 5.28 2.60 1.7 1941 2.59
2 MCq 17.6 0.82 2.64 0.72 6.2 540 6.60
3 TCgqs 135 1.16 1.88 0.44 10.2 327 5.05
5 TCys 264 5.25 0.20 0.06 76.6 43 9.90
6 TCies 33.6 8.20 0.18 0.03 162.5 21 12.62
8 TC4s 38.1 9.16 0.12 0.02 231.7 14 14.33
13 CeH,, 0.29
14 C;gHag 3.81
15 Glycerol 1480

“ Notations as in Table 1.



DIFFUSION OF PYRENE IN REVERSED-PHASE SILICAS 37

The diffusion coefficients can be more accurately determined if the kinetics of
pyrene excimer formation are considered [19,20]:

k k

DM RD
M¥ 4 M ——awwW—— (MM ———aw—= M + M
I(MD
kFM kep
M+huFM M M+M+thD

= radiating process
—MAV—s~ = non-radiating process

M and M* are pyrene monomers in ground and excited states, respectively, (MM)* is
an excimer, and the k values are the rate constant of the corresponding radiating and
non-radiating processes. Solving the steady-state equation and introducing the total
surface concentration of pyrene, C, enables the ratio of excimer, /¢p, and monomer,
Iem, fluorescene intensities to expressed thus:

IFD/IFM = kFDkDMC/kFMkD (3)

where kp = kgp + kgp.

The literature values [21] of kpp (1.3 10757 1), kpm (1.5 108 s ™) and kp (7.1° 107
s~ 1) are almost independent of the solvent nature and can be used to determine the
bimolecular reaction rate constant of excimer formation, kpy, on the basis of the
relationship Z460 nm/7393 nm = F(C) thus derived from eqn. 3. The application of
Smolukhovsky equation for diffusion-limited bimolecular reactions

kDM = 27IDNA (4)
where N, is Avogadro’s number, allows calculation of the diffusion coefficients of
pyrene, and the viscosity of the bonded layer (#) when combined with the Stokes—
Einstein equation

D = kT/6mby ®)

where k is the Boltzmann constant, T is the absolute temperature and b is the Stokes
radius.

Diffusion coefficients calculated according to eqns. 2 and 5 are given in Table I11.
As expected, diffusion coefficient values decrease with increasing bonded alkyl chain
length. This dependence is described by eqn. 6:

D = constant - exp (—0.13#) = constant - exp (—0.37n/RT) (6)

where 7 is the number of carbon atoms per nm? of surface and R is the universal gas
constant. The diffusion coefficient can also be expressed thus:

D = constant - exp (—E,/RT) @)
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This indicates that the activation energy (£,) of diffusion in the bonded layer is
linearly related to the number of carbon atoms on the surface and to the bonded alkyl
chain length. Eqn. 8:

E, = 0.13nRT = 0.37n (8)

obtained from eqns. 6 and 7 allows the determination of the activation energy values
for pyrene diffusion in the bonded layer of modified silicas; these are givenin Table IT1.

The results given in Table III show that the bonded alkyl layers have markedly
higher viscosities than the corresponding liquid alkanes. This is due to the reduction in
the degree of freedom after alkyl chain fixation on the silica surface. The diffusion of
sorbed molecules in the bonded layer of reversed-phase silicas corresponds to that in
viscous fluids.

Effect of the support pore structure. Fadeev and Staroverov [16] showed that the
conformation structure of bonded long chain alkyl layers depends on the support pore
structure. Reduction in average support pore diameter produces a bonded layer of
“rigid structure” in contrast to the “flexible structure” found in wide-pore modified
silicas.

This section considers the effect of support pore diameter on the physico-
chemical characteristics of pyrene diffusion in a bonded silica layer modified by
hexadecyldimethylchlorosilane. The samples used are described in Table 1.

A similar procedure is used for investigating pyrene diffusion on both bonded
layer and wide-pore samples. Using eqns. 3—5, the rate constants of excimer formation
diffusion coefficients and bonded-layer viscosity were determined; the results are given
in Table IV.

The only difference between the procedures involves the determination of the
surface concentration of pyrene. Thus for wide-pore silica samples (type C-80, Table I)
the surface areas accessible to benzene (specific surface area measurement) and pyrene
are practically the same. C-80 is an aerosilogel, synthesized from aerosil and subjected
to hydrothermal treatment. This leads to silicas which have a surface fractal dimension
close to 2 [24]. The surface concentration of pyrene for samples 1-8 (Table 1) may be
defined [22,24] as follows:

C = mpyr/Sbenz (9)
TABLE IV

EFFECT OF AVERAGE SILICA SUPPORT PORE DIAMETER ON PHYSICO-CHEMICAL
CHARACTERISTICS OF PYRENE DIFFUSION IN THE BONDED LAYER OF HEXADECYL-
DIMETHYLCHLOROSILANE-MODIFIED SILICAS

Sample Average pore  Surface Spye/Shenz  Diffusion ¢ kpw © 10712 %R (share
No. diameter fractal coefficient  (cP) (m?/mol - s) of rigid
(nm) dimension (cm?/s) structure [16])

according
to eqn. 4

9 25 23 0.84 0.036 1173 304 2

10 13.5 2.4 0.79 0.120 443 768 60

11 11.5 2.6 0.71 0.061 81.2  46.7 30

12 5.4 28 0.64 0.135 360 94.1 100
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where my,, is the amount of sorbed pyrene and Sw.,. is the specific surface area as
determined by benzene adsorption [22].

In the case of a narrow-pore support, part of the surface accessible to benzene is
inaccessible to large pyrene molecules [22]:

Spyr/Sbenz = (O-pyr/o-bt:nz)(z-d)/2 (10)

where 6,y and 6y.,, are cross-sectional areas for pyrene (1-5, nm?) and benzene
(0.49nm?) [4,13] and d is the surface fractal dimension. The surface concentration of
pyrene for samples 9-12 (Table I) has been determined according to

C = Myy/Spye (11)

It was found [22-24] that in general pore diameter and d are related. For
non-porous and wide-pore silica, d values are low (2.0-2.2.); whereas d values of
narrow-pore silicas, e.g., type Si-60, are high (2.8-3.0) and S,/ Spen, may be much less
than 1 (Table IV). The d values for Si-60, Si-100, KCK-2 (as for Si-200) and A-300 (as
for Si-250) silicas were taken from ref. 23.

The resuits show that the efficient viscosity of the bonded hexadecyl layer
reduces as the average pore diameter of the silica support decreases. This may be
explained through the concept of a “rigid structure” of the bonded layer [16]. The
reduction in viscosity (or increase in diffusion coefficient) reflects the decrease in
dispersion interaction of the pyrene-bonded layer. The “rigid structure” of the bonded
layer —formed by tightly interwoven alkyl chains— does not permit adsorbed pyrene
molecules to permeate completely into the bonded layer (Fig. tc). The bonded layer is
much less accessible than wide-pore samples with “flexible structures” which are
totally permeable to solute molecules. The smaller the average support pore diameter,
the greater the rigid stucture and the greate the difference in diffusion parameters
(Table IV).

From this point of view sample 10 (Table V) is of interest. It has an asymmetric
pore size distribution curve and a significant “tail” in the small-pore region —in
contrast to the symmetric distribution curves of other supports. The rigid structure of
sample 10 is higher than, for example, of sample 11 (Table IV) and only loses
a monotonic order of decreasing bonded-layer viscosity with reduction of average
support pore diameter.

Thus, the decrease in average pore diameter results in only partial permeation of
pyrene in the bonded layer. A narrow-pore silica such as Si-60 is not able to interact
with silanol groups in spite of a low bonding density (only 2.2 umol/m?, Table I,
sample 12). For a wide-pore sample (such as C-80), modified by hexadecyltrichloro-
silane with a bonding density of 3.7 umol/m? (sample 7, Table I), pyrene interacts with
silanol groups, leading to a sharp decrease in its mobility and an absence of excimer
formation (Table II). The same result was reported by Avnir et al. [7]. It was shown
that a relatively low viscosity corrseponds to a densely packed layer, in contrast to
partially modified silicas with accessible silanol groups.

Aggregation of pyrene on the surface of modified silicas
Increasing the surface concentration of pyrene results in the formation of
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Fig. 4. Normalized excitation (broken line) and emission (solid line) fluorescence spectra of pyrene sorbed on

silica modified by butyldimethylchlorosilane (1 and 2) and crystalline pyrene (3 and 4). Surface
concentration of pyrene (1 and 2) 1.60 - 10~2 ymol/mZ.

a pyrene phase that is revealed as new bands in excitation and emission fluorescence
spectra, typical of pyrene crystals (Fig. 4). This is unusual since the pyrene phase
formation occurs at a very low degree of surface coverage (Table II). As a rule,
formation of a phase on the surface is observed at close-to-monolayer coverage.

As with excimer formation, the minimum concentration required to produce this
pyrene phase increase with increasing modifier chain length. In the case of samples
modified by hexa- and octadecylsilanes, the formation of the phase was not observed
even up to 20% surface coverage (Table II).

In our opinion, the formation of a pyrene phase on modified surfaces depends on
the ratio of interaction energies between pyrene-pyrene and pyrene-bonded alkyl
chains. For samples modified by short-chain silanes the formation of the phase is
observed at 0.7-1.0% surface coverage. Increasin g the bonded alkyl chain length leads
to a growth in the dispersion interaction between pyrene and the bonded layer and thus
to an increase in the minimum pyrene concentration at which the phase is formed
(Table II). ’

Silicas treated with trichlorosilane without end-capping (type I) have increased
surface-pyrene interaction energies due to specific interactions with accessible silanol
groups (Fig. 1a). The presence of such interactions is confirmed by the change in
vibrational structure of fluorescence spectra of pyrene adsorbed on the alkylchloro-
silane-modified samples without end-capping in comparison with end-capped samples
(Fig. 2). Interaction of pyrene with silanol groups results in a lack of pyrene phase
formation, even at 20% surface monolayer coverage for a sample with bonded octyl
groups (Table II, penultimate line).

CONCLUSIONS

The experimental results presented here allow some general conclusions to be
made about the dependence of the properties of silicas with bonded alkyl groups on
chain length, pore diameter and accessibility of silanol groups.
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Comparison of the samples with a large number of accessible silanol groups with
the end-capped samples reveals the important role of silanol groups, which may exceed
the role of the bonded alkyl chain length (Table IT). The effect of the chain length and
pore size on the character of solute bonded layer interaction can only be seen for
samples with shielded silanol groups.

The linear relationship between activation energy of diffusion and the number of
carbon atoms per unit of surface (eqn. 8) for wide-pore supports (pore diameter 40—
50 nm) indicates that in this case all bonded carbon atoms participate in solute
interaction.

For narrow-pore silicas, not all bonded alkyl chain atoms interact with the
solute, as indicated by the decrease in apparent viscosity of the bonded layer. In case of
the support with pore diameter 25 nm with bonded hexadecyl chains the bonded layer
viscosity decreases 1.5 times comparing to the viscosity of the hexadecyl layer bonded
to the support with pore diameter 45 nm. For supports with pore diameters ca. 10 nm
or less the viscosity of the bonded layer corresponds to that of wide-pore samples with
a bonded chain length of ca. 1012 carbon atoms (Tables III and IV). In our opinion
the results explain an observed [25] dependence of log k' (k' = capacity factor) on the
bonded chain length, which forms a plateau at the 12—14 carbon atoms chain length for
supports with pore diameter 10-12 nm. For short bonded chains, pores of 10-12 nm
are rather wide and all the bonded atoms interact with the sample molecule. Increasing
the bonded chain length results in steric hindrance and only some of the bonded chain
atoms participate in interaction.

It should also be mentioned that solute (pyrene) mobility within the bonded
layer of hexadecyl groups varies with average porc diameter (Table IV). The
chromatographic properties of even similar reversed-phase silicas should therefore be
unalike due to the differences in their pore sizes. This is one reason for the discrepancy
in properties between reversed-phase packings of various manufacturers and those
obtained from various samples of the same silica.

Our results show that the most widely applied reversed-phase packings leave
much to be desired. Further study is needed to optimize the modifier chain length and
the strutural and geometrical composition of the support. Problems with the
reproducibility of reversed-phase packings should also be addressed.
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ABSTRACT

The properties of reversed-phase chromatographic supports can be substantially altered by sat-
urating the hydrophobic sites at their surface with easily prepared dyed non-ionic surfactants. The dis-
sociation constants governing the interaction between a reversed-phase support and a model dyed surfac-
tant were found to be in the micromolar range under several mobile phase conditions. The total amount of
modified surfactant immobilized on the reversed-phase support was also measured and found to be as great
as that usually immobilized on agarose supports (expressed as micromoles per millilitre of support). A
reversed-phase column saturated with dyed surfactant can be used with the same aqueous mobile phases as
used with immobilized dye columns prepared with agarose as a supporting matrix, but the mechanical
sturdiness of the silica matrix allows the use of higher flow-rates. This methodology was used to screen
several dyes to find the one best suited for a given purification. A convenient procedure (with affinity
elution) was devised for the purification of pancreatic ribonuclease and chymotrypsinogen.

INTRODUCTION

Surfactants have, for several years, been added to the mobile phase for chroma-
tography on reversed-phase supports in techniques such as ion-pair chromatography
(1] and micellar liquid chromatography [2]. In both techniques, the surfactants are
present at defined concentrations in the mobile phases and organic solvents are used
to control the retention of injected solutes.

Surfactants can also be used to modify the surface properties of a reversed-
phase column so as to be able to use it thereafter with purely aqueous mobile phases

0021-9673/91/503.50 © 1991 Elsevier Science Publishers B.V.
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(with no free surfactant added to the mobile phase). Ionic surfactants can be used to
prepare columns from reversed-phase supports, which perform essentially as ion ex-
changers [3]. An affinity chromatography support can be prepared by grafting a
suitable ligand onto the polar end of a non-ionic surfactant [4].

We have used the latter approach to prepare immobilized dye columns which
can withstand high flow-rates. There are several ways of preparing mechanically
resistant immobilized dye columns: dyes or derivatives thereof can be directly cova-
lently grafted onto covalently modified silica [5,6], polymer-coated silica [7,8] or me-
chanically resistant polymeric supports [8].

The use of dyed non-ionic surfactants to prepare immobilized dye columns is
not conceptually very different from another approach in which dyes grafted onto
perfluorinated alkane tails are immobilized on polytetrafluoroethylene beads [9].

EXPERIMENTAL

Materials

The non-ionic surfactants Brij 76 (decaethylene glycol n-octadecyl ether) and
Triton X-100 were purchased from Sigma (St. Louis, MO, USA). The reactive dyes
were a generous gift from ICI France (Clamart, France). The list of dyes used and
abbreviations (taken from ref. 10) used to identify them in the text are given in Table
I1. Bovine pancreas acetone powder and yeast RNA were purchased from Sigma.
Sep-Pak C,g cartridges and preparative C,g reversed-phase packing material (55~
105-um particle size, 60 A pore diameter; ref. No. 51 922) were purchased from
Waters Assoc. (Milford, MA, USA). All other chemicals and solvents were purchased
from Merck (Darmstadt, Germany).

Synthesis of dyed surfactants

A modification of the method developed by Johansson and Joelsson [11] for the
synthesis of dyed polyoxyethylene derivatives was used. Dye (0.4 g) was added to Brij
76 (12.5 g) dissolved in 100 ml of 0.2 M potassium hydroxide solution and the mixture
was stirred overnight at 50°C.

Purification of Procion Navy HE-RI150-dyed Brij 76 (B4-Brij 76)

The crude synthesis mixture was passed at 3.0 ml/min through a Sephadex
LH-20 column (100 cm X 5 cm L.D.) equilibrated with 5 mM ammonium hydro-
gencarbonate buffer (pH 8.3). The modified surfactant B4-Brij 76 together with unre-
acted Brij 76 were eluted in the void volume of the column. Deactivated and reactive
B4 were washed from the column with distilled water.

The excluded peak (250 ml) from the Sephadex LH-20 column was chroma-
tographed in 50-ml batches on a 100-m! column of specially prepared low-capacity
anion exchanger (see below). The column was washed extensively with water to re-
move unmodified (hence uncharged) Brij 76 (the efficiency of column washing was
checked by monitoring the column effluent for non-foaming when vigorously stirred,
as described [4]). The B4-Brij 76 derivative was then eluted with 2 M sodium chloride
solution, desalted by chromatography on a 6-cm bed of preparative C,g reversed-
phase packing settled in a 1.5-cm diameter Buchner funnel: the dyed derivative was
loaded onto the reversed-phase material, washed extensively with water and the dyed
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Brij 76 eluted with methanol-isopropanol (3:2, v/v). The product was dried by rotary
evaporation, dissolved in a small amount of water and lyophilized.

Low-capacity anion exchanger was prepared by reacting cyanogen bromide-
activated Sepharose 4B [12] with 0.1 M ammonium chloride solution (0.046 mequiv.
titratable groups per millitre of gel was found by automatic titration).

Dyed surfactants were analysed by chromatography on a Nucleosil C;5 (100 A)
(Macherey, Nagel & Co., Diiren, Germany) column (25cm x 0.46 cm 1.D.) obtained
from Interchim (Montlugon, France). A 35-min linear gradient from 100% A to

- 100% B was used: eluent A was 0.05 M triethylamine containing 0.15 M acetic acid
and eluent B was methanol-isopropanol (3:2, v/v). The absorbance of the column
effluent was monitored at 607 nm and the flow-rate was 1.0 ml/min. The elution
volume of unmodified surfactant was established by monitoring the ability of evap-
orated eluate fractions to foam after addition of water. Unmodified surfactant eluted
after the dyed surfactant.

Quantitative analysis of the interaction between stationary phase and B4-Brij 76

We used a method described elsewhere [13]. A 150-mg amount of Waters pre-
parative C,g reversed-phase material was packed into a Pharmacia FPLC HR 5/2
column. The mobile phase was 25 mM sodium phosphate-25 mM sodium acetate
adjusted to pH 5.5, plus 0, 1 or 2 M sodium chloride. B4-Brij 76, dissolved in the
mobile phase at 4.5 - 1075-6.3 - 10~5 mol/l, was loaded onto the column at 2.0
ml/min. When the effluent absorbance was equal to the absorbance of the incoming
solution, the tubing upstream of the column was carefully rinsed with methanol—
isopropanol (3:2, v/v). Dyed surfactant was stripped from the column with the same
mixture. The amount of eluted dyed surfactant was determined spectrophotometri-
cally after evaporating the organic solvents under reduced pressure and was corrected
for the dead volume of the column. The dead volume was determined with tritiated
water. The results were used to determine dissociation constants and the maximum
amount of dyed surfactant retained by the column using the procedures of Kasai and
Oda [14]. Data Desk and SAS software were used for statistical analysis of the experi-
mental data.

Preparation of bovine pancreas acetone powder extract

Bovine pancreas acetone powder was suspended (10 mg/ml) in buffer A (25 mM
sodium phosphate-25 mA sodium acetate, pH 5.5) containing 5% (w/v) PEG 6000
and shaken overnigth at 4°C. The extract was clarified by centrifugation.

Screening of dyed surfactants for ribonuclease ( RNAse) purification

Crude synthesis mixtures of the dyed polyoxyethylene derivatives were diluted
15-fold with buffer A and 10 ml of each solution were injected on to Sep-Pak C,g
cartridges with a syringe. Each cartridge was then connected to a pump and a sample
injector (fitted with a 7-ml loop). Buffer A was flushed through the cartridge at 1
ml/min until no colour was eluted from the cartridge. Extract (1 ml) was then injected
(note: some color was always desorbed during this first sample loading) and the
cartridge was developed with 7 ml of buffer C (same composition as buffer A but
adjusted at pH 7 and containing 2 M sodium chloride) and re-equilibrated with buffer
A. A second injection of extract was done and the cartridge treated likewise (no
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further dye bleeding was ever observed). The cartridge was then connected to a frac-
tion collector and a third aliquot of pancreas extract was loaded onto it. The cartridge
was developed successively with 5 ml of buffer A, 7 ml of buffer B (of the same
composition as buffer A but adjusted to pH 7), 7 ml of buffer B containing 5 mM
cytidine 5’-monophosphate (CMP) and 7 mi of buffer C. RNAse activity and protein
concentration were assayed in the fractions of the column eluate.

Purification of RNAse A

Preparative C;g reversed-phase packing material was packed to a height of 2 -
cmina 1.5-cm I.D. glass column and the column was washed extensively with metha-
nol and deionized water. Dye-modified surfactant (0.18 mM in buffer A) was pumped
through the column at 4 mi/min. When the effluent dyed surfactant concentration
reached a constant value, the column was washed extensively with buffer A.

The column was loaded with 4 ml of bovine pancreas extract. Some colour was
desorbed during this initial sample loading. The column was then washed with buffer
C, re-equilibrated with buffer A and used for RNAse purification as follows: the
flow-rate was 4 ml/min, 4 ml of crude extract were loaded at a time and then the
column was washed with buffer A (5 min) followed by buffer B (4 min). Thereafter
RNAse A was specifically eluted with 5 mM CMP dissolved in buffer B, then column
was rinsed with buffer C, re-equilibrated with buffer A and subsequently reused in the
same way several times.

Purification was also performed using a column loaded with 15-fold diluted
crude synthesis mixture. The conditions for column pretreatment and for RNAse
chromatography were identical with those given above.

Partially purified RNAse eluted from the immobilized dye column was loaded
on a Nucleosil 100 C4 (Macherey, Nagel & Co.) column (250 mm X 4.6 mm 1.D.)
equilibrated with 0.1% trifluoroactic acid (TFA) in water and the column was devel-
oped at 1 ml/min with a 1-h linear gradient between this latter mobile phase and 0.1%
TFA in acetonitrile-water (1:1, v/v).

Other procedures

The activity of RNAse A was determined by the spectrophotometric method of
Kunitz [15]. An activity unit is defined as the amount of enzyme causing a change of
1.0 absorbance unit/min. Chymotrypsinogen was assayed after trypsin activation
using the chromogenic substrate benzyltyrosyl p-nitroanilide [16]. Proteins were as-
sayed by the Bradford method [17]. Eluate fractions were analysed by sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) according to Laemmli [18]
in 15% slab gels and stained with Coomassie Brilliant Blue. Elemental analyses were
performed by the Centre de Microanalyse (CNRS, Vernaison, France).

RESULTS AND DISCUSSION

Purification and characterization of dyed surfactant

Most of the dyed surfactants were used as crude synthesis mixtures without
further purification. B4-Brij 76 was purified by a combination of hydrophobic and
ion-exchange chromatographic steps. The specially prepared ion exchanger with a
low concentration of ion-exchange groups was used because B4-Brij 76 could not be
eluted from several commercial anion exchangers.
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The formula of Procion Navy HE-R150 is given in ref 19. As it contains two
monochlorotriazine rings, dyed surfactants can conceivably be produced containing
either one or two surfactant molecules. B4-Brij 76 was synthesized under different
reaction conditions and the products were analysed by reversed-phase liquid chroma-
tography (RPLC). The RPLC results for several molar ratios of dye and surfactant
showed two species of dyed surfactants. The derivative with a single surfactant mole-
cule per dye molecule largely predominates under the reaction conditions given
above. Purified B4-Brij 76 was free from unmodified surfactant as appreciated from
results of the analytical high-performance liquid chromatographic procedure de-
scribed above.

Adsorption of purified dyed surfactant molecules on the preparative Cyg support

Fig. | shows a double reciprocal plot which is similar to that described by Kasai
and Oda [14]. The intercept with the ordinate gives the reciprocal of the maximum
amount, Oy, of dyed surfactant retained by the column. The intercept with the abscis-
sa is the reciprocal of the dissociation constant between the dyed surfactant and sites
which interact with it.

Statistical treatment of the experimental data indicated that K values measured
with B4-Brij 76 are not significantly different. Even though interactions between the
organic coverage of the reversed-phase support and the dyed surfactant are undoubt-
ly hydrophobic in nature, the experimental results failed to prove any influence of the
mobile phase ionic strength on the dissociation constant values. Dissociation con-
stants are in the micromolar range.

The calculated values for Q,, (the amount of surfactant bound to the column
from a mobile phase containing an infinite concentration of surfactant) are shown in
Table I. The observed values for Q,, were compared with the amount of alkyl chains
grafted onto the silica support. Assuming that all the carbon present in the reversed-

Iﬁ(umuln -

05 [_:

st

0.1

T l -1
004 Alm )

Fig. 1. Double reciprocal plot of the interaction between dyed surfactant and reversed-phase chroma-
tographic support. Ordinate, reciprocal of the amount of dyed surfactant retained by the column; abscissa,
reciprocal of incoming dyed surfactant concentration. Results in the main figure were obtained with
Procion Navy HE-R150-Brij 76 and those in the inset with Triton X-100. Mobile phases for loading were
(©) buffer A (O) buffer A plus I M NaCl and (A) buffer A plus 2 M NaCl. The double arrows on the
ordinate indicate the 0.95 confidence intervals for 1/Q_ values.



48 Y. L. KONG SING et al.

TABLE 1

VALUES OF 0 AND K, OBTAINED BY GRAPHICAL ANALYSIS OF THE CURVES SHOWN IN
FIG 1

0., is the total amount of dyed surfactant retained by the reversed-phase support. Results for Q, are given
with 0.95 confidence limits. K, is the dissociation constant of the interaction between B4-Brij 76 and the
reversed-phase support.

Parameter Procion Navy HE-R150-Brij 76 dissolved in Triton X-100
dissolved in buffer A
Buffer A Buffer A Buffer A
+ 1 MNaCl + 2 M NaCl
O, (umol retained 1.85+0.10 2.36+0.36 2.99+0.23 83.6+7.7
by the column)
Q.. (umol/ml of ' 6.174+0.33 7.87+1.20 9.97+0.77  278.7+25.6
reversed-phase support)
K, (M) 0.45-10°° 1.46 - 1076 1.41-107° 6.6 - 1076

phase support is derived from the alkyl chains, the microanalysis data indicate that
there are 288 pumol of C,g chain per millitre of support. The value obtained with
Triton X-100 is similar, suggesting that all the alkyl chains are involved in binding to
Triton X-100 molecules, presumably via hydrophobic interactions with the hydro-
phobic tail of the non-ionic surfactant. A similar situation probably existed in the
experiments described by Torres ef al. [4], who obtained a very high level of adsorbed
modified surfactant.

The Q,, values measured with B4-Brij 76 were much lower, 6.17-9.97 umol/ml
of support. This is probably because the substituent grafted onto the polar end of the
surfactant is bulky compared with the pyridinium ring of the modified surfactant of
Torres et al. [4] or the polar head of Triton X-100. Some steric hindrance would
preclude crowding of dye molecules at a density similar to that of the alkyl chains
grafted onto the reversed-phase support.

The composition of the mobile phase influenced the amount of dyed surfactant
retained by the reversed-phase support (observed differences are significant, p <
0.05). A high ionic strength allowed more dyed surfactant molecules to be retained on
the reversed-phase support. A similar effect was observed in the interaction of re-
versed-phase supports with.ionic surfactants [20] and was attributed to a diminution
of electrostatic repulsion between like charges at high ionic strength. The same expla-
nation probably holds for dyed surfactants. The stacking of dyes is known to be
favoured at high ionic strength [21]. '

When the amount of retained dye is expressed as micromoles per millitre of
column volume, as is usually done for dyed soft gels, the figures are in the range
considered satisfactory for agarose-based immobilized dyes (1-10 pmol/ml of gel

[22]).

Rapid screening of dyed surfactant-loaded Sep-Pak cartridges for purification of
RNAse (Table II)

B4-Brij 76 is satisfactory for RNAse purification: no enzyme was eluted during
sample loading or during washing with buffer B. The enzyme is eluted with CMP at a
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TABLE 11

RESULTS WITH SEP-PAK C,, CARTRIDGES LOADED WITH SEVERAL DIFFERENT DYED
SURFACTANTS

Abbreviations used to identify the different dyes are the same as used before [10]; i = irrelevant.
Dye Unretained RNAse RNAse eluted with RNAse eluted with
buffer B buffer B + 5 mM CMP

Purification Yield  Purification  Yield Purification  Yield
factor (%) factor (%) factor (%)

Procion Navy HE-R150

(B4) i 0 i 0 25.6 98

Procion Blue MX-R

(BY) 0.9 53 11.5 50 i 0

Procion Blue HE-GN

(B16) 1.1 69 32 32 i 0

Procion Brown H-3R

(C3) 1.9 42 6.1 14 i 0

Procion Orange HE-R

(03) 0.6 40 27.3 71 i 0

Procion Red HE-3B

(R1) 0.9 90 i 0 i 0

Procion Turquoise P-GX

(T4) 1.3 47 5.7 46 2.5 4

Procion Green HE-4BD

Gl 1.3 71 2.1 14 2.5 13

Procion Yellow MX-GR

(Y13) 1.4 100 i 0 i 0

satisfactory yield. O3-Brij 76 is also adequate as the enzyme is eluted from the column
under mild conditions (pH 7) with a fairly high specific activity, but the capacity of
the dyed column is lower than that of B4-Brij 76.

Other dyes were much less satisfactory. The cumulative yield obtained with the
C3-Brij 76 column was low (an additional 5% of the total deposited activity could be
eluted with buffer C).

The screening procedure was conducted with only a small number of dyes,
which is probably why no immobilized dye suitable as a negative column for RNAse
purification i.e., absorbing most of the unwanted proteins but not RNAse, was identi-
fied [23].

Purification of RNAse

A representative chromatogram of the purification of RNAse on a dyed surfac-
tant-loaded reversed-phase column is shown in Fig. 2. Fig. 3 shows the SDS-PAGE
patterns of the eluate. Yields and purification factors are shown in Fig. 4.

The yield was almost quantitative after the column had been used six times
(column prepared with purified B4-Brij 76) or four times (column prepared with
crude synthesis mixture).

The low yields obtained during early use of the columns suggest that some
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Fig. 2. Chromatography of extract of bovine pancreas acetone powder on a B4-Brij 76-loaded reversed-
phase column. The dyed surfactant was loaded as a crude synthesis mixture. Column, 2.5 cm % 1.5 ¢m
L.D.; flow-rate, 4.0 ml/min; chart speed, 12 cm/h.

Fig. 3. SDS-PAGE on a 15% polyacrylamide gel [17]. Lanes 1 and 6 contain molecular weight standards
(from top to bottom, 94, 67, 43, 30, 20.1, 14.4 and 6.6; lane 5 contains bovine pancreas acetone powder
extract (prepared without PEG); lanes 3 and 4 contain aliquots of the proteins eluted from a B4-Brij
76-loaded reversed-phase column with 5 mM CMP; lanes 7 and 8 contain RNAse and chymotrypsinogen
purified by subsequent reversed—phase chromatography.
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Fig. 4. Yields (top) and purification factors (bottom) for successive purifications of RNAse on (O)apurified
B4-Brij 76-loaded column or (A) a crude synthesis mixture-loaded column. The yield and purification
factor obtained with a B4 agarose column are indicated by the asterisks.

RNAse is retained by interactions that are not reversed either by adding a ligand for
the enzyme to the mobile phase or by increasing the ionic strength. These sites are
quickly saturated, especially if the column is prepared using a crude synthesis mix-
ture. These unwanted affinity sites are probably of a reversed-phase nature. Non-
ionic surfactants are retained by the reversed-phase support and the crude synthesis
mixture of dyed surfactant contains unmodified surfactant. Hence, a significant pro-
portion of the alkyl chains of the reversed-phase support which cannot interact with
the dyed surfactant (for the reasons given above) will interact with unmodified surfac-
tant molecules, lowering the amount of reversed-phase sites later available to RNAse.
Dyed surfactant-loaded columns were stripped of their modified surfactant layer by
methanol-isopropanol (3:2, v/v) after several uses. Although the dyed surfactant
molecules in the eluate precluded direct assay of RNAse activity, RNAse was detect-
ed in the eluate by SDS-PAGE (data not shown).

Although the yield of RNAse is not quantitative in the early runs with a dyed
surfactant-loaded column, RNAse could be eluted by a known ligand of the enzyme
(CMP has been used in the past to elute RNAse from a Cibacron Blue F3GA agarose
column [24]). CMP-eluted enzyme was retained on the dyed surfactant loaded column
only by a biospecific mechanism.
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Purification factors also increased to a plateau during the first few uses of the
column (Fig. 4). Thus RNAse probably contributes more than other proteins in the
crude extract to coverage of the suspected remaining reversed-phase sites. The puri-
fication factor plateau values are equal to values obtained with the same dye immobi-
lized on an agarose matrix (Fig. 4).

The SDS gels (Fig. 3) show that another protein was eluted from the dyed
column by CMP. This protein was found to be chymotrypsinogen by specific assay
using a chromogenic substrate after activation with trypsin.

Elution of chymotrypsinogen from an immobilized dye column by a phospho-
rylated nucleotide is not surprising. It has been shown [25] that it is worth trying
many different eluents to elute a protein retained on an immobilized dye, without
limiting such a screening to the known natural ligands of the protein. The two pro-
teins were readily separated by reversed-phase chromatography: RNAse was pure,
chymotrypsinogen was contaminated by a small amount of impurities which are
barely visible on the gel (Fig. 3).

Because unmodified dye is retained on a reversed-phase material from a purely
aqueous mobile phase, we checked the behaviour of RNAse injected onto a reversed-
phase column loaded with unmodified or only deactivated Procion Navy HE-R150.
When crude pancreatic extract was loaded on such a column large amounts of dye
were desorbed, and no RNAse could be eluted with CMP. Hence the satisfactory
results obtained with dyed surfactant-loaded reversed-phase columns were obtained
because the non-polar part of the surfactant moiety anchored the dyed surfactant to
the reversed-phase silica and the polar part acts as a spacer arm presenting proteins in
the mobile phase with a ligand molecule free from other interactions with the support.

General comments and conclusion

This work has demonstrated that reversed-phase material can be modified by
loading it with dyed surfactants and used in the same way as a conventional immobi-
lized dye column with agarose as the supporting matrix. The flow-rates which can be
used with these columns are fairly high because of the mechanical strength of the
silica. Reversed-phase materials are readily available in a range of porosities and
particle sizes, in contrast to the polytetrafluoroethylene beads used in a similar appli-
cation [9]. Dyes can be very easily grafted onto non-ionic surfactants, and unfraction-
ated synthesis mixtures can be used to screen rapidly several dyes to find the one best
suited to a purification using ready-to-use reversed-phase cartridges. Also, one can
plan to load successively the same reversed-phase column with different dyed surfac-
tants, each suitable for purifying one given protein.

Nevertheless, the use of reversed-phase supports to immobilize dyed surfactants
is not free from problems. First, the reversed-phase nature of the packing is not
totally suppressed by the dyed surfactant-loading, which may explain the low yield of
RNAse from a newly loaded column.

Second, although it had been claimed [4] that this approach allows the prep-
aration of chromatographic supports with a very high density of immobilized affinity
ligands, our data show that this is not so if the ligands are as bulky and charged as the
reactive dyes. Nevertheless, the amounts of B4-Brij 76 retained by the reversed-phase
material are about the same as amounts of dye grafted onto agarose-based supports.
It should be remembered that an increased ligand loading is not always associated
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with an increased column capacity, as soon as a limit value is reached [26], and it may
be difficult to elute proteins from highly substituted affinity chromatographic sup-
ports [27]. Hence a very high level of substitution is not necessarily desirable.
Third, the dye derivative is not covalently bound to the reversed-phase materi-
al. Its affinity for the stationary phase is high, but dye is retained on the column
packing because of a dynamic equilibrium. Thus, when incoming mobile phase con-
tains no dissolved dyed surfactant, some dyed surfactant will be desorbed from the
column, even though the loss may be too low to be seen by the naked eye or by
standard spectrohotometric measurements (this was checked by adsorbance readings
at 607 nm). Changing the mobile phase composition from one which strongly pro-
motes hydrophobic interactions to one which is less favourable may speed up dye
leakage, and dyed surfactant should therefore be loaded using the mobile phase of the
purification process, which favours hydrophobic interactions less strongly.
Despite its limitations, this approach successfully allows the purification of
- proteins by immobilized dye chromatography at high flow-rates. It has two great
advantages: straightforward chemistry is all that is needed to prepare the dyed surfac-
tants, and the satisfactory results obtained with columns loaded with crude synthesis

mixtures make the preparation of efficient immobilized dye columns simple and rap-
id.
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ABSTRACT

The majority of methods used to prepare immunosorbents immobilize antibodies through their
reactive amino acid residues. The bound antibody activity of these immunosorbents is low. Hydrazide-
based matrices couple antibodies through carbohydrate chains frequently located in the Fe region. This
paper reports a comparative study of the performance of immunosorbents prepared by cyanogen bromide
or hydrazide immobilization methods. The experiments utilized murine monoclonal antibodies to the
human plasma proteins Factor IX or Protein C. The antibodies were immobilized at low densities to
beaded agarose matrices which had similar properties. The hydrazide immunosorbents had binding effi-
ciencies which were lower (anti-Factor IX) or up to 1.6-fold higher (anti-Protein C) than comparable
cyanogen bromide coupled gels. However, there was no improvement in performance due to lower recov-
eries of bound protein from the hydrazide gels. Control experiments demonstrated that oxidation of
antibody which is required for its coupling to hydrazide gels had no effect on antibody binding to antigen.
Our results indicate that, as with cyanogen bromide coupling methods, site-directed immobilization
through carbohydrate residues results in a restricted ability to bind to antigen. Both monoclonals were
found to contain carbohydrate in their Fab’ regions through which coupling may have occurred. The
frequency of carbohydrate in the Fab region and the ability to control glycosylation at these sites are
factors which may impact the utility of carbohydrate-directed immobilization of antibodies.

INTRODUCTION

Covalent attachment of monoclonal or polyclonal antibodies (Ab) to matrices
has long been employed to create highly specific sorbents for haptens or proteins.
However once immobilized, a significant reduction in antigen binding capacity oc-
curs. For example the antigen binding capacities (efficiencies) based on divalent Ab
activity have been reported to be 30% or less for immunosorbents containing 1 mg or

“ Present address: Department of Chemical Engineering, Howard University, Washington, DC 20059,
USA.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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more bound Ab per ml of gel [1-5]. This is true for monoclonal or polyclonal antibod-
ies. The application of immunosorbents to large-scale purification is to a large extent
constrained by the high cost of Ab. Increasing the acitivty of an immunosorbent
would reduce the Ab requirement and significantly lower the cost of the immunosor-
bent, thus increasing the feasibility of its use in large-scale purification processes.

Changes in immunoaffinity interactions which occur because of Ab immobil-
1zation are not well understood. However, it has been suggested that steric hindrance,
improper orientation, and alterations of the antigen-binding site contribute to the low
bound Ab activity observed for most immunosorbents [6]. Both direct chemical mod-
ification of a critical amino acid residue(s) in the antigen-binding site during coupling
or indirect distortion of its conformation resulting from multipoint attachment in a
nearby region of the molecule, for example, may adversely affect antigen binding.

Several approaches have been used to maximize the efficiency of immunosor-
bents. Coupling parameters such as the concentration of reactive groups on the gel,
pH and reaction time have been varied to minimize multipoint attachment of Ab [7].
It is likely that a uniform and appropriately spaced distribution of reactive sites on
the gel is important in optimizing the performance of an immunosorbent [4]. Lower
surface densities of Ab have been found to result in greater antigen binding capacity
relative to bound Ab, which is thought to be due to decreased steric hindrance be-
tween Ab molecules [3,8,9]. In addition, steric hindrance of Ab due to unfavorable
interaction with the matrix is thought to be minimized if an adequately long hydro-
philic spacer arm is employed [10-12]. An extension of approximately 1-2 nm has
been shown to increase the bound activity of immobilized enzymes and co-factors
using alkylamines [11] and polyglycine [12] as spacer arms. However, the orientation
of antibodies and alteration of their antigen-binding sites have been more difficult to
control due to the random nature of the coupling chemistries most frequently utilized.
For example, the reactive groups formed by cyanogen bromide (CNBr), N-hydroxy-
succinimide, carbonyldiimidazole and toluene sulphonylchloride activation methods
immobilize the protein through accessible primary amino groups {7]. Because many
such groups are present on the surface of a protein, its site(s) of covalent attachment
is thought to be random {6]. This would result in a distribution ranging from coupled
antibodies having lowered activity to those which are completely inactive.

Immunoglobulin G (IgG) is an approximately 160 000 molecular weight gly-
coprotein consisting of two identical heavy and two identical light chains. Each chain
consists of several domains which are highly conserved among species (see ref. 13 for
review). The CH, domain of the heavy chain contains an asparagine residue in the
recognition sequence —Asn—X~Thr(Ser) which is glycosylated in human, rabbit, and
murine IgG [14-20]. Hence, coupling chemistry specific for carbohydrate has been
utilized for site-directed coupling of Ab through the oligosaccharide chain in the Fc
region (consisting of the CH, and CH; domains of the heavy chains) of the Ab. This
has been accomplished by oxidation of the vicinal hydroxyl groups of the carbo-
hydrate residues to form aldehydes which are then reacted with the hydrazine groups
of a solid support to obtain a covalent hydrazone linkage (Fig. 1). Affinity sorbents
prepared using hydrazide-activated solid supports have been reported to have in-
creased binding efficiency compared to random coupling methods [21-25]. In a var-
iation of this approach, the carbohydrate moieties of Ab were selectively biotinylated
with hydrazine-biotin [22] and then adsorbed on avidin- or streptavidin-coupled sup-
ports [26].
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Fig. [. Schematic representation of antibody attachment to hydrazide-activated gels (adapted from ref. 23).
Carbohydrate residues in the oligosaccharide chains of the antibody are oxidized at the vicinal hydroxyls to
form aldehydes. The aldehyde groups are coupled with the hydrazine groups of the gel to form the
hydrazone-linked immunosorbent.

However, the performance of carbohydrate-linked immunosorbents has not
been well documented. Previous studies have examined the effect of hydrazide vs.
conventional coupling on the binding efficiency of immunosorbents, while little data
has been presented on the ability to.recover the bound antigen. Furthermore, most
published data relates to polyclonal antibodies with little information available on
monoclonal antibodies (Mabs), which are more relevant for large scale immunosor-
bent processes.

In the present study, we compared the performance of immunosorbents pre-
pared by either hydrazide- or CNBr-coupling methods. The matrices for both types
of immunosorbents were beaded, cross-linked agarose gels of similar bead size and
porosity [27-29]. Two different murine Mabs directed against the human plasma
proteins Factor IX (FIX) or Protein C (PC) were used. These Mabs bind to the
corresponding antigens in the presence or absence of divalent cations, respectively
[30-32]. The resulting antigen—antibody complexes are easily disrupted by chelation
or addition of low concentrations of divalent cations. This unique property makes it
possible to elute the immunosorbents prepared using these Mabs under mild elution
conditions.

METHODS

Materials and reagents

Assera Protein C, a specific rabbit anti-human Protein C antiserum and horse-
radish peroxidase (HRP)-conjugated anti-human Protein C rabbit antiserum were
purchased from American Bio-Products, Parsippany, NJ, USA. Affinity-purified,
HRP-conjugated, goat anti-mouse immunoglobulins (IgA + IgG + IgM) antibody
was from Cappel, West Chester, PA, USA. o-Phenylenediamine (OPD) was from
Dakopatts, Denmark. Immulon II microtiter plates were from Dynatech Labs.,
Chantilly, VA, USA. Protac was from American Diagnostica, New York, NY, USA.
S-2366 was from Helena Labs., Beaumont, TX, USA. Aquasil, a water-soluble sil-
iconizing fluid, and Protein A-agarose were from Pierce, Rockford, TL, USA. Papain
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(25 mg protein/ml, 27 units/mg) was from Sigma, St. Louis, MO, USA. NalOy (certi-
fied A.C.S. grade) and glutaraldehyde were from Fisher Scientific, Fair Lawn, NJ,
USA. Amicon columns were from Amicon, Danvers, MA, USA. Polypropylene Eco-
no-Columns and Econo-Pac 10DG desalting columns were from Bio-Rad Labs.,
Richmond, CA, USA and Sepharose CL-2B was from Pharmacia, Piscataway, NJ,
USA. Hydrazide derivatized agarose gels were purchased from two manufacturers,
BioProbe International, Tustin, CA, USA (Manufacturer A) and Bio-Rad Labs.
(Manufacturer B). All other chemicals were reagent grade or better.

Protein purification

Mabs. The murine metal-dependent anti-FIX Mab 1H5B7 was purified from
cultured cell supernatant as described by Wang et al. [30]. The murine “ethylenedia-
minetetraacetic acid (EDTA)-dependent” anti-PC Mab 7D7B10 {31] was purified
from cultured cell supernatant as follows. The cell supernatant was filtered and con-
centrated by precipitation with saturated ammonium sulphate at room temperature.
The precipitate was dissolved in 0.05 M Tris—HCI, 0.1 M sodium chloride, pH 7.5 and
reprecipitated with 45% ammonium sulphate at 4°C. This precipitate was dissolved in
0.05 M Tris=HCI, 0.1 M sodium chloride, pH 7.5 and dialyzed extensively against
0.15 M sodium chloride. The purity of this material by sodium dodecyl sulphate
(SDS)-polyacrylamide gel electrophoresis (PAGE) was greater than 90%. Both Mabs
were of the IgG, subtype with « light chains. Mab concentrations were determined by
absorbance at 280 nm (A4,g0) using an absorption coefficient (43¢) of 15.5 and as-
suming a molecular weight of 160 000 [7].

Fab’ fragments were prepared by treatment of the Mab with papain followed
by affinity chromatography of the digest on Protein A-agarose using methods as
described in ref. 7. The Fab' fragment preparations contained 10% or less contam-
ination by Fc fragment and no detectable whole IgG, as analyzed by SDS-PAGE.
The concentration of Fab’ was calculated from the 4,50 using an absorption coeffi-
cient of 10.0 for a 1% solution and a molecular weight of 50 000 [7].

Antigens. Human FIX was purified from cryo (cryoprecipitated antihemophilic
factor)-poor plasma by immunoaffinity chromatography using Mab 1HSB7 as de-
scribed by Tharakan and co-workers [33,34]. The final product was 95% pure by
SDS-PAGE and had a specific activity of 202 units/mg. FIX concentrations were
determined by 4,30 using an 434, of 13.2 and assuming a molecular weight of 57 000
[35]. Human PC was purified from cryo-poor plasma using an immunosorbent based
upon the murine anti-human PC Mab 8861. Bound PC was eluted with a pH 10.0
buffer [36]. The final product was 92% pure by SDS-PAGE and had a specific activity
of 200 units/mg. PC concentration was determined by 4,5, using an 43¢, of 14.5 and
a molecular weight of 62 000 [37]. Purified PC and FIX were used in the experiments
described herein to evaluate the performance of the various immunosorbents.

Immunosorbent preparation

Anti-FIX hydrazide immunosorbent 4. The coupling was performed by Manu-
facturer A according to their standard protocol, briefly described as follows. A 20-30
mg/ml solution of anti-FIX Mab in 0.05 M sodium acetate, pH 5.0 was oxidized by
gently agitating with 0.1 M NalOy in a 10:1 volumetric ratio (64-fold molar excess
NalO,) for 1 h at room temperature in the dark. NalO4 was removed by desalting.
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An 8-10 mg/ml solution of oxidized Mab was mixed with the hydrazide gel Aina I:1
volumetric ratio at 4°C overnight. The gel was sequentially washed with 0.05 M
sodium acetate, pH 5.0, distilled water, and 1 M sodium chloride. The coupling
efficiency and the immunosorbent density were reported to be 98% and 1.87 mg/ml,
respectively. The amount of Mab coupled to the gel was calculated as the difference
between total Mab added to the gel and uncoupled Mab recovered in the coupling
supernatant and wash pools, as measured by 4,50. The coupling efficiency was calcu-
lated as the ratio of (coupled Mab/total Mab) - 100%.

Anti-PC hydrazide immunosorbents. The anti-PC immunosorbent A(i) was pre-
pared in our laboratory using hydrazide gel from Manufacturer A by a modification
of the procedure described above because preliminary experiments resulted in a low
coupling efficiency. A 17 mg/ml solution of anti-PC Mab was gently agitated with
0.05 M NalOy in a 3:1 volumetric ratio (157-fold molar excess NalO,) for 1 h at room
temperature in the dark. NalO,4 was removed by desalting. A 2.5 mg/ml solution of
oxidized Mab was gently agitated with hydrazide gel A in a 1:2 volumetric ratio for 48
h at 4°C. The gel was washed with 0.05 M sodium acetate, pH 5.0. The coupling
efficiency was 90% and the immunosorbent density was 1.0 mg/ml. Anti-PC hydra-
zide immunosorbent A(ii) was prepared by Manufacturer A according to their stan-
dard protocol outlined above for anti-FIX. A 100-fold molar excess of NalO, was
used in the Mab oxidation step. The coupling efficiency and the immunosorbent
density were reported to be 98% and 2.3 mg/ml, respectively. Anti-PC hydrazide
immunosorbent B was prepared in our laboratory from hydrazide gel from Manu-
facturer B using the protocol recommended by the manufacturer. A 2.7 mg/ml solu-
tion of anti-PC Mab in 0.05 M sodium acetate, pH 5.5 was mixed with 0.1 M NalOQ,
in a 12:1 volumetric ratio (494-fold molar excess NalO,) for 1 h at room temperature
in the dark. NalO, was removed by desalting. A 1.8 mg/ml solution of oxidized Mab
was mixed with hydrazide gel B in a 1:1 volumetric ratic for 48 h at room temper-
ature. The gel was washed with 0.05 M sodium acetate, pH 5.5. The coupling eficiency
was 71% and the immunosorbent density was 1.5 mg/ml. For control experiments to
determine the amount of nonspecific binding in the absence of Mab, hydrazide gel
from manufacturer A was incubated for 20 h at 4°C with a 3.5-fold molar excess of
glutaraldehyde relative to the total hydrazine groups on the gel under conditions as
described above.

CNBr-activated immunosorbents. Anti-FIX Mab was coupled to CNBr-activa-
ted Sepharose CL-2B according to the method of March et al. [38]. The activated gel
was coupled to Mab in 0.1 M NaHCO,, 0.5 M sodium chloride, pH 8.5 and blocked
with 1 M glycine ethylester pH 8.5. The coupling efficiency was 94% and the immuno-
sorbent density was 1.0 mg/ml. Anti-PC Mab was coupled to CNBr-activated Sepha-

rose CL-2B as described above. The coupling efficiency was 88% and the immunosor-
bent density was 1.7 mg/ml.

Chromatography

Anti-FIX immunosorbents. The immunosorbents were packed in Aquasil-treat-
ed, Amicon G 150 X 10 mm L.D. columns. The columns were equilibrated in 10 mM
MgCl,, 110 mM sodium chloride, 20 mM imidazole, pH 7.5. Purified FIX at a con-
centration of 0.44 mg/ml in 20 mM sodium citrate, 110 mM sodium chloride, pH 6.8
containing 40 mM MgCl, was loaded onto the columns, rinsed with 10 mM MgCl,, 1
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M sodium chloride, 20 mM imidazole, pH 7.2 and eluted with 20 mM sodium citrate,
110 mM sodium chioride, pH 6.8 [33,34]. The columns were then washed with 2 M
sodium chloride, 0.1 M sodium citrate, pH 7.2. All column operations were perform-
ed at a flow-rate of 1.0 ml/min at 4°C. The corrected absorbance of the effluent
fractions was measured as A, — Ajz0 and used to calculate the protein concentra-
tion. The amount of protein in the load, fall-through and rinse, eluate, and wash
pools was determined by summation of the protein in the fractions consituting each
pool.

Anti-Protein C immunosorbents. All immunosorbents were packed in 12 ml
polypropylene Econo-column with the exception of the anti-PC hydrazide immuno-
sorbent A(i), which was packed in an Aquasil-treated Amicon G 250 x 10 mm I.D.
column. The columns were equilibrated in 0.025 M Tris—HCI, 0.05 M sodium chlo-
ride, pH 7.5 [Tris-buffered saline (TBS)]. Purified PC, at a mean concentration of 0.42
+ 0.03 mg/ml (range 0.40-0.47 mg/ml) equilibrated in TBS, was loaded, rinsed with
TBS and eluted with 20 mM CaCl, in TBS. The columns were then successively
washed with 100 mM CaCl,, 2 M sodium chloride and 2 M NaSCN, each in TBS.
Column fractions of 3.0 ml were collected and the A,go was measured. All column
operations were performed at a flow-rate of 0.5 ml/min at 4°C.

Assays

FIX. FTX activity was measured by a clotting assay according to the method of
Biggs [39] as modified by Miekka [40]. A unit is defined as 4 ug of FIX, the amount
present in 1 ml of normal pooled human plasma.

PC. The assay was performed according to the method of Odegaard et al. [41].
PC was activated by Protac and the chromogenic substrate S-2366 was used to mea-
sure the activity of the resulting activitated PC, determined from the rate of change of
absorbance at 410 nm using a Vmax kinetic microtiter plate reader (Molecular De-
vices). A unit of PC is defined as 4 ug, the amount present in 1 ml of normal pooled
human plasma.

Enzyme-linked immunosorbent assay (ELISA) of oxidized and native anti-PC
Mab. Immulon II microtiter plates were coated with a 1:200 dilution of rabbit anti-
PC antisera in 0.1 M NaHCO3;, pH 9.6 for 1 h at 37°C. Wells were blocked with 1%
BSA, 0.1 M NaHCOs,, pH 9.6 for 1 h at 37°C ad washed with TBS, 0.1% Tween-20.
Serially diluted PC samples in TBS, 10 mM EDTA, 0.1% BSA were incubated with
32 nM oxidized (NalOy-treated) or native (untreated) anti-PC Mab for 1 h at room
temperature. The PC-Mab mixtures were added to the coated wells and incubated for
1 h at room temperature. The wells were washed and incubated with 1:1000 dilution
of HRP-conjugated goat anti-mouse IgG in TBS, 10 mM EDTA, 0.1% BSAfor 1 h
at room temperature. The wells were washed and HRP activity was detected with
OPD substrate by absorbance at 490 nm using a Vmax plate reader. The results were
calculated as a percentage of the signal obtained at saturation.

ELISA of PC purified by different methods. Serially diluted PC samples from a
conventional purification [31], and from immunoaffinity purifications using the anti-
PC Mabs 8861 or 7D7B10 [32] were preincubated with 32 nM native 7D7B10 Mab
and assayed by the ELISA procedure outlined above.
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SDS-PAGE
SDS-PAGE was performed according to the method of Laemmli [42] using a
12.5% polyacrylamide gel, and stained with 2% Coomassie Brilliant Blue R-250.

Carbohydrate analysis

Sialic acid. Anti-PC and anti-FIX Mabs were heated with 0.05 M H,SO4 for1 h
at 80°C to liberate sialic acid residues which were quantitated by colorimetric analysis
using thiobarbituric acid [43].

Reducing sugars. The reducing sugar content of the parent IgGs and purified
Fab’ fragments were analyzed by the o-toluidine high-performance thin-layer chro-
matographic (HPTLC) method [44]. Briefly described, proteins or reference sugars in
carbohydrate-free bovine serum albumin (BSA) were hydrolyzed in an identical man-
ner in 6 M hydrochloric acid (HCI) at 110°C for 14 h or in 2 M trifluoroacetic acid
(TFA) at 110°C for 2 and 6 h. The hydrolysates were applied to HPTLC plates. The
sugars were resolved by the sequential migration of two solvent systems: #-butanol-
pyridine-water (16:5:4) followed by ethylacetate—-methanol-acetic acid—water
(4:1:1:1). The plates were sprayed with o-toluidine in acetic acid and allowed to react
at 100°C for 25 min and then scanned at 295 nm using a Shimadzu CS 9000 diffuse
reflectance densitometer. A linear signal extending from 0.050-1.0 ug was obtained
for each reducing sugar standard (data not shown). A 2-4% coefficient of variation
was obtained for quadruplicate applications of each sample and reference sugar.

RESULTS

Experiments were performed to directly compare the performance of immuno-
sorbents prepared by coupling purified Mab to hydrazide vs. CNBr-activated agarose
supports. For each experiment the immunosorbent efficiency, defined as the percent
of the theoretical maximum binding capacity assuming a 2:1 molar ratio of protein
antigen to Mab, was calculated in two ways: (1) based upon the amount of protein
(PC or FIX) that bound to the immunosorbent and (2) based upon the amount of
protein (PC or FIX) that was specifically eluted under the mild elution conditions.

Table I summarizes the results of experiments with immunosorbents prepared
by immobilizing the anti-PC Mab 7D7B10 to hydrazide or CNBr-activated gels. The
hydrazide-coupled immunosorbents utilized were from two manufacturers. Five ex-
perimental runs were performed with the anti-PC immunosorbent prepared from the
hydrazide gel of Manufacturer A in our laboratory [A(i)]. The efficiency of this immu-
nosorbent remained essentially unchanged through three consecutive uses by dynam-
ic loading (runs 1-3). Despite the fact that these three runs were column-loaded with
less than saturating amounts of PC, almost half of the loaded material was recovered
in the fall-through fraction. This immunosorbent was also batch loaded with sat-
urating amounts of PC for 1 h with gentle, end-over-end agitation (runs 4 and 5).
Similar results were obtained with batch loading under saturating conditions suggest-
ing that the efficiencies observed with dynamic loading were not limited by kinetic
phenomena. Table I also contains the results of experiments using the following
anti-PC immunosorbents: A(ii), hydrazide immunosorbent prepared by Manufactur-
er A; B, hydrazide immunosorbent prepared in our laboratory using hydrazide gel
from Manufacturer B; CNBr, Sepharose CL-2B immunosorbent prepared in our
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TABLE 1
PERFORMANCE OF ANTI-PC IMMUNOSORBENTS

Immunosorbents were prepared and operated as described in the Methods section. Hydrazide gels from
two manufacturers (A and B) were evaluated. Immunosorbent A(i), prepared from hydrazide gel of Manu-
facturer A, had a Mab density of 1.0 mg Mab/ml gel and a bed volume of 6.0 ml. Immunosorbent A(ii),
prepared by Manufacturer A, had a Mab density of 2.3 mg Mab/ml and a bed volume of 3.2 ml. Immuno-
sorbent B, prepared using hydrazide gel from Manufacturer B had a Mab density of 1.5 mg Mab/m! of gel
and a bed volume of 5.0 ml. Immunosorbent CNBr was prepared from Sepharose CL-2B following CNBr
activation [38]. It had a Mab density of 1.7 mg Mab/ml gel and a bed volume of 2.0 ml. The immunosor-
bents were prepared in our laboratory, with the exception of A(ii). All runs utilized dynamic loading,
except for runs 4 and 5 with immunosorbent A(i), in which batch loading was performed. Efficiency is
defined as the percent of theoretical maximum binding capacity, assuming a 2:1 molar ratio of PC to Mab.

Immunosorbent Run Load Fallthrough Efficiency* Efficiency”

No. (mg PC) and rinse (%) (%)
(mg PC)

A() 1 2.00 0.99 21 15
2 1.88 0.73 24 13
3 2.00 0.79 25 13
4 4.90 4.14 16 10
5 5.64 4.07 33 15

A(ii) 1 4.51 1.59 51 27
2 5.29 2.59 47 26

B 1 6.59 3.67 49 26
2 6.18 3.01 53 23
3 6.67 4.03 44 28

CNBr 1 2.80 1.78 37 26
2 2.00 145 20 17
3 2.00 1.14 32 24

¢ Efficiency based upon PC bound to the immunosorbent.
* Efficiency based upon PC recovered in the eluate.

laboratory by the CNBr activation method of March [38]. Approximately saturating
amounts of PC were column-loaded in these experiments. The immunosorbent effi-
ciencies based upon bound PC were higher for hydrazide immunsorbents A(ii) and B
as compared to hydrazide immunsorbents A(i) and the CNBr immunosorbent. How-
ever, the higher PC binding efficiencies of these gels did not result in improved per-
formance. This is seen by examining the efficiencies based upon PC recovered in the
eluates, which were similar for the CNBr and hydrazide immunosorbents and in all
cases lower than efficiencies based upon bound PC.

Table II presents the results of experiments with immunosorbents prepared by
immobilizing the anti-FIX Mab 1H5B7 to hydrazide or CNBr-activated gels. In these
experiments, 59% of a saturating amount of FIX was column-loaded under identical
conditions. The immunosorbent efficiency based upon bound FIX was higher for the
CNBr gel (48-51%) compared to the hydrazide gel (29-33%). This was also true for
the efficiency based upon recovered FIX, which ranged from 36-40% for the CNBr
gel and 17-20% for the hydrazide gel. As was the case with the anti-PC immunosor-
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TABLE II
PERFORMANCE OF ANTI-FIX IMMUNOSORBENTS

Immunosorbent A was prepared from hydrazide gel by Manufacturer A and operated as described in the
text. The Mab density was 1.87 mg Mab/ml gel and the bed volume was 4.9 ml. Immunosorbent CNBr,
prepared from CNBr-activated Sepharose CL-2B, had a Mab density of 1.0 mg Mab/ml gel and a bed
volume of 5.0 ml. Efficiency is as in the legend to Table I.

Immunosorbent Run Load Fallthrough Efficiency” Efficiency®
No. (mg FIX) and rinse (%) (%)
(mg FIX)
A | 3.84 1.86 29 17
2 3.69 1.44 33 20
3 3.81 1.83 29 20
CNBr 1 2.12 0.31 49 37
2 2.10 0.35 48 40
3 2.01 0.23 48 38
4 2.08 0.21 51 36

“ Efficiency based upon FIX bound to the immunosorbent.
® Efficiency based upon FIX recovered in the eluate.

bents, the immunosorbent efficiencies were lower based upon recovered as compared
to bound FIX.

Table Il summarizes the mean efficiency data for the experiments listed in
Table I and 1. For the anti-PC immunosorbents, the efficiencies based upon bound
PC for hydrazide immunosorbents A(ii) and B were 49 + 3% and 49 + 5%, signif-
icantly higher than the efficiency of the CNBr get of 30 + 9%. However, this 1.6-fold
increase in PC binding efficiency of the hydrazide gels did not result in a comparable
increase in efficiency based upon PC that could be eluted from these immunosorbents.
The efficiency based upon PC recovered in the eluates was 27 & 1% and 26 + 2% for

TABLE III
SUMMARY OF MEAN EFFICIENCIES OF IMMUNOSORBENTS

The mean efficiencies for the experiments listed in Table I and II were calculated. Efficiency is as defined in
the legend to Table I.

[Immunosorbent” Efficiency (%)

(Based on protein bound)  (Based on protein recovered)

PC FIX PC FIX
AG) 2%+ 65 NA-S 13+2(5 NA.
Adid) 9£32) 30+£20) 2712 19+20)
B 49 +5(3) NA. 26+2(3) NA.
CNBr 0£9(3) 4914 2+4(3) 3/+2(4)

¢ Immunosorbents are as given in the legends to Tables I and II.
® Mean + S.D. with the number of experiments in parentheses.
¢ Not applicable.
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TABLE IV
SUMMARY OF MEAN RECOVERIES OF IMMUNOSORBENTS

The mean recoveries for the experiments listed in Tables [ and Il are tabulated. Recovery was calculated
based upon the amount of bound protein recovered in the eluate (no brackets) or recovered in the eluate
plus subsequent washes (in brackets).

Immunosorbent® Recovery (%)

PC FIX

AG) 55+ 12(5° NAS
[55 + 12

Adi) 2+ 1(2) 61 £ 503)
[52 (] {77 £ 6]

B 60 + 9 (3) N.A.
[60 + 9]

CNBr' 75 £ 8 (3) 75 £ 5(4)
85 + 5] 85 + 9]

¢ Immunosorbents are as given in the legends to Tables I and II.
® Mean + S.D. with the number of experiments indicated in parentheses.
¢ Not applicable.

hydrazide gels A(ii) and B, respectively, compared to 22 + 4% for the CNBr gel
representing approximately a 20% increase in immunosorbent efficiency. The effi-
ciency of hydrazide immunosorbent A(i) was less than that of the CNBr gel based
upon both bound and eluted PC. For the anti-FIX immunosorbents, the efficiency of
the CNBr gel was 49 + 1% compared to 30 + 2% for the hydrazide gel prepared by
Manufacturer A based upon bound FIX and 38 + 2% compared to 19 + 2% for
CNBr and hydrazide gels, respectively, based upon eluted FIX.

Table IV summarizes the mean recovery data for the immunosorbents. For
each experiment, both protein specifically recovered in the eluate (specific recovery)
as well as total protein recovered in the eluate plus subsequent wash pools (total
recovery) was calculated as a percentage of the bound protein. For the anti-PC immu-
nosorbents, the mean specific recovery of PC for the CNBr-coupled gel was 75%
which was higher than found for the hydrazide immunosorbents which ranged from
52 t0 60%. Likewise for the anti-FIX immunosorbents, the mean specific recovery of
FIX was 75% for the CNBr gel as compared to 61% for the hydrazide gel. For both
CNBr immunosorbents as well as for the anti-FIX hydrazide immunosorbent, addi-
tional protein was recovered in the buffered 2 M sodium chloride wash such that the
total protein recovery was 77-85%. The anti-PC hydrazide immunosorbents were the
exception, however, in that no additional PC was recovered following successive
washes with buffered 2 M sodium chloride and buffered 2 M NaSCN,

In order to determine whether NalO, treatment of the anti-PC Mab affected its
ability to bind to PC, oxidized anti-PC Mab (NalO,-treated) and native anti-PC Mab
(untreated) were compared by an ELISA (Fig. 2). The dose-response curves of PC
binding to both oxidized and native Mab were very similar indicating that the period-
ate oxidation step did not impair the activity of the Mab.

In further experiments, the binding of 7D7B10 Mab to varying concentrations
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TABLE V
CARBOHYDRATE COMPOSITION OF MURINE Mab AND Fab’ FRAGMENTS

Data from 14 h hydrolysis with 6 M hydrochloric acid, except for mannose data which is from 2 and 6 h
hydrolysis with 2 M trifluoroacetic acid.

Sample NAG Galactose Mannose Sialic acid
(mol/mol)*  (mol/mol) (mol/mol) (mol/mol)
7D7B10 Mab 233 4.2 7.0 1-2
7D7BI10 Fab’ (nc)® 4.1 0.5 nd? na®
7D7BI0 Fab’ (c)* 3.1 nd nd na
1H5B7 Mab 16.7 11.7 3.6 1-2
1H5B7 Fab’ (nc) 4.1 1.8 nd na
IHSB7 Fab' (c¢) 24 0.6 nd na

“ Molecular weights of 160 000 for Mab and 50 000 for Fab’ were assumed. NAG = N-acetylglucosamine.
® nc = Not corrected for Fc contamination; ¢ = corrected for Fc contamination (5% in 7D7B10 Fab’ and
10% in 1H5B7 Fab' as judged by desitometry of SDS-PAGE); nd = none detected; na = not analyzed.

of conventionally purified PC, or PC purified using either 7D7B10 or 8861 Mab was
measured by ELISA. As shown in Fig. 3, the binding curves for purified PC from all
three sources were indistinguishable. Conversely, similar ELISA experiments verified
that an excess of PC was able to bind 100% of a limiting amount of 7D7B10 Mab,
indicating that the anti-PC Mab preparation did not contain a subpopulation of Mab
molecules that lacked the ability to bind PC (data not shown).

Because hydrazide immunosorbents are formed through the coupling of oligo-
saccharide chains, the carbohydrate content of the anti-PC and anti-FIX Mabs as
well as their Fab’ fragments were analyzed. The results are presented in Table V.
N-acetylglucosamine (NAG) was the predominant reducing sugar detected in either
Mab with 23 residues per 7D7B10 IgG and 17 residues per IH5B7 IgG using hydro-
chloric acid hydrolysis. Similar results were obtained using TFA hydrolysis (data not
shown). The galactose content was considerably higher in the 1TH5B7 Mab with 12
mol/mol compared to 4 mol/mol of 7D7B10 Mab. Mannose was only detected in the
hydrochloric acid hydrolysates of the 7D7B10 Mab (5 mol/mol) and not the 1H5B7
Mab. However, when TFA hydrolysis was used which is less destructive to mannose,
7 mol/mol 7D7B10 was found and 4 mol/mol 1H5B7 Mab. No fucose was detected in
either Mab when hydrochloric acid or TFA hydrolyzed samples were analyzed. Both
Mabs contained 1-2 residues of sialic acid. Importantly, significant amounts of NAG
were also found in the purified Fab’ fragments from either Mab. Correction for the
small amount of Fc contamination in the Fab’ preparations (5% Fc contamination in
the 7D7B10 Fab’ and 10% Fc contamination in the IH5B7 Fab’) yielded 3.1 and 2.4
residues of NAG per Fab’ fragment from the 7D7B10 and 1H5B7 Mabs, respectively.
Little or no galactose, mannose or fucose was detected in the Fab’ preparations.

DISCUSSION

The hydrazide- and CNBr-activated matrices used in the present studies were
beaded agaroses which had similar porosities and particle sizes [27-29] and were
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found to have minimal nonspecific adsorptive properties under the conditions used in
these experiments. Therefore, these two systems should be sufficiently similar for a
direct comparison of the effects of hydrazide and CNBr immobilization chemistry
upon immunosorbent performance.

The concentration, distribution, and accessibility of reactive groups (such as
hydrazides) on the agarose matrix may be of importance in determining the binding
efficiency of a given immunosorbent. These reactive sites should have a uniform
distribution and accessibility to achieve proper spacing of Mabs on the matrix and
thus avoid clustering which could result in steric hindrance and lower efficiencies.
Clustering of Mab for either the hydrazide- or CNBr-activated gels was likely to have
been minimal because the total reactive groups on the matrix were in approximately a
1000-fold molar excess over that needed to couple Mabs at the low densities used in
these experiments. These calculations are based upon the hydrazide linker concentra-
tions given by the manufacturers-[28,29] and the minimum concentration of CNBr-
activated groups from the data of March et al. [38]. The Mab densities used in these
experiments varied from 1.0 to 2.3 mg Mab/ml of gel. While the efficiency of immuno-
sorbents on porous supports has been shown to decrease with increasing Mab densi-
ties, these effects were found to occur at considerably higher Mab densities than used
in the present experiments [3,8]. In fact, varying the Mab density over the 1-2 mg/ml
range had little effect on the efficiency of the CNBr-activated anti-FIX immunosor-
bent used in the present studies [9,45].

Both hydrazide- and CNBr-activated gels immobilize proteins under mild con-
ditions which do not irreversibly denature or are non-denaturing to the antibodies
evaluated in this study. While the hydrazide coupling was performed at a lower pH
than the CNBr coupling procedure (pH 5.0-5.5 vs. pH 8.5), immobilization through
the carbohydrate should preserve the conformational flexibility of the peptide back-
bone of the molecule thus allowing it to resume its normal conformation under anti-
gen binding conditions at neutral pH. The Mabs used to form the hydrazide immuno-
sorbents were oxidized in a 64- to 494-fold molar excess of NalO, for 1 h at room
temperature. Although these mild conditions are generally insufficient to oxidize ami-
no acids of proteins [22], it seemed possible that the efficiencies of the hydrazide
immunosorbents may have been adversely affected by loss of activity of the Mab as a
result of NalOQ, treatment. However, this was not the case as seen for the anti-PC
Mab, where the oxidized and native Mab had indistinguishable PC binding curves.

The anti-FIX/FIX and the anti-PC/PC systems behaved similarly in these stud-
ies in that essentially quantitative recoveries of bound protein were obtained using the
CNBr-coupled immunosorbents. For both the anti-FIX/FIX and anti-PC/PC CNBr-
coupled immunosorbents, 75% of bound protein was recovered under specific mild
elution conditions (millimolar concentrations of EDTA or CaCl,, respectively).
These mild conditions are thought to destabilize a conformation which is recognized
by the Mab. In both cases, small amounts of additional protein were eluted in the 2 M
sodium chloride was pool, such that 85% of the bound protein could be accounted
for. For both systems, 52-61% of bound protein was recovered from the hydrazide-
coupled immunosorbents under mild elution conditions. For the anti-FIX immuno-
sorbent, additional FIX was recovered with the high salt wash such that 77% of the
bound protein could be accounted for. In contrast, for the anti-PC hydrazide immu-
nosorbent, no additional protein was recoverd with 2 M sodium chloride of 2 M
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NaSCN. Because nonspecific protein adsorption was not observed with the glutar-
aldehyde-blocked hydrazide matrix, it is likely that the lower recovery of PC can be
attributed to the presence of covalently attached Mab. The possibility that this was
due to a population of immobilized antibodies with higher avidity seems unlikely
because further treatment with harsh elution conditions (2 M NaSCN) did not result
in a desorption of PC not previously recovered by CaCl, elution. The reason for the
lower recoveries of PC from the hydrazide gels is unknown.

Hydrazide-activated gels couple Abs through their carbohydrate residues. This
offers several potential advantages. First, Ab coupling occurs through residues that
are not involved in antigen-binding, thus providing a peptide-sparing effect. In con-
trast, CNBr-activated gels are linked to the matrix through reactive amino acids. As
many such groups are present on a macromolecule like an Ab, linkage can occur
through many sites on the protein including peptide regions that may be vital to the
Ab-antigen interaction, thus compromising the acitivity of the bound Ab. Second, the
carbohydrate groups on the Ab have the potential advantage of being able to act as a
linker to space the molecule away from the matrix and thus improve its accessibility
to the antigen. Conversely, the Abs of CNBr-activated gels can be expected to be
located closer to the surface of the matrix giving rise to steric hindrance effects [10].
Third, linkage through the carbohydrate moieties is expected to give a higher degree
of Ab orientation compared to coupling through amino acids, as the coupling is
thought to involve only the Fc region of the molecule [21-25]. Therefore, the hydra-
zide immunosorbents were expected to have higher bound Ab activities and effi-
ciencies than CNBr-coupled immunosorbents.

Despite the potential advantages of site-directed coupling via carbohydrate re-
sidues, both the anti-PC and anti-F1X hydrazide immunosorbents failed to perform
better than conventional CNBr-activated gels. In the case of the anti-FIX hydrazide
immunosorbent, the efficiency was approximately one-half that of the comparable
CNBr-coupled gel whether based upon bound FIX or specifically recovered FIX. In
the case of the anti-PC immunosorbents, 2 out of 3 hydrazide gels had a 1.6-fold
increase in PC binding efficiency compared to the CNBr-coupled gel. However, this
increase was not translated into improved performance, because the efficiencies based
upon specifically recovered PC were only 1.2-fold higher. It is interesting to note that
3- to 5-fold increases in antigen binding efficiency have been reported for hydrazide
immobilized polyclonal antibodies relative to CNBr immunosorbents [22-25], while
no increase [23,24] or at most a 2-fold increase [25] was found for hydrazide immobi-
lized monoclonal antibodies. In most cases, the amount of bound antigen that could
be eluted from the hydrazide immunosorbents was not reported in these studies.

Our results indicate that monoclonal antibodies immobilized to agarose matri-
ces by site-directed coupling via carbohydrate residues on the Mab still have a restrict-
ed ability to bind to antigen. It is apparent that the presentation of carbohydrate is
such that it does not result in significant changes in binding capacity relative to that
seen with CNBr-coupled Mabs. Apparently, coupling through the well-conserved
carbohydrate chains located in the Fc region [14-20] does not benefit antigen binding,
albeit that these carbohydrate moieties could potentially impart several nm greater
extension than the 1 nm spacer-arms used to increase the bound activity of f-galacto-
sidase on a similar agarose matrix [10]. This may indicate that despite this site-direct-
ed coupling, there is still a considerable degree of variation in orientation of Ab in
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terms of the spatial relationship, for example, between the Fab antigen-binding re-
gion and the matrix.

The presence of oligosaccharide in the CH, domain of the Fc fragment of
immunoglobulins has been in part a reason for the development of carbohydrate-
directed immobilization chemistry. However, N-linked glycosylation is dictated by
the peptide sequence Asn—X-Ser which has also been shown to occur in the variable
regions of the antigen-binding domain of rabbit, murine and human immunoglobu-
lins [46-48]. For this reason, we analyzed the carbohydrate composition of the Mabs
used in the present study, as well as the purified Fab’ fragments derived from them.
The sugar composition of both Mabs was consistent with the dibranched complex
structure of N-linked oligosaccharides of murine IgG reported by others [19]. Impor-
tantly, both Mabs employed in this study had significant amounts of NAG in the
Fab’ fragment. Thus, some coupling via the Fab antigen-binding domain may have
occurred which may have abrogated the potential advantage of site-directed coupling
through the carbohydrate in the Fc region. The frequency of carbohydrate in the Fab
region of monoclonal antibodies and the ability to control glycosylation at these sites,
for example, by cell culture growth conditions [49] are additional factors which may
impact the utility of carbohydrate-directed immobilization of antibodies.

CONCLUSION®

There was no advantage in terms of improved efficiency in the use hydrazide-
activated immunosorbents over the more conventional CNBr-activated immunosor-
bents. Furthermore, the heavier protein losses observed with the hydrazide gels were
an added disadvantage.
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ABSTRACT

The reduced diffusion of globular proteins in the gel AcA-34 was measured. The proteins were
labelled with fluorescein isothiocyanate. The partition coefficient of the labelled proteins in the gel was
equal to that of the native proteins. This result means that the fluorescein residues do not induce any
specific interaction between the macromolecules and the gel matrix. The D/D, value was measured by
alternately determining the fluorescence recovery after photobleaching curves of the labelled protein solu-
tion either in the free state or included in a gel bead. Both values of D/D,, as a function of the Stokes radius
of the proteins and the partition coefficient of the proteins in the gel, agree with the values predicted
previously. These results suggest that the retardation of the diffusion of the proteins in the AcA-34 gel is
due to the obstruction effect of the gel matrix.

INTRODUCTION

One of the factors determining the efficiency of the separation of macro-
molecules by gel chromatography is the diffusion coefficient of the solute in the gel
beads which fill the chromatographic column [1]. There are some similarities between
diffusion in the gel and other transport properties which operate in separation methods
such as sedimentation in polymer solutions and electrophoresis [2]. Measurements of
diffusion in chromatographic gels are still scarce {3,4] and the physical basis of the
retardation of diffusion by a gel matrix is not yet firmly established [5]. For these
reasons, measurements of diffusion in gels are needed.

In previous work, these authors measured the reduced coefficient of diffusion
DD, (where D and D, are the diffusion coefficients of the solute in the gel and in the
free solvent, respectively) of fluorescein-labelled dextran fractions in Sephadex gel
beads [6]. The technique used was fluorescence recovery after photobleaching (FRAP)
[7].

In this method, a small region of a volume containing a mobile fluorescent
molecule is exposed to a brief intense pulse of light, thereby causing an irreversible
photochemical bleaching of the fluorophores. The diffusion coefficient is determined
by measuring the rate of recovery of fluorescence which results from transport into the
bleached region from the unirradiated surroundings.

In this work, the same method was used to measure the diffusion of

0021-9673/91/503.50 © 1991 Elsevier Science Publishers B.V.
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fluorescein-labelled globular proteins in the gel AcA-34. The variation of D/Do was
studied as a function of the Stokes radius of the protein molecules. The partition
coefficient of these proteins in the gel was also determined and the variation of D/Dy as
a function of the partition coefficient was measured.

MATERIALS AND METHODS

Origin of the products .

Bovine pancreas ribonuclease (ref. B-51128), bovine pancreas chymotrypsinogen
A (ref. C-4879), hen egg albumin (ref. A-2512), bovine serum albumin (BSA) (ref.
A-7638), rabbit muscle aldolase (ref. A-7145) and bovine thyroid thyroglobulin (ref.
T-1001) were purchased from Sigma. Catalase and ferritin were used from a gel
filtration calibration kit from Pharmacia. Fluorescein isothiocyanate isomer I (FITC)
was purchased from Molecular Probes (ref. F-143) and Sigma (ref. 7250). Dextran blue
2000 was from Pharmacia.

The Ultrogel AcA-34 was from Industrie Biologique Frangaise (IBF) (lot 8379).

Macromolecule labelling

The proteins were labelled as follows: 50 mg of protein were dissolved in 2 ml of
sodium hydrogencarbonate buffer solution at pH 9. A 2.6-ml volume of 1 mg/ml
FITC in buffer solution A (10 mM sodium phosphate, 0.15 M sodium chloride, | mM
sodium azide pH 8) was added. The mixed solution was stored at room temperature,
away from light, for 5 h. The labelled protein was then dialysed against buffer A (pH 8)
for 1-2 weeks in a cold room (4°C) with frequent changes of the dialysate. In the case of
BSA, the following additional treatment was applied: the labelled protein was eluted
on a Sephadex G-25 column with 20 mM acetic acid at pH 3 [8]. The solution was then
dialysed for 24 h against buffer A with frequent changes of the dialysate.

The absence of free fluorescein in the preparations was checked by chromato-
graphy on a silica gel 60 plate (Merck ref. N-5724) with an eluent consisting of
n-butanol-water—ethanol-acetic acid (50:20:20:10).

The labelling ratio was determined by spectrophotometry. The absorption
coefficients of the fluorescein residues at 495 and 280 nm were taken as equal to 72 000
cm™ ' M~ ' and 16 500 cm ™! M, respectively [8]. The absorption coefficient of the
proteins at 280 nm was taken from Fasman [9].

Dextran 2000 from Pharmacia (molecular weight 2 000 000) was labelled with
FITC by the method of De Belder and Granath [10]. Fractions of fluorescein dextran,
excluded from the AcA-34 gels, were obtained by chromatography on the gel
Sepharose CI-2B.

Gel chromatography

Native and labelled proteins were chromatographed on a column (90 x 1.35
cm) filled with the AcA-34 gel. The column was equilibrated with buffer A. A 2-ml
volume of a solution of a protein at a concentration of 5 mg/ml in the same buffer
solution was injected onto the column. The volume of a fraction collected at the
bottom of the column was about 2 ml; the exact volume was determined by weight. The
flow-rate was 5-7 ml/h. The void volume, V,, was determined by the elution of
Dextran blue 2000 and absorption measurements at 305 nm. The elution diagrams of
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the native and labelled proteins were obtained by measuring the absorbance of each
fraction at 280. and 495 nm, respectively.

The partition coefficient of a protein sample (K, y) was determined according to
the formula of Laurent and Killander [11]:

Ve—"Vo
Kyzy = ———— 1
A=Y (D

where V| is the volume of the gel bed in the column and ¥, the elution volume of the
fraction situated at the peak of the elution diagram. ¥V, was determined from the height
and diameter of the column.

Measurements of the reduced coefficient of diffusion

For these measurements the labelled protein solution was obtained by eluting the
main chromatographic fraction of the AcA-34 column in a Sephadex G-25 column.

These measurements were performed with the FRAP apparatus previously
described [6]. The laser beam was horizontal and crossed the vertical microscope axis
at right-angles, in the object plane.

The gel beads were immersed in a solution of fluorescent macromolecules
contained in a small glass cuvette. The FRAP curves were measured with the laser
beam crossing a single gel bead and the surrounding solvent alternately. Both
measurements were repeated from seven to twenty times.

The FRAP curves were fitted with the function of Yguerabide et al. [12]:

F() + le/[l/z

F(1) =
() 1+t/t1/2

2

where Fy, F,, are, respectively, the fluorescence intensities emitted immediately after
the bleaching pulse and at an infinite time after bleaching. #,, is the half-time of
recovery and ¢ is time.

Eqn. 2 was fitted by the non-linear least-squares method of Marquardt [23} onan
IBM-PS2 computer.

The fraction of freely diffusing molecules (or recovery fraction), L, was
calculated by the following formula:

L = (Fo — Fo)/(Fi — Fo) €)

where F; is the intensity before bleaching.
The bleaching fraction (B) is defined as:

B = (F, — Fo)/F; 4)

Eqn. 2 is an approximation of the function of Axelrod et al. [7] which correctly
describes that function when the bleaching fraction is smaller than 0.85 [12].

The reduced diffusion coefficient of a protein in a gel was obtained by applying
the following relationship [6]:

D\ _ (o) (B
(5&) —< i ) <ﬁ0> ©
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where D and D, are the coefficients of diffusion in the gel and in the free solvent,
respectively; t1,2, (¢1,2)0 are the half-times of recovery measured on the bead and on the
surrounding solution, respectively; and the factor f§ or 8, depends on the bleaching
fraction of the molecules included in the bead or in the solvent, respectively. The values
of f and B, have been determined by comparing the function of Axelrod et al. [7] with
eqn. 2 [12].

It has already been noted that the fluorescence was not zero for fluorescein
dextran fractions excluded from a gel [6]. This stray fluorescence came from the
fluorescence track of the laser beam in the free solution surrounding the bead. This
stray fluorescence did not influence the value of D/D, measured for the protein
samples, except for the thyroglobulin sample which had a very low partition coefficient
in the gel.

In the thyroglobulin sample the fluorescence of the macromolecules included in
a bead was small and the stray fluorescence was therefore relatively important. To take
this contribution into account, the FRAP measured on the bead immersed in
a thyroglobulin solution was analysed with a sum of two terms, as follows:

Fy+ Fitjt,  F3+ Fiit,

F(r) =
@ 1+ t/t, 1+ ¢t

(6)

where the sub- and superscripts 1 and 2 refer to the molecules surrounding the bead
(stray fluorescence) and to the fluorescence of the molecules included in the gel,
respectively. , '

Eqn. 6 is equivalent to eqn. 7:

Fo + Ft/ty Fo + Ftft,
Ft)=C|| ————— 1-CH)| ———= 7
@ 1< 1+ t/1 >+( 1)< 1+ t/1, ™
where

Fo = F) + F2
F,=F,+ F,

Ly B, Fil
c, ===
"L BF ®)

F{, L, and B, are the prebleaching intensity, the recovery fraction and the bleaching
fraction of the stray fluorescence.

It was found experimentally that L, and L were equal to 1 and that B, was
approximately equal to B. Therefore eqn. 8 becomes:

t, is the parameter which allows the calculation of D/D, (eqn. 5). ¢, was obtained by

fitting eqn. 7 to the experimental FRAP. C, and ¢, were considered as fixed parameters
and were determined as follows.
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Gel beads were immersed in a solution of a fluorescent dextran fraction of high
molecular weight which was excluded from the gel. The prebleaching fluorescences Fy
on a bead and F; in the free solution were measured successively. The same
measurements were made on a bead immersed in a labelled thyroglobulin solution. C,
was then given by the following relationship:

Fy Fy
- ()12)

where € and p refer to the dextran and protein solutions, respectively.

To obtain ¢, the half-time of recovery of FRAP curves measured on a bead and
in the free solution of the high-molecular-weight dextran were measured successively.
If o s the ratio of these half-times, #; is equal to the product of o by the #;,, value
measured in the free solution of the labelled thyroglobulin.

RESULTS

Chromatography of proteins on a gel column

Eight native proteins, namely ribonuclease A, a-chymotrypsinogen A, oval-
bumin, BSA, aldolase, catalase, ferritin and thyroglobulin were chromatographed on
a column of AcA-34 gel. The partition coefficients, Ky, of these proteins were
calculated according to eqn. 1.

The proteins were labelled with FITC and purified. The study of labelled ferritin
and catalase was not continued as a denaturation of the proteins occurring during the
preparation.

Five of these labelled samples were also chromatographed on the same column.
Table I shows that the partition coefficients of the labelled and native proteins were
equal within the range of experimental accuracy.

For a macromolecule which does not bind to the gel matrix, the partition
coefficient between the gel and the surrounding solution is equal to the volume fraction
available to the macromolecule in the gel [11]. In the Ogston model the gel is made up

TABLE 1

COMPARISON OF THE PARTITION COEFFICIENTS OF THE NATIVE AND LABELLED
PROTEINS

Proteins Labelling Kav
ratio

Native Labelled

Ribonuclease A 0.56 0.91 0.89
Chymotrypsinogen A 1.86 0.81 0.79
Ovalbumin 1.39 0.63 0.62
Serum albumin 1.9 0.52 —

Aldolase 4.8 0.40 0.37

Thyroglobulin 17 0.08 0.1
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of a random network of straight fibres, and the partition coefficient of a spherical
molecule can be written as [11,13]:

Kav = exp[—nl(R + Rp)A (1)

where [is the total length of fibres per unit volume, R is the radius of the molecule and
Ry is the radius of a fibre.

Eqn. 11 was fitted to the variation of the K,y value of proteins in the AcA-34 gel
as a function of the protein Stokes radius Rg (see Fig. 1). The values of Rg were taken
from ref. 14. The following parameter values were obtained by the method of
non-linear least-squares:

I =1.05+0.16nm™?
(12)
Ri=0.5+03nm

The AcA-34 gel consists of 3% polyacrylamide and 4% agarose gels [15]. Its
sieving properties are expected to be those of the polyacrylamide component, the
agarose component essentially giving the rigidity to the gel beads [16]. This is
confirmed by comparing the / and R; values of eqn. 12 to those obtained by protein
chromatography on polyacrylamide [17]. This comparison shows that the AcA-34 gel
has the sieving properties of a polyacrylamide gel with a low bisacrylamide content.

Determination of the reduced diffusion coefficient of proteins in a AcA-34 gel bead
This was performed by FRAP as described under Materials and methods. Eqn.

2 satisfactorily reproduced the experimental curves after curve-fitting. In every case it

was found that the fraction of fluorescence recovery L was equal to 1. This showed that

1

3754

534S
x
2254
] + -
a 2.5 S 7.5 18
Rg Chmd

Fig. 1. Partition coefficient of globular proteins in the AcA-34 gel as a function of the Stokes radius of the
protein. The continuous line represents eqn. 11 after curve-fitting.
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9 . - .
o 2.5 5 7.5 10

Rg(nm)

Fig. 2. Reduced diffusion coefficient of fluorescein-labelled proteins in the AcA-34 gel as a function of the
Stokes radius of the protein. The continuous line represents eqn. 13 after curve-fitting.

there was no interaction between the proteins and the gel matrix, leading to a slow
exchange between the free and the bound species. The reduced coefficient of diffusion
was determined by eqn. 5.

In the case of thyroglobulin, which had a small K,y value, there was a significant
contribution of the stray fluorescence, and consequently the FRAP curves were fitted
by eqn. 7.

The variation of D/Dy as a function of Ry is plotted in Fig. 2, and as
a function of K,v in Fig. 3.

KOV

Fig. 3. Reduced diffusion coefficient of fluorescein-labelled proteins in AcA-34 gel as a function of the
protein partition coefficient in the same gel. The continuous line represents eqn. 15.
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DISCUSSION

The FRAP method is a convenient and relatively simple method for measuring
the diffusion of fluorescent molecules in a single gel bead. This method was previously
used to measure the diffusion of fluorescein dextran fractions in Sephadex gels [6]. The
diffusion of labelled proteins in Sepharose was also measured [18].

It is necessary to label the macromolecules with covalently linked fluorescent
residues. The diffusion coefficient of the parent non-labelled molecules in the gel will
be equal to that of the labelled molecules if the fluorescent residues do not induce
additional interactions with the gel matrix. This condition may be checked by
chromatography as described earlier.

The fluorescent track produced by the laser beam in the free solution
surrounding the bead brings about a stray fluorescence which becomes relatively
important when the partition coefficient of the macromolecules in the gel is small
(<0.1). Consequently the determination of the diffusion coefficient in the gel of such
macromolecules becomes complicated and inaccurate.

Tt was found that the stray fluorescence decreased when the diameter of the bead
increased. This stray fluorescence can also be decreased by reducing the diameter of the
microscope-photometer diaphragm. The volume of the illuminated region in the bead
must be small compared to the total volume of the bead to avoid boundary effects on
the diffusion [19].

From these considerations, it is concluded that there is a minimum diameter
under which the diffusion coefficient in the gel becomes difficult to measure. This
limiting size depends on the optical configuration of the laser beam and of the
fluorescence measurement system. With this optical arrangement the bead diameter
should not be smaller than 50 um.

It was found that the partition coefficient of the fluorescein-labelled proteins in
AcA-34 was equal to the partition coefficient of the native proteins. This shows that
the fluorescein residues did not induce any interaction of the macromolecules with the
gel matrix. As already discussed, the chromatographic properties of the protein in
AcA-34 are explained by the sieve properties of its polyacrylamide component which
does not contain charged groups. Furthermore, the salt concentration used in the
elution buffer will decrease the electrostatic interactions. Fig. 2 shows that there was
a regular decrease of D/Dy as Rgincreased, which cannot be explained by hydrophobic
or hydrogen bonding. Such interactions are expected to depend on the primary,
secondary and tertiary structure of the protein molecules and not on their molecular
size. Two main effects may cause this behaviour [5]: (1) the hydrodynamic effect, in
which the gel fibres increase the hydrodynamic drag exerted by the solvent on the
solute molecule; and (2) the obstruction effect, in which the presence of impenetrable,
immobile polymer molecules increases the path length of the solute diffusion. Several
theoretical works deal with these physical principles and provide mathematical
expressions of D/D, as a function of the radius of the solute molecules [20-22].

The parameters of these expressions were fitted to the experimental variation of
D[Dg as a function of the Stokes radius of the protein molecules. These calculations
were performed by the non-linear least-squares method of Marquardt [23]. In this
method the parameter values are determined which minimize ¥,, the sum of the square
of the differences between the predicted and experimental D/D, values.
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None of these theoretical formulae were satisfactory. After fitting them to the
data the value of x, remained high. In addition, the values of the parameters were not
in agreement with their physical meanings. These discrepancies may be partly ascribed
to the crudeness of the matrix models on which the calculations were based.

The matrix model of Ogston [13], which was used to derive eqn. 9{11], appears to
be more realistic. The same model supplied the basis of the theory of diffusion in gels
[2]. According to this theory, the reduced diffusion coefficient may be written as
follows:

DEO = Aexp(— BR) (13)

where

A = exp[—(n/Ry)"]

(14)
B = (n)*

The curve representing eqn. 13 with 4 and B fitted to these experimental data is
represented in Fig. 2. The y, value is better than any value obtained with the other
theoretical expressions quoted earlier. The values of 4 and B are in fairly good
agreement with the values calculated from eqn. 14 when replacing / and R; by the
values obtained from the K,y data (eqn. 12).

Combining eqns. 13 and 14 leads to the relationship [2]:

2= expl(~In Ku)¥] (15)

0

Asseen in Fig. 3, this function describes the experimental results reasonably well.

It may be concluded that:

(1) The partition coefficient of globular proteins in the AcA-34 gel is described
well by the Laurent and Killander equation (eqn. 11).

(2) The variation of the reduced diffusion coefficient of the proteins in this gel, as
a function of Rg, agrees with the prediction of Ogston et al. [2] (eqns. 13 and 14). The
variation of D/Dy as a function of K,y is also in agreement with the theory (eqn. 15).

According to this theory the diffusion coefficient of a solute is decreased by the
obstruction effect exerted by the gel matrix. Therefore these results suggest that the
obstruction effect is an important cause of the diffusion retardation of the globular
proteins in the AcA-34 gel.
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ABSTRACT

The effect of the eluent composition (nature of the modifier and its mole fraction in the mobile phase)
on the retention of trichothecene mycotoxins of group B (derivatives of 12,13-epoxytrichothecene-9), i.e.,
desoxynivalenol (DON), nivalenol, DON-3-acetate, DON-15-acetate and 7-desoxy-DON was studied.
Ethanol, acetonitrile or tetrahydrofuran were used as the organic component (modifier) of the binary
water—organic mobile phases. The retention mechanism and separation selectivity of the trichothecene
mycotoxins in reversed-phase high-performance liquid chromatography (RP-HPLC) on Nucleosil C-18 is
discussed. Optimum conditions were determined for the separation of the five trichothecene mycotoxins
with the use of RP-HPLC under isocratic conditions.

INTRODUCTION

Trichothecene mycotoxins are a group of chemically similar secondary metabo-
lites of the Fusarium mould fungus. Structurally they belong to derivatives of
12,13-epoxytrichothecene-9 and can be classed into two groups: group B with the
carbonyl oxygen atom in position 8 and group A without this atom (Fig. 1) [1].

The purpose of this work was to optimize the conditions for determining
trichothecene mycotoxins of group B in grain samples by reversed-phase high-

performance liquid chromatography (RP-HPLC) using a Milichrome microcolumn
chromatograph (USSR).

EXPERIMENTAL

Instruments and reagents

A liquid microcolumn chromatograph (Milichrome) equipped with a syringe
pump (eluent flow-rate 2-600 ul/min) and a spectrophotometric detector (spectral

“ Presented at the 7th Danube Symposium on Chromatography, Leipzig, August 21-25, 1989. The majority
of the papers presented at this symposium have been published in J. Chromatogr., Vol. 520 (1990).

0021-9673/91/303.50 © 1991 Elsevier Science Publishers B.V.
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Fig. 1. Structures of trichothecene mycotoxins. Group A: T-2 tetraol, R! = R? = R’ = R* = OH; DAS,
R! = OH, R? = R® = OAc, R* = H; HT-2 toxin, R! = R? = OH, R® = OAc, R* = -OC(0)C,Hy; T-2
toxin, R! = OH, R? = R® = OAc, R* = —-OC(O)C,H,. Group B: nivalenol, R! = R? = R® = R* = OH;
DON, R! = R?® = R* = OH, R? = H; 7-desoxy-DON, R' = R?® = OH, R? = R* = H; DON-3-acetate,
R! = OAc, R? = H, R® = R* = OH; DON-I5-acetate, R' = R* = OH, R? = H, R? = OAc. OAc =
acetate.

range 190-360 nm) was used. The steel column (62 x 2 mm 1.D.) was packed with
Nucleosil C, 5 (specific surface area 300 m?/g, mean particle diameter 5 4m) using the
suspension technique. The retention volume of a non-sorbed substance (V) was
measured by using sodium nitrite and was 89 pl; the column efficiency with respect to
desoxynivalenol was 2500-3000 theoretical plates. The UV spectra of the substances
were recorded in the range 190-360 nm with a 2-nm spacing in the detector cell where
the flow of the mobile phase was preliminarily stopped. The reference cell was filled
with the eluent.

The following retention parameters were determined using the chromatograms:
the adsorbate capacity factor &' = (Vg — V,)/Vo, where Vy is the adsorbate retention
volume, and the relative retention volume (selectivity) for pairs of components, o;;; =
ki/k;, where k) and k: are the capacity factors of substances j and 7.

Ethanol, acetonitrile (ACN) and tetrahydrofuran (THF) were purified by
distillation; acetonitrile was preboiled with potassium permanganate and THF was
distilled over potassium hydroxide. Solutions of desoxynivalenol (DON), nivalenol,
DON-3-acetate, DON-15-acetate and mixtures of DON with 7-desoxy-DON in
methanol were used. In addition, samples of grain extracts purified and evaporated to
dryness were used. The extraction mixture was water-acetonitrile (1:5) and adsorption
purification of the extracts was performed on glass columns packed with AGN-type
active carbon and Celite-545. The solutions and purified extracts were provided by the
Laboratory of Mycotoxicology, All-Union Research Institute of Veterinary Sanita-
tion.
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Chromatographic measurements

DON solutions with concentrations of 1, 5, 10, 20, 40 and 200 ug/ml were
prepared by sequential dilution of the initial solution (10 mg/ml) with water—THF
(76:24). Evaporated samples of grain extracts were also dissolved in 1 ml of this
mixture, which was then used as the eluent for the determination of DON. A test
sample of the solution investigated (5 ul) was taken with the needle of the eluent feeder
of the chromatograph (0.5-20 ul range with 0.1-ul spacing). The eluent flow-rate was
50 pl/min. The detection wavelength was 224 nm,

RESULTS AND DISCUSSION

The most difficult pairs to separate are DON-7-desoxy-DON and DON-3-
acetate-DON-15-acetate. Separation of the latter using HPLC has not been described
in literature. Separation of the former has been attained by using much more polar
eluents (containing 10% of methanol [2]). In this case, X’ increases to 15 and higher [3],
which makes the analysis longer and more complicated and the simultaneous
determination with DON in mixtures with more hydrophobic trichothecenes (such as
acetates) under isocratic conditions impossible. For this reason, we investigated less
polar organic modifiers for the optimization of the eluent composition in order to
determine simultaneously all five mycotoxins investigated.

The following requirements were established for choosing the _modifier:
unlimited solubility in water, low viscosity, ready availability, low absorption
threshold in the UV range and classification with various groups of selectivity
according to Snyder and Kirkland [4,5]. Ethanol, acetonitrile and tetrahydrofuran
were chosen. We employed the strategy of De Galan and co-workers [6-8] to find the
optimum composition of the eluent. The investigation of the dependence of the
retention of trichothecene mycotoxins on the composition of binary aqueous eluents
was carried out first. The data (capacity factors, k', and relative retention volumes, o)
for three binary systems are given in Table 1.

Fig. 2 and Table I show that the retention of trichothecene mycotoxins increases
with increasing hydrophobity. Fig. 2 shows that dependence of 1 /k'on Ny is linear. For
this reason, the dependence of the capacity factor on the eluent composition (the
nature of the modifier and its mole fraction.in the mobile phase) for DON-3-acetate,
the most retained sorbate of those studied, was considered for the optimization of the
duration of analysis. Fig. 3 shows that large amounts of polar modifier compared with
the less polar modifier should be introduced into the eluent in order to attain the same
retention value for mycotoxins, e.g., CH;CN > C,Hs;OH > C,HzO. The dependence
of the mole fraction of the mobile phase modifier (V) corresponding to the retention
of DON-3-acetate (k' = 10; see Fig. 3) on the polarity, P’, of the modifier is linear
(Fig. 4).

When ethanol is employed as a modifier, the separation selectivity is low: DON
and 7-desoxy-DON are not separated at all (o372 = 1.0) and DON-3- and -15-acetate
are poorly separated (a5, = 1.05) (see Fig. 5 and Table I).

The selectivity of the trichothecene separation with the use of acetonitrile-
containing mobile phases is higher than that with ethanol-containing mobile phases,
although it remains insufficient for complete separation of DON and 7-desoxy-DON
and particularly of DON-3- and -15-acetate. The separation selectivity of the pair
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Fig. 2. Dependence of 1/k" for trichothecene mycotoxins on the composition of the mobile phase (V,)
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modified with THF. | = Nivalenol; 2 = 7-desoxy-DON; 3 = DON; 4 = DON-15-acetate; 5 = DON-3-
acetate.

7-desoxy-DON-DON is virtually constant (372 = 1.10) over the entire concentration
range of acetonitrile (18-50%). The highest selectivity for the pair DON-3-acetate—
DON-15-acetate (25,4 = 1.10) was observed at an acetonitrile concentration of 33%
when the retention of acetates (and, consequently, the separation of peaks and the
duration of analysis) are too high (k' > 15; see Fig. 3). A concentration of acetonitrile
of 40% is considered to be the optimum, as the retention of all the components remains

30

20

10

Fig. 3. Dependence of the capacity factor k' of DON-3-acetate on the mole fraction (Vy) of the organic
component in the eluent. | = Acetonitrile; 2 = ethanol; 3 = tetrahydrofuran.
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Fig. 4. Dependence of the mole fraction of the mobile phase modifier (¥,) corresponding to the retention of
DON-3-acetate (k' = 10) on the polarity (P’) of the modifier.

in the &' range 1.25-8.86 and the selectivity tor the 7-desoxy-DON-DON pairisaz,; =
1.08 and for the DON acetates oy,5s = 1.06.

The best separation selectivity among the binary mobile phases investigated was
observed with the THF-water system. As a less polar modifier capable of forming
hydrogen bonding with C-OH groups, THF provides for separations due both to the
difference in the number of hydroxyl groups in the toxin molecule and to the different
positions of the acetyl groups. The increase in selectivity of the separation DON-3- and
-15-acetate on increasing the THF content, the selectivity of the pair 7-desoxy-DON-
DON remaining constant, indicates that the effect of THF on the separation of more
hydrophobic adsorbates is stronger.

Fig. 5 shows that an increasing amount of THF in the eluent increases the
separation selectivity of the components of the mixture and decreases the duration of

OLi/d
1.3 7
1.2
A
A
1.1 ¢ . \Mm YAN 1
2 .~'\. \
1.0 2 ~,
’ 0.1 \\, 0-2 0.3 M
~ A\A ]
0.9 f \.\ 5 1
O&.O_B 3
0.8

Fig. 5. Dependence of the relative retention volume (a;;;) on the mole fraction (¥y) of the organic component
in the eluent for poorly separated pairs of substances: open symbols, 7-desoxy-DON-DON; closed symbols,
DON-15-acetate-DON-3-acetate. 1,1’ = Acetonitrile; 2,2 = ethanol; 3,3’ = tetrahydrofuran.
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3
2
4 5 3
_J j
o 5 10 15 min [+] 2 4 6 min

Fig. 6. Chromatogram of trichothecene separation with the optimized composition of the eluent,
water—tetrahydrofuran (76:24). Nucleosil C,g column (62 x 2 mm L.D.); flow-rate, 50 ul/min; 4, 224 nm.
I = Nivalenol; 2 = 7-desoxy-DON; 3 = DON; 4 = DON-15-acetate; 5 = DON-3-acetate.

Fig. 7. Chromatogram of an extract from wheat meal. | = Nivalenol; 2 = 7-desoxy-DON; 3 = DON.
Conditions as in Fig. 6.

analysis (see Fig. 3). However, when the THF content is 30% (N, = 0.087), the
retention of nivalenol and 7-desoxy-DON decreases to such an extent that their peaks
begin to overlap with those of polar impurities present in the samples. However, when
the THF content decreases, the separation of the DON acetates deteriorates.
A compromise (optimum) composition of mobile phase with 24% of THF provides
both a good separation of all the components of the mixture (Fig. 6) and an acceptable
duration of analysis (14 min). The substances elute from column in the sequence
nivalenol < 7-desoxy-DON <« DON < DON-15-acetate < DON-3-acctate. The
selectivity for the pair DON-7-desoxy-DON was 1.18 and for the pair DON-3-
acetate-DON-15-acetate it was 1.13. The separation of DON acetates has not been
reported previously. )

Fig. 7 shows the chromatographic analysis of an extract from wheat meal.

CONCLUSIONS

Optimum conditions are determined for the separation of five trichothecene
mycotoxins (nivalenol, 7-desoxy-DON, DON, DON-3-acetate and DON-15-acetate)
using RP-HPLC under isocratic conditions. The chromatographic system was shown
to exhibit high selectivity when using an eluent containing THF.



88 S. N. LANIN, Yu. S. NIKITIN

REFERENCES

1 R.J.Coleand R. H. Cox (Editors), Handbook of Toxic Fungal Metabolites, Academic Press, New York,
1981.

2 G. A. Bennet, J. Am. Oil Chem. Soc., 58 (1981) 1002A.

3 M. W. Witt, L. P. Hart and J. . Pestka, J. Agric. Food Chem., 33 (1985) 745.

4 L. R. Snyder, J. Chromatogr. Sci., 16 (1978) 223.

5 L. R. Snyder and J. J. Kirkland, /ntroduction to Modern Liquid Chromatography, Wiley, New York,
2nd ed., 1979.

6 P.J. Schoenmakers, H. A. Billet and L. de Galan, J. Chromatogr., 205 (1981) 13.

7 P.J. Schoenmakers, H. A. Billet and L. de Galan, J. Chromatogr., 218 (1981) 261.

8 A. C. Drouen, H. A. Billet and L. de Galan, J. Chromatogr., 352 (1986) 127.



Journal of Chromatography, 558 (1991) 89-104
Elsevier Science Publishers B.V., Amsterdam

CHROM. 23 438

Carbohydrate separation by ligand-exchange liquid
chromatography

Correlation between the formation of sugar—cation
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ABSTRACT

Carbohydrate separation (hexoses, pentoses and corresponding polyols) was studied by liquid chro-
matography using ligand exchange con cation-exchange resin column with water as eluent. Seven cations
(Ca?*, Sr2*, Ba?*,Pb?*, Y3*, La** and Pr**) were tested. The carbohydrate elution order is considered
in connection with the complexing sites likely to be involved for each sugar or polyol molecule and with the
exclusion processes.

INTRODUCTION

Extraction of sugars from plants by diffusion or pressing and by acid or en-
zymatic hydrolysis yields sugar mixtures. Catalytic or enzymatic hydrogenation gives
polyol mixtures which may contain some residual sugars, the separation of which is
required. Liquid chromatography with ligand exchange on ion-exchange resins and
water as eluent seems to be the most efficient method. Techniques for the analytical
separation of sugars developed over the last 15 years [1-3] are now being used for
industrial carbohydrate separations, especially glucose—fructose separation [4-6].
This type of separation was studied by Angyal et al. [7] and Goulding [6]. The forma-
tion of a donor--acceptor complex- between the cations immobilized on the ion-ex-
change resin and the carbohydrate hydroxyl groups is the mechanism effecting the
separation [7-9]. Some water molecules of cation hydration are thus displaced and
replaced by the carbohydrate [8]. The movement of the latter through the column is
caused by the water molecules of the eluent, which in turn replace sugar or polyol
molecules. Their separation is directly proportional to the stability of the complex
formed with the cation: the more stable the complex, the more immobilized the
molecule will remain [8,10]. The influence of the cation fixed on the resin constitutes
one of the major parameters of the separation process.

This study was aimed at selecting the most appropriate resin counter ion to

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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achieve the separation of carbohydrate compounds produced by treatment of plants.
The components of the mixtures studied were D-glucose, D-xylose, p-galactose, D-
mannose, L-arabinose, mannitol, arabinitol, galactitol, xylitol and sorbitol. Seven
cations (Ca?™*, Sr?*, Pb2*, Y3*, La3* and Pr®*) were selected according to their
characteristics and the literature [7,8,11-16]. In order to form a bidentate complex
(less stable, Ky, = 0.1 mol™?) or a tridentate complex (more stable, Ky = 1-5
mol ™), with two or three sequences of hydroxyl groups supported by adjacent car-
bons, the cation must have an octahedrial structure—in solution the hydration of
non-octahedrial cations of Group 1A in the Periodic Table causes a structural change
allowing complex formation [8]; the highest possible electronic deficit [11]; and an
optimum size with respect to the complexing site, i.e., a 1 A ionic radius {17] for the
tridentate complex produced on adjacent hydroxyl sequences, in axial-equatorial-
axial (a—e—a) on a pyranose ring, in cis—cis on a furanose ring and on a so-called M-P
sequence on an open carbonated chain where the first and second carbon are gauche
clockwise and the second and third carbons are gauche anticlockwise or vice versa
[18]. This sequence is analogous to the a—e—a pyranose sequence on an open chain.
Below 1 A, the small cation will tend to produce axial-equatorial {a—e) bidentate
complexes. Above 1 A, the large cations will tend to produce 1-3 diaxial (1-3 a—a) or
equatorial-equatorial (e—e) bidentate complexes [8].

Concerning complex formation, one may observe a difference between sugars
and polyols. Sugars will yield complexes with cations function as their own immobi-
lized sites whereas polyols can all achieve the M—P configuration by rotation around
carbon-carbon bonds. The formation of more or less stable complexes will largely
depend on the energy supplied to obtain this M—P configuration. When the energy
consumption averages 1-2 kcal/mol, complexing occurs but weakly. With a greater
energy no complexing occurs [17]. The complex stability is linked to the polyol struc-
ture. It decreases in the following structural order: threo—threo (t—t) a pair of threo
adjacent to a primary hydroxyl (w—t) erythro—threo (e-t) a pair of erythro adjacent to
a primary hydroxyl (w—e) [18].

EXPERIMENTAL

A 200 cm x 1.67 cm L.D. glass column, thermostated at 50°C by fluid circula-
tion in the jacket, was packed with Duolite C204/2078 resin (6.4% divinylbenzene,
0.15-0.3 mm diameter) in the appropriate form by the sedimentation method. The
counter ions used for resin permutation were supplied by Prolabo (calcium, strontium
and barium chloride), Degussa (lead nitrate) and Rhone-Poulenc Rare Earth Unit
(yttrium, lanthanum, praseodymium nitrates).

The products used to reconstitute the carbohydrate mixtures were supplied by
Fluka (glucose, xylitol, mannitol), Prolabo (xylose, galactose, galactitol) Jansen
(mannose, arabinose), Aldrich (sorbitol) and Extrasynthese (arabinitol).

The mixtures were reconstituted in deionized water with a resistivity higher
than 10 MQ/cm and from 45 to 75 g/l of each component.

The injection of 1.5 cm? of separating solution was performed by direct deposi-
tion on the resin. In order to prevent dilution of the injected solution, elution water
with was initiated only after complete penetration of the solution into the resin. A
Gilson Minipuls 2 peristaltic pump fed the system with water as eluent at 50°C. An
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Fig. I. Chromatogram of sugars on Ca’* ion-exchange resin. Flow-rate, 0.83 ml/min. In Figs. 1-14 the

numbers on the peaks correspond to the carbohydrates listed in Table I.

MTDC Gilson automated fraction collector recovered the effluent at the column
output. When the separation procedure was completed, the collected fractions were
analysed by high-performance liquid chromatography (HPLC) on an LDC Milton
Roy IIT apparatus with refractometric detection.

g/1
4-

Time, min

400 S00 600 700

Fig. 2. Chromatogram of polyols on Ca* ion-exchange resin. Flow-rate, 0.83 ml/min.
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Fig. 3. Chromatogram of sugars on Sr*>* ion-exchange resin. Flow-rate, 0.69 ml/min.

RESULTS

Fig. 1-14 illustrate the chromatograms for each of the seven cations. The capac-
ity factor (k") was calculated (Table 1) for each monosaccharide, polyol and cation.
The k' order corresponds to the elution order of the monosaccharides and polyols. It
should be noted that the values of k' are similar to those determined by Goulding [8].

One can observe that sugars always elute before polyols whatever the cation
used. The separation of the two groups is complete with lanthanum. praseodymium,

g/1
8-

0 T T ? v Time, min
400 500 600 700 800

Fig. 4. Chromatogram of polyols on Sr** ion-exchange resin. Flow-rate, 0.69 ml/min.
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Fig. 5. Chromatogram of sugars on Ba?™ ion-exchange resin. Flow-rate, 0.90 ml/min,

calcium and lead cations and almost complete with the yttrium cation. This is not the
case for strontium (Figs. 3 and 4) and barium (Figs. 5 and 6), although the over-
lapping remains minor and restricted to the mannose-arabinose and mannitol-arabi-
nitol pairs. These results are in agreement with the theoretical data available on the
stability of the sugar-cation complexes [3,8,17]. All the polyols are likely to form
tridentate complexes. This is not the case for the monosaccharides studied.

One can also say that in general the elution order is (1) glucose, (2) xylose, (3)
galactose, (4) mannose, (5) arabinose, (6) mannitol, (7) arabinitol, (8) galactitol, (9)

g/l
39

0 T T T 1 Time, min
200 300 400 500 600

Fig. 6. Chromatogram of polyols on Ba** ion-exchange resin. Flow-rate, 0.90 ml/min.
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Fig. 7. Chromatogram of sugars on Pb?* ion-exchange resin. Flow-rate, 0.88 ml/min.

xylitol and (10) sorbitol. There are several exceptions with Pb?*. For mannose-
arabinose, mannitol-arabinitol and xylitol-galactitol (Figs. 7 and 8), three inversions
were observed. These results, already reported by Baker and Himmel [13] for man-
nose and arabinose, were corroborated by HPLC on Pb?* and Ca2?* analytical col-
umns (Table II).

Ca®* seems to be the most suitable cation for obtaining an efficient separation
of the components of sugar—polyol, glucose-galactose, -mannose or —arabinose, ara-

g/l

1.2 7
6

] 7 9

0.8 8
10

0.4
0.0 T T y Time, min

500 750 1000 1250

Fig. 8. Chromatogram of polyols on Pb*™* ion-exchange resin. Flow-rate, 0.88 ml/min.



96 H. CARUEL, L. RIGAL, A. GASET

g/l
6 2

Time, min

0 T 1
200 260 320

Fig. 9. Chromatogram of sugars on Y** ion-exchange resin. Flow-rate, 0.95 ml/min.

binose—xylose, —galactose or —mannose, mannitol-galactitol, —xylitol —sorbitol and
arabinitol-galactitol, —xylitol —sorbitol mixtures.

In some instances, separation can be improved by using other cations (Table
III). For example, the glucose—xylose separation is more efficient with Sr2* (Figs. 1
and 3) and the arabinitol-galactitol, —xylitol or —sorbitol separation is better with
La®* (Figs. 1 and 12). Pr** leads to capacity factors that are sharply higher for
polyols. For the separation of alditols, a Pr3* column considerably smaller than one

g/1
2-

0 4 : . . Time, min
200 300 400 500 600

Fig. 10. Chromatogram of polyols on Y3* ion-exchange resin. Flow-rate, 0.95 ml/min.



LIGAND-EXCHANGE LC OF CARBOHYDRATES 97

g/l
4 1 2
1 3
45
2 -4
0 / . , Time, min
200 300 400 500

Fig. [1. Chromatogram of sugars on La** ion-exchange resin. Flow-rate, 0.70 ml/min.
g g 4

made with La** could be used. Lastly, separation on Ca2* resin is almost or com-
pletely impossible in certain situations. Table IV reports unsolved separations with
Ca’* and suggests the use of other cations. Although Ba%* allows a satisfactory
separation of D-tagatose and D-talose [19], in our study it did not yield better results
than the other cations tested.

g/1
2-.

~

0 Time, min
1 T 1
400 900 1400

Fig. 12. Chromatogram of polyols on La** ion-exchange resin. Flow-rate, 0.70 ml/min.
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TABLE 11

RETENTION TIMES (min) ON ANALYTICAL COLUMNS FOR THE THREE PAIRS WITH IN-
VERTED ELUTION ORDER BETWEEN CALCIUM AND LEAD

Carbohydrate Brownlee Labs. Bio-Rad Labs. Bio-Rad Labs. Interaction
Cartridge, 20 cm, HPX 87P 30 cm, HPX 87C, 30 c¢cm, CHO-682, 30 cm,
0.3 ml/min, 0.6 ml/min, 0.6 ml/min, 0.4 ml/min,
85°C 85°C 85°C 90°C
(Ca®") (Pb?*) (Ca*™) (Pb*™)
Mannose 6.97 16.44 12.47 25.44
Arabinose 7.59 15.48 13.75 24,27
Mannitol 9.57 - - 40.72
Arabinitol 9.74 - - 40.42
Galactitol 10.94 - - 53.07
Xylitol 11.24 — - 51.32
TABLE 111

COMPARATIVE QUALITATIVE RESULTS FOR POSSIBLE SEPARATIONS FOR CALCIUM
AND OTHER CATIONS

The separation obtained with the cation is equal to (=) greater than (>) or much better than (>>) that
obtained with Ca?*.

Mixture Ca?t  Se2t Pb2t Y3+ La3*  prt
Sugar—polyol + > > >
Glucose—galactose + >

Glucose—-mannose + >

Glucose—arabinose + >

Xylose—arabinose + =

Galactose—arabinose + > >>
Mannose-arabinose + > >> >>
Mannitol-galactitol + > >>
Mannitol-xylitol + > >
Mannitol-sorbitol + > > >
Arabinitol-galactitol + > >
Arabinitol-xylitol + >
Arabinitol-sorbitol + > >

TABLE IV
CATION SELECTION WHEN SEPARATION 1S IMPOSSIBLE WITH CALCIUM

Mixture Sr?* T Pb2* Yt La3* Pr3t
Glucose—xylose Fig. 3

Xylose—galactose Fig. 7

Xylose-mannose Fig. 7

Galactose—-mannose Fig. 7

Mannitol-arabinitol Fig. 10 Fig. 12 Fig. 14
Galactitol-xylitol Fig. 10 Fig. 12
Galactitol-sorbitol Fig. 12

Xylitol-sorbitol Fig. 8 Fig. 14
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g/1
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Fig. 13. Chromatogram of sugars on Pr’* ion-exchange resin. Flow rate, 1.30 ml/min.

DISCUSSION

The results obtained illustrate the different behaviours of monosaccharides and
polyols. Both will be considered separately in order to check whether the complex
formation theory is consistent with the elution order in both groups. The contribution
of the exclusion phenomena related to.the use of ion-exchange resins as chroma-
tographic supports will be discussed according to the separation efficiency.
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8
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400 800 1200 1600

Fig. 14. Chromatogram of polyols on Pr** ion-exchange resin. Flow-rate, 1.30 ml/min.
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Monosaccharides

Contribution of complex formation. According to theory, the sugar and related
configuration sites (a—e-a, a—e, e-¢, 1-3 a-a) allow the formation of more or less
strong complexes. Although there are no available current data, to our knowledge, on
the formation speed of sugar—cation complexes, the kinetics of mutarotation seem to
be a restrictive factor compared with those of sugar—cation complexes formation. In
order to substantiate this observation, we may add that the mutarotation equilibrium
is achieved slowly [20,21]; the separation of some sugar anomers by HPLC on cation—
exchange resins with calcium or lead columns has already been completed [8,13}; and
sugar analysis by NMR spectroscopy identifies the five anomeric forms (a- and f-py-
ranose, - and B-furanose and open-chain) whenever they exist in sufficient amounts.
The kinetics of exchanges between the different forms are slow compared with the
NMR time scale. However, when there is a cation, only a average spectrum corre-
sponding to the free sugar and to the sugar-cation complex will be observed [17]. The
kinetics of the complex formation are very fast compared with the NMR time scale.

The contributions of the sites likely to form a complex with a cation will be
proportional to each tautomeric form of dissolved sugars. All the monosaccharides
are present in water solution in several forms at equilibrium. For the five sugars
studied, the a- and p-pyranose forms prevail [22]. According to Angyal et al. [23],
apart from f-L-arabinose, which has the two confirmation, 'C4 and *C,, the prevail-
ing conformation of the studied aldopyranoses is *C;. The energy to change confor-
mation is always greater than 2 kcal/mol.

Although there are no direct data on the energies generated by the formation of
a bi- or tridentate sugar—cation complex, the stabilization energy brought about by
the formation of a tridentate complex does not seem to be sufficient to reach the level
required to induce a conformation change. According to Angyal [17], with polyols
and when the conformation change requires very little energy (1-2 kcal/mol), the
tridentate complex will occur but its stability will be weak. Beyond this level, it will no
longer occur. This is even more true for bidentate complexes. Symons et al. [24]
related some sugar NMR spectroscopic changes with variation in calcium chloride
concentration to the shift of conformation equilibrium, !C, = *C,. However, and in
compliance with Goulding’s observation [8], only the complexes likely to occur with
the “C, prevailing conformations will be studied, except for f-L-arabinose. The part
played by the a—¢-a complex of the f-D-mannopyranose 'C4 conformation in the
separation will be discounted. In the same way, no 1-3 a—a complex will be taken into
account as they could only occur with b-glucose and D-xylose in the 'C, forms. The
contribution of the open-chain forms will also be discounted because they only occur
as trace components [25]. As far as the furanose forms of sugars are concerned, their
proportion is small {26,27). The contribution of the bidentate complex which they
may generate remains negligible. This is also the case for the tridentate complex of
f-D-mannofuranose [8].

The a—e complexes will form preferentially the e-¢ forms proportionally to the
equilibrium obtained at 50°C. Table V summarizes the contribution of each complex
for each sugar.

The chromatographic elution order of the monosaccharides is linked to the
proportion of a—¢ bidentate complexes likely to form. With calcium the contribution
of the weaker e—e bidentate complexes seems to be minor with this small-sized cation
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(ca. 1 A). In contrast, this contribution can be higher [1] with strontium and barium,
whose ionic radii are larger (1.12 and 1.34 A, respectively). This might account for the
poor xylose—galactose and mannose—arabinose separations observed with these cat-
ions (Figs. 3 and 5). However, the elution order of sugars remains identical with that
obtained with Ca®*. The same applies to the yttrium, lanthanum and praseodymium
cations. However, the total lack of xylose—galactose separation demonstrated by
identical capacity factors (0.36 for Y**, 0.43 for La*") or close capacity factors
(0.48-0.5 for Pr3*) cannot only be accounted for by the ionic radius of the cations
(0.89, 1.02 and 1.1 A, respectively). In the same way, although the contributions of
the a—e and e-e complexing sites are identical for glucose and xylose, these sugars are
always clearly separated by all the cations.

Contribution of exclusion phenomena. Another factor limiting the contribution
of sugar—cation complexes in the separation process will have to be taken into ac-
count. The comparison of cation structures or of their electronic deficit is not suffi-
cient to explain the separation. However, the contribution of exclusion phenomena
linked to the differences in steric crowding between hexoses and pentoses might clar-
ify the interpretation of the observed phenomena.

For all the cations described, xylose and glucose on the one hand and galactose
and arabinose on the other are always clearly separated. These hexose—pentose pairs
do not differ from a structural viewpoint except for the presence of the hydroxy-
methyl group on the pyranose ring. As far as xylose and glucose are concerned, the
complexing site contributions are equivalent but the exclusion phenomenon remains
prevalent.

TABLE V
CONTRIBUTION TO THE SEPARATION OF EACH SUGAR COMPLEX

Sugar Form* Proportion Complexation sites
at 50°C
(%) a—¢ e—¢
D-Glucose o-P 37 1 1
[26,27] p-P 63 0 2
Total 100 0.37 1.63
D-Xylose o-P 40 1 |
[3] p-P 60 0 2
Total 100 0.4 1.6
D-Galactose a-P 33 2 0
[26,27] B-P 57 l I
Total 90° 1.23 0.56
D-Mannose a-P 62 1 0
[3] B-P 38 2 0
Total 100 1.38 0
L-Arabinose o-P 63 2 0
31] S-P 34 1 [
Total 97° 1.60 0.34

¢ P = pyranose.
b 10% of furanose forms.
¢ 3% of furanose forms.
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The permutation of the exchanger by trivalent ions is shown by the moderate
swelling of the resin, which will increase the exclusion penomena. The capacity fac-
tors observed with Y**, La®* and Pr** are weaker for the sugars than for those
observed with Ca®*, Sr?* and Ba?*. Nevertheless the glucose-xylose and galactose—
arabinose separations, for which the exclusion contribution to the separation is im-
portant, remain effective. However, the penetration of galactose and mannose into
the cation-exchange resin in their Y3*, La®* or Pr®* forms is less extensive. This
restricts the contribution of complex formation and accounts for the weaker retention
and poor separation with xylose.

Lead

The situation is even more complex for lead. Glucose, galactose and mannose
are separated as with calcium. Xylose is no longer separated from glucose, and arabi-
nose is eluted between galactose and mannose. It seems as if hexoses were more
immobilized than pentoses. This phenomenon might be linked to the increase in the
contribution of complex formation compared with the exclusion phenomena. This
assumption is substantiated by the observation of the capacity factors: they are much
higher for most of the sugars with Pb?* than those obtained with other cations. Pb2*
is located at the hard and soft acid limit owing to its partially vacant 54 orbital (4/1¢,
5d®, 65*6p?) [28,29]. The association with oxygen free pairs of hydroxyl groups which
are soft bases are therefore stronger (soft acid-soft base association) than those ob-
tained with alkaline earth metal cations (hard acid). The prevailing contribution of
complexing phenomena levels off the different xylose and glucose behaviours which
have the same contributions on complexing sites, and in smaller proportions than
those for arabinose and galactose. Also, the larger ionic radius of the Pb?* cation (1.2
A) could lead to a modification in relation to the contribution on the a—e and e—¢
sites. This cation accelerates the speed of mutarotation of sugars [13], which could
alter the proportions of «- and S-forms.

To conclude, without totally leaving aside the complexing tridentate site contri-
bution, the elution order of the investigated monosaccharides can thus be correlated
with a-e or e—e bidentate complex formation. Depending on the type of cation, the
phenomena will be more or less affected by exclusion factors linked to the size of resin
pores.

Polyols

In contrast to monosaccharides, polyols in aqueous solution have an acyclic
form, the prevailing conformation being [18,19] either planar or “zig-zag” when there
is no 1-3 diaxial interaction between the oxygen atoms, or bent or sickle form in the
opposite case. By rotating round carbon-carbon bonds, all the alditols studied can
form tridentate M-P-type complexes with a cation. These complexes are strong. It
would appear reasonable to assume that the contribution of the exclusion phenomena
to separation will be minor compared with that of complex formation. This assump-
tion is confirmed by the following observation: for the same ionic radius (Ca?* and
La’*, for instance), passing from two to three load units does not entail any decrease
in capacity factors as occurs with monosaccharides (Table 1I). In the same way, the
sharp increase in capacity factors observed with Pr®* corroborated the predominant
role of the complex formation. The formation of strong complexes with lanthanide
ions is widely used in NMR spectroscopy [12.18.32].
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The elution order observed on rare earths, i.e., mannitol, arabinitol, galactitol,
xylitol, sorbitol, appears to be consistent with the work of Angyal et al. [18] on 'H
NMR chemical shifts induced by the addition of lanthanum ions (Table VI). The best
separation pattern is obtained with La®* (Fig. 12), whose ionic radius averages | A.
The sorbitol-xylitol separation could be explained by the fact that in addition to the
sequence t-t formed on O,-0;-0,, sorbitol can also lead to the formation of two
other M-P complexes from the sequences w—t formed on O;-0,-0; and w—¢ formed
on 04~05-0s. Such an alternative does not occur with xylitol, which can only yield
one M-P complex from either of the w-t sequences formed O,-03-0,4 or on 03-0,—
05.

Moreover, in addition to the O;-0,-0; and 0,-0;,-0, complexing sites simi-
lar to those of arabinitol, galactitol can form another M—P complex from the w—t
sequence of O,—05-Og 0xygen atoms; this second complex is independent of the first.
With the Pr** cation whose ionic radius averages 1 A, this alternative induces a
higher galactitol retention with no xylitol separation (Fig. 14).

A decrease in the ionic radius of the cation (Y37, 0.89 A) results in a lack of
xylitol-sorbitol separation (Fig. 10) together with a 50% decrease in the capacity
factors of the polyol group (Table I). This result is in agreement with the hypothesis
of a 1 A cation for the formation of M—P complexes [8,17]. On the other hand, this
prerequisite does not appear to be applicable for alkaline earth metal cations. Despite
the optimum 1 A ionic radius, the calcium ion does not lead to an efficient separation
of the mannitol-arabinitol and galactitol-xylitol pairs (Fig. 2). The situation is identi-
cal for Sr**, Ba>* and Pb> " for the mannitol-arabinitol pair (Figs. 4, 6 and 8).

The results tend indicate that 2+ cations do not carry enough energy to com-
pensate for the energy needed to modify the conformation by rotation around a C-C
axis facilitating the formation of sequences yielding complexes formation. As is the
case for monosaccharides, the phenomena ruling the polyol separation involve the
capacity to form complexes. The strength of these complexes stimulated by a 1 A
ionic radius cation and a three unit loading deficit allows for a larger retention of

aditols and a efficient separation of each component. Exclusion phenomena appear to
play a minor role.

TABLE VI
COMPLEXATION IDENTIFIED BY NMR ANALYSIS
'H chemical shifts induced by the addition of lanthanum [18].

Polyol Complexation sites

t—t w—t et
Mannitol 0,-0,-0,
Arabinitol 0,-0,-0, 0,-0,-0,
Galactitol 0,-0,-0, 0,-0,-0,
Xylitol 0,-0,-0,
Sorbitol 0,-0,-0,
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CONCLUSIONS

The contribution of carbohydrate—cation complex formation appears to be di-
rectly correlated with the elution order of sugars and polyols in ligand-exchange
chromatography. In the former instance, the complexes are of the weak bidentate
type and the exclusion phenomena leading to steric crowding of the different sugars
can also result in chromatographic separation. In the latter, the complexes are of the
tridentate type and the separation occurs as a function of the energy needed for the
polyols to have the appropriate configuration. In both instances, a suitable choice of
the cation improves the separation process, the quality of which also depends on the
characteristic of the support (granulometry, cross-linking, swelling, etc.). The study
of the influence of these different factors is in progress.
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ABSTRACT

A rapid procedure is described for the qualitative and quantitative analysis of the carbohydrate
composition of glycoproteins by liquid chromatography with light-scattering detection. The analysis was
carried out in three steps. First, the glycoprotein samples were purified by a two-step purification on a
Sephadex G-25 column with a 90% yield. Second, the selectivity of the separation and the sensitivity of
detection of monosaccharides, as methyl glycosides obtained by direct methanolysis of glycoproteins, were
improved by modified simplex optimization of the methanolysis parameters (temperature, methanolic
hydrochloric acid strength and reaction time) determined at 66°C, 1.2 M and 8.1 h for «,-acid glycoprotein
(2-AGP) and 73°C, 1.5 M and 12.5 h for tissue plasminogen activator (tPA). Finally, the method was
applied to the determination of the carbohydrate moiety of the two N-glycosylated glycoproteins a-AGP
and tPA.

INTRODUCTION

Many methods have been proposed for the determination of the carbohydrate
moieties of glycoproteins after acid hydrolysis [1-3] or methanolysis [4,5]. Methano-
lysis of glycoconjugates produces methylglycosides in a one-step procedure. How-
ever, gas chromatographic methods require other cumbersome derivatization steps
and direct liquid chromatographic techniques are limited by the poor detectability of
the methylglycosides.

0021-9673/91/303.50 © 1991 Elsevier Science Publishers B.V.
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We have described previously a rapid method for the determination of neutral
and amino sugars present in polysaccharides and glycoproteins [6]. A light-scattering
detector, which is more sensitive than a refractive index detector, was used and was
suitable for the detection of methylglycosides having weak UV absorption bands.
Using this procedure, quantitative analysis was possible as the calibration graphs
obtained for various methylglycosides showed a linear response in double logarithmic
coordinates.

The purpose of this work was to improve this method to allow the determina-
tion of the carbohydrate moieties of various glycoproteins using methanolysis. The
first step was to develop a purification method for the glycoproteins to allow a suit-
able methanolysis procedure. The second step was to determine the optimum condi-
tions of methanolysis as numerous conditions have been reported for the determina-
tion of carbohydrates in glycoproteins [4,7,8]. This scatter of values suggests that
different glycoproteins would probably need differing optimum conditions of metha-
nolysis. The choice of the internal standard and the reproducibility of the method
were also investigated. Finally, this method was applied to the determination of the
carbohydrate moieties of a;-acid glycoprotein («-AGP) and tissue plasminogen acti-
vator (tPA).

EXPERIMENTAL

Apparatus and chromatographic conditions

The chromatographic separation was carried out using a Shimadzu LC 6A
pump equipped with a Cunow DDL 11 light-scattering detector and a Spectra-Phys-
ics Chromjet integrator.

The column effluent was nebulized by a stream of nitrogen. The particles
formed were passed through a heated evaporation tube to evaporate the solvent. The
particles then crossed a light beam and the scattered light was collected at an angle of
120° by a photomultiplier. The optimal nebulization pressure of 25 p.s.i. and the
evaporative setting temperature of 30°C were determined previously [6].

The chromatographic column was Spherisorb ODS 2, 5 um (250 x 4.6 mm
I.D.) (SFCC). Methylglycosides were eluted with water—methanol (97:3) at 0.5 ml
min !,

Reagents

Methanolic hydrochloric acid (3 M) was purchased from Supelco and metha-
nolic hydrochloric acid (8.4 M) was provided by Dr. Doussin (Laboratoire de Biochi-
mie, Hopital Intercommunal de Creteil, France).

Human «-AGP, monosaccharides and standards of methylglycosides were ob-
tained from Sigma. Plasminogen activator in solution was kindly donated by Dr.
Schluter (Karl Thomae). All other chemicals were of analytical reagent grade.

Glycoprotein purification

In order to remove irrelevant products such as salts, buffers or contaminants
from the sample, glycoprotein solutions were applied to a Sephadex G-25 PD10
column (Pharmacia) and eluted with 10% acetic acid. Gel filtration was performed
twice. Eluted fractions (800 ul) were monitored by Lowry assay [9] and phenol-
sulphuric acid assay {10].
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Thin-layer chromatography (TLC) of the eluted fractions was performed on
silica gel G-60 plates (Merck) with n-butanol-acetic acid-water (60:20:20, w/w/w) as
eluent and ninhydrin solution as the spray reagent.

Methanolysis procedures

The glycoprotein-containing fractions were lyophilized for 18 h and the lyophil-
izates were used to prepare | mg ml™" solutions. Aliquots of glycoprotein solution
(250 wl) together with the internal standard (lyxose) were then lyophilized and dried
over P,O5 under vacuum. A mixture of 500 ul of methanolic hydrochloric acid and
125 ul of methyl acetate was then added. To avoid decomposition of the reagent
during storage, fresh methanolic hydrochloric acid stored at —20°C in sealed am-
poules was used for each methanolysis. Dry distilled methanol was used to prepare
the methanolic hydrochloric acid reagent at various strengths.

Samples were heated at various temperatures and durations according to the
modified simplex procedure described below. Thereafter, the acid was removed under
a stream of nitrogen at room temperature for 30 min. Samples were either freshly
dissolved in distilled water or stored at —20°C without no significant destruction of
the monosaccharide derivatives.

A modified simplex procedure [11] was used to optimize the methanolysis pa-
rameters. Three parameters were investigated: temperature, methanolic hydrochloric
acid strength and reaction time. The boundaries of each parameter were defined
according to previous published data on methanolysis [8,12]: temperature 50-120°C,
methanol hydrochloric acid strength 0.2-4.2 M and reaction time 1-30 h. Each exper-
iment was evaluated by a criterion Cy which was designed to assess the quality of the
chromatogram:

S

CRZ

eyl
N

where H; is the height of the main peak for each derivatized monosaccharide.
RESULTS AND DISCUSSION

Glycoprotein purification

The presence of buffer salts or other contaminants in the glycoprotein samples
does not interfere with methanolysis [12]. Nevertheless, the additives present in the
tPA solution disturbed the chromatographic separation of the first-eluted methyl
glycosides released by methanolysis.

As shown in Fig. 1, contaminants could be removed from the glycoprotein
solution by means of two consecutive gel filtrations on Sephadex G-25 with 10%
acetic acid.

The elution of the glycoprotein was monitored both by the Lowry assay (for the
peptidic fraction) and phenol-sulphuric acid reaction (for the glycan moiety); it was
observed between the third and sixth eluted fractions.

Some interference with arginine, used in the buffer medium, was noted in the
Lowry assay and allowed us to follow the elimination of arginine. The presence of
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Fig. 1. Purification by gel filtration of tPA: (a) = step 1; (b) = step 2. Injected volume: 2 ml of a | mgml ™!
glycoprotein solution. Glycoprotein was monitored by (@) Lowry assay and by (O) phenol-sulphuric acid
reagent.

residual arginine in the eluted fractions was checked by TLC and it was found to be
present from fraction 9 to fraction 12.
The absorbance of the ninth fraction could be attributed to the presence of
Tween 80 which interfered, to a minor extent, in the phenol-sulphuric acid assay.
The proposed two-step purification on Sephadex G-25 led to purified glycopro-
tein in 90% yield.

Simplex procedure

Methanolysis of a sugar produces a mixture of anomeric forms of methylglyco-
sides and the anomer ratio is a function of the conditions used in the methanolysis
step [13]. To obtain both good selectivity and sensitivity of the method, it was neces-
sary to determine the methanolysis conditions which gave a main chromatographic
peak per sugar.
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To assess the quality of each chromatogram, we used the criterion Cg, which
incorporates the product of the height of the main peak for each derivatized sugar.
The product of H; shows a better performance than the sum of H; in which a small
value for one peak can be compensated for by a great response of another peak. This
product reflects an equal importance for each sugar as one bad response can lead to a
dramatic decrease in the criterion.

The simplex procedure was stopped after five and seven steps for «-AGP and
tPA, respectively. In the initial step of the experiments, the 50°C-0.2 M-1 h point was
the first rejected point for both glycoproteins as these conditions were not sufficient to
allow the methanolysis reaction. The extreme values for the three parameters studied,
except the 4.1 M methanolic acid strength with a-AGP, were successively eliminated
during the simplex evolution, leading to intermediate parameter values. This evolu-
tton causes the simplex to diminish in size (Fig. 2).
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Fig. 2. Progress of the three-dimensional simplex towards the optimum for (a) a-AGP and (b) tPA.
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Based on the results and the feasibility of the process, the optimum conditions
established are reported in Table I. In order to compare the optimum conditions for
a-GPA with those already published [8], a methanolysis of a-AGP was also carried
out at 70°C with 0.6 M acid for 16 h. The criterion was improved by 50% with the
new conditions.

Assuming that these two glycoproteins have similar N-glycan chains (high man-
nose, hybrid and complex types), the differences in the optimum point could be
assigned to a dissimilarity in their spatial configuration rather than a different resist-
ance of the glycosidic bonds to the methanolic hydrochloric acid. These results pro-
vide further evidence that optimum methanolysis conditions should be determined
for each glycoprotein. The modified simplex procedure could be a simple approach
for the optimization of these parameters in which variables such as temperature,
reagent strength and reaction time, interact.

TABLE 1
OPTIMUM CONDITIONS FOR THE METHANOLYSIS OF «-AGP AND {PA

Regression data in logarithmic coordinates for methylglycosides released from the glycoproteins by metha-
nolyses under optimum conditions.

Methylglycoside Methanolysis conditions

73°C, 1.5 M, 125 h 66°C, 1.2 M, 8.15h

Slope Intercept Correlation  Slope Intercept ~ Correlation

coefficient coefficient

Galactose 1.264 4.548 0.997 1.448 3.783 0.999
Mannose 1.166 4.173 0.999 1.448 3.738 0.998
N-Acetylglucosamine 1.088 3.425 0.999 1.348 3.375 0.998
Fucose 1.050 3.506 0.996 1.422 2.712 0.998

Chromatographic application

A typical chromatogram of the separation of all methylglycosides including
neutral and amino sugars is presented in Fig. 3. All the compounds are eluted within
16 min with good repeatability of the retention times [relative standard deviation
(R.S.D.) ranging from 0.16 to 0.71%)].

In order to choose an appropriate internal standard, we studied the repeatabil-
ity of the chromatographic method with two different compounds, mesoinositol and
lyxose. Two mixtures of methylglycosides containing either mesoinositol or lyxose as
internal standards were analysed. The repeatibility of the method was evaluated by
measuring the ratio of the peak height of each sugar to that of the internal standard
with nine consecutive injections. The results obtained with both internal standards
are reported in Table II. The average R.S.D. for all sugar derivatives was 3.9% with
mesoinositol and 3.3% with lyxose. The R.S.D. values were scattered when meso-
inositol was used as the internal standard. This could be attributed to its fast elution
(retention time, fr = 5.8 min), leading to a worse repeatability of peak heights for the
last peaks. Moreover, mesoinositol has the disadvantage of being an underivatizable
compound. In fact, the use of a methylglycoside for standardization provides a more
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Fig. 3. Chromatographic separation of a mixture of methylglycosides. Detector parameters: atomiser inlet
pressure, 25 p.s.i.; temperature, 30°C. Peaks: 1 = mesoinositol; 2 = methyl «-D-galactopyranoside; 3 =
methyl a-D-glucopyranoside; 4 = methyl f-pD-xylopyranoside; 5 = methyl a-p-mannopyranoside; 6 =
methyl-p-lyxose; 7 = methyl a-n-N-acetylgalactosamine; § = methyl «-D-N-acetylglucosamine; 9 = methyl
o-L-fucopyranoside; 10 = methyl a-L-rhamnopyranoside. Injections: 20 ul of 50 pg/ml of each solute.
Attenuation: 256.

TABLE 11

REPEATABILITY OF PEAK HEIGHT USING EITHER MESOINOSITOL OR LYXOSE AS IN-
TERNAL STANDARD

Methylglycoside R.S.D. (%)*
Lyxose as Mesoinositol as
internal standard internal standard
Galactose 3.7 4.7
Glucose 3.0 24
Mannose 3.5 1.3
N-Acetylglucosamine 3.6 33
Fucose 3.9 6.5
Rhamnose 24 52
Average 33 39

“n =9
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Fig. 4. Chromatograms of methylglycosides released from (a) «-AGP and (b) tPA by methanolysis using
optimum methanolysis conditions. Detector parameters: atomiser inlet pressure, 25 p.s.i.; temperature,
30°C, injected volume: 20 ul, corresponding to 100 ug of the glycoprotein. Gal = galactose; Man =
mannose; Lyx = lyxose; GlcNac = N-acetylglucosamine; Fuc = fucose. Attenuation: (a) 512, (b) 256.

rigorous test for the methanolysis procedure than the use of a free sugar. In contrast,
lyxose seemed to be a more suitable internal standard in terms of repeatability. Meth-
anolysis could be carefully monitored with respect to lyxose which was derivatized
simultaneously with the glycoprotein sample. Lyxose gave rise to main peak which

TABLE 111

MONOSACCHARIDIC COMPOSITION OF a-AGP AND tPA DETERMINED BY METHANOLY-
SIS FOLLOWED BY CHROMATOGRAPHIC ANALYSIS

Values expressed as mean + S.D. in mole of sugar/mole of glycoprotein. tPA: MW = 66 000; a-AGP: MW
= 44 000.

Component Plasminogen activator® a-AGP?
Galactose 39 +£ 03 185 £ 1.4
Mannose 11.0 £ 0.5 159 £ 09
N-Acetylglucosamine 59 +£ 0.7 26.1 £ 2.7
Fucose 2.1 £ 0.1 2.3 £ 0.1
“n=6.

by =3
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was eluted intermediately (fg = 8.25 min) just after methylmannose. A secondary
anomer was also formed (zx = 7.5 min) but it did not interfere with other sugars.

The method was applied to the determination of carbohydrate moiety of the
two glycoproteins a-AGP and purified tPA using the conditions of methanolysis
established above. Galactose, mannose, N-acetylglucosamine and fucose were readily
identified in both glycoproteins (Fig. 4). In both glycoproteins, no significant amount
of N-acetylgalactosamine was found, suggesting the absence of O-linked oligosaccha-
ride. The results showed that tPA contained a high proportion of mannose, which
points to the presence of mainly oligomannosidic or hybrid-type N-glycosidic chains.
Moreover, the high content of N-acetylglucosamine in «-AGP indicates that N-linked
oligosaccharides consist mainly of the N-acetyllactosamine type.

The reproducibility was investigated by carrying out the entire procedure
(methanolysis followed by chromatographic analysis) nine times for the «-AGP and
five times for the plasminogen activator. The results, expressed as the peak height of
each derivative relative to that of methyllyxose, were satisfactory for all the mono-
saccharides present in the two glycoproteins, the R.S.D. ranging from 8.1 to 9.4%
and from 4.6 to 11.2% for a-AGP and tPA, respectively.

Quantitative analysis was performed with a calibration using four concentra-
tions (540 ug per 100 ul) of each monosaccharide. The peak heights were related to a
constant lyxose peak height. As shown in Table I, the plots of peak height versus
sample concentration in double logarithmic coordinates are linear. A four-point cali-
bration graph is more accurate when dealing with unknown glycoproteins, but a
two-point method would be sufficient when some data on monosaccharidic composi-
tion are already known.

The results obtained from the quantitative analysis are summarized in Table III
and the quantification of each monosaccharide was found to be in a reasonable
agreement with previously published data [2-4, 14-16].

This method, if applied more specifically to purified glycopeptides, could pro-
vide interesting information on the nature of the glycosidic chains attached to each
glycosylation site of a glycoprotein.

CONCLUSIONS

It has been shown that the modified simplex procedure could be useful for
optimizing rapidly the parameters involved in methanolysis such as temperature,
reaction time and methanolic hydrochloric acid strength, as these factors are numer-
ous and interdependent.

The entire technique, which involves the cleavage of glycosidic linkages by
methanolysis of a purified glycoprotein and the determination of the released methyl-
glycosides by liquid chromatography, is a rapid, sensitive and reproducible method
for the determination of monosaccharidic maps from glycoproteins. The carbohy-
drate compositions of a-AGP and tPA obtained by this method closely match the
compositions previously reported with other analytical techniques.
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ABSTRACT

Two improved reversed-phase high-performance liquid chromatographic procedures for the rapid
separation and sensitive fluorimetric quantification of thiamine and its phosphate esters are presented
using pre-column and post-column derivatiziation. Further, for the first time chloroethylthiamine has been
introduced into thiamine determination as an internal standard which allows the analytical procedure to be
controlled. Complete separation and sensitive detectivn can be achieved by both methods within 15 min.
The pre-column derivatization technique is easier to perform but is sometimes accompanied by technical
problems caused by the derivatization reagent. In the post-column derivatization procedure the chroma-
tographic system was not attacked but a chemically inert derivatization pump was essential. Analysis of rat
intestinal tissue by both methods including a simplified extraction scheme yielded the same results, in-
dicating that the techniques are interchangeable.

INTRODUCTION

Early methods for the analysis of thiamine derivatives such as animal experi-
ments [1] or microbiological assays [2,3] were based on the biological function of the
vitamin. These tests are often sensitive but time-consuming, expensive and difficult to
standardize and therefore sometimes less reliable. Further, they are not specific for
single derivatives and therefore do not allow differentiation between the different
forms of thiamine which is necessary in metabolic studies.

The most common procedure in thiamine analysis is the alkaline oxidation of
thiamine and its phosphate esters to highly fluorescent thiochromes [4]. This reaction
has frequently been combined with conventional column chromatography [5-7] as
well as with high-performance liquid chromatography (HPLC) [8-25] to separate the
thiochromes from other fluorescent compounds present in the sample.

Some of the HPLC procedures described are suitable for determining thiamine
only [8-14], i.e. the phosphate esters must be hydrolyzed prior to chromatography.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Thus they do not allow different derivatives to be quantified. Of the systems capable
of separating all thiamine derivatives, some have only been applied to standard solu-
tions [15-17]. Therefore their suitability for the analysis of biological materials is not
proven.

Moreover, only one successful attempt to integrate an internal standard has
been described using amprolium [25], although several thiamine derivatives such as
chloroethylthiamine might be suitable for this purpose.

The present work was aimed at establishing two rapid HPLC procedures for the
quantification of thiamine and its phosphate esters as well as chloroethylthiamine as
an internal standard. The systems are based either on chromatography of the intact
thiamines and post-column derivatization to thiochromes or on pre-column oxida-
tion of the vitamers to thiochromes with subsequent chromatography of the latter. A
simplified scheme for the extraction of thiamine compounds from biological materials
will be shown. Both methods were applied to rat intestinal tissue.

EXPERIMENTAL

Chemicals

Thiamine-chloride-hydrochloride (T), thiamine monophosphate (TMP) and
thiamine pyrophosphate (TPP) were purchased from Sigma (Deisenhofen, Germa-
ny), thiamine triphosphate (TTP) from Wako (Osaka, Japan) and 5-chloroethylthia-
mine (CET) was provided by courtesy of Dr. Saeki (Kyoto, Japan). All substances
were diluted in 0.01 N hydrochloric acid and kept at —80°C. All other chemicals and
solvents were obtained from Merck (Darmstadt, Germany) and were of the highest
purity available. Water was purified with a Millipore Q system (Waters, Eschborn,
Germany).

Chromatography

Separations were carried out on a Merck—Hitachi HPLC system consisting of
an L-5000 gradient former, a 655A-11 solvent metering pump, an F-1000 fluorescence
detector, a D-2000 integrator and a loop injector (Rheodyne, Model 7125) with a
20-ul syringe. All analyses were performed at room temperature. Excitation and emis-
sion maxima of the different thiochromes were determined by recording fluorescence
spectra during the analysis using the stop-flow technique. Quantification was per-
formed on the basis of peak area. Calibration graphs were constructed for each
compound by plotting the peak area versus the amount injected, and calculations
were made by least-square regression analysis.

The analytical columns were filled by the upward slurry technique [26} using
2-propanol for preparing the slurry. In both methods the analytical columns were
connected with a C-135 B pre-column kit (Upchurch Scientific, Oak Harbour, WA,
USA) containing dry-packed Shandon ODS Hypersil (10 um). All the solvents were
freshly prepared on the day of use, filtered through 0.45-um filters (Schleicher &
Schiill, Dassel, Germany) and degassed ultrasonically under vacuum.

Pre-column derivatization technigue
Oxidation of thiamine and its derivatives to fluorescent thiochromes was pe-
formed with the help of a 0.1% solution of potassium ferricyanide in 15% sodium
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hydroxide. The solution was freshly prepared from an aqueous stock solution (1%) of
potassium ferricyanide every 2 h. For derivatization 80 ul of the samples were mixed
with 50 ul of the reagent. A 20-ul sample of this solution was injected exactly | min
after adding the reagent.

Thiochrome derivatives were separated on a 5-um ODS Hypersil (Shandon)
analytical column (250 % 4.6 mm L.D.). The mobile phase consisted of a gradient of
25 mM potassium hydrogenphosphate and methanol (Table Ia), which was pumped
at a flow-rate of 1.2 ml/min. The pH of the buffer was adjusted to 8.4 with or-
thophosphoric acid. Fluorescence was recorded at excitation and emission wave-
lengths of 365 and 450 nm, respectively.

TABLE 1

GRADIENT COMPOSITION DURING THE HPLC ANALYSIS OF THIAMINE DERIVATIVES
APPLYING PRE- OR POST-COLUMN DERIVATIZATION PROCEDURES

(a) Pre-column derivatization technique (b) Post-column derivatization technique
Component® time (min) Component® time (min)

0 6 11 0 2 5 8
A (%) 85 50 50 C (%) 100 100 0 0
B (%) 15 50 50 D (%) 0 0 100 100

¢ A = 25 mM potassium phosphate (pH 8.4); B = methanol.
» C = 50 mM sodium citrate (pH 4.0)-5 maf sodium hexane sulfate—5% methanol; D = 50 mM sodium
citrate (pH 4.0)-5 mM sodium hexane sulfate-50% methanol.

Post-column derivatization technique

Thiamine and its derivatives were separated on a 3-um ODS Hypersil (Shan-
don) column (125 x 4.6 mm I.D.) with a gradient of methanol and 50 mM sodium
dihydrogenphosphate (Table Ib) whose pH had been adjusted to 4.0 with orthophos-
phoric acid. The flow-rate was 0.8 ml/min.

The derivatization reagent (0.02% postassium ferricyanide in 10% sodium hy-
droxide) was pumped into the eluent stream leaving the column through a T-junction
with a laboratory-constructed perfusor pump at a flow-rate of 0.4 ml/min. The solu-
tion was replaced every 2 h. After a reaction zone consisting of a 2-m PTFE tube (0.8
mm [.D.), three-dimensionally coiled to minimize peak broadening [27], the fluo-
rescence of the resulting thiochromes was measured at the wavelengths mentioned
above.

Extraction procedure

To extract thiamine and its derivatives from biological materials, tissue was
removed from the animals and immediately frozen in liquid nitrogen. About 1 g of
tissue was homogenized in a glass—PTFE homogenizer in ice-cold 10% trichloroacet-
ic acid (TCA) at 4°C, after 10 nmol of CET had been added. The homogenate was
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brought to an end volume of 3 ml and was centrifuged for 20 min at 10 000 g. The
resulting pellet was re-extracted with 10% TCA twice more, and the combined super-
natants were brought to a pH of 4.5 by adding solid sodium acetate. This solution was
either directly injected (post-column derivatization method) or used for derivatiza-
tion (pre-column derivatization technique).

Extraction efficiency was determined by an endogenous labeling technique: Rat
intestinal tissue was incubated in vivo for 1 h using the “ligated loop™ technique [28]
with 1 ml of Krebs’ bicarbonate solution containing S mM glucose and 2 uM (thia-
zole-2-[**C])thiamine-chloride-hydrochloride ([**C]T, specific activity 0.85 GBq/
mmol, Amersham, Braunschweig, Germany). The radiochemical purity of thiamine
was examined by HPLC and found to be 98%. When incubations were terminated
the segments were removed from the animals and extracted as described above. The
radioactivity in the supernatant was measured by liquid scintillation counting and
compared with that in the untreated homogenate. Pretests revealed that no mea-
surable interconversion or loss of different thiamine derivatives resulted from the
TCA treatment.

Application of the method to biological materials

The thiamine content of rat intestinal tissue was determined by both methods.
Quantification was performed using an external standard graph and results were
corrected for the incomplete extraction as determined in extraction efficiency studies.

RESULTS AND DISCUSSION

Pre-column derivatization technigue

Fig. 1A shows a typical chromatogram of thiochromes using pre-column con-
version of the thiamine derivatives. All substances were completely separated within
14 min and the next sample could be injected after approximately 15 min as the initial
elution conditions can be restored at 11 min, ie. before the analysis is terminated.
Table Ila gives the quantitative chromatographic parameters for thiamine analysis by
reversed-phase HPLC after pre-column conversion of the analyte. Only a few of the
various methods for thiamine analysis using pre-column derivatization are capable of
separating all vitamers [17-19,22], which is essential for metabolic studies. One of
these methods was only used to separate standard solutions [17].

Although the chromatographic system described here is the first pre-column
technique to integrate an internal standard, the separation is as fast as in other
pre-column techniques capable only of separating natural thiamine derivatives
[17,22]. In one case applying post-column derivatization, amprolium was used as an
internal standard [25]. We prefer to use CET which has a greater structural similarity
to thiamine and its derivatives than amprolium. We propose introducing an internal
standard in thiamine analysis when the vitamers are quantified by the thiochrome
reaction. Pretests revealed that the pre-column derivatization may produce varying
results if it is not exactly standardized.

In contrast to other authors [22] who have reported that derivatized samples
can be stored in the dark for three days, we observed that reproducibility decreased
even 1 h after adding the derivatization solution. Therefore oxidation was performed
just before HPLC analysis, taking into account the fact that complete oxidation is
achieved within 15 s [10].
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Fig. 1. Chromatographic separation of thiochromes and thiamine derivatives. (A) Separation of thio-
chromes after pre-column conversion of different thiamine derivatives. Conditions: column, Shandon
Hypersil ODS (5 um, 250 % 4.6 mm 1.D.); mobile phase, gradient (Table Ia) consisting of 25 mM potassi-
um phosphate (pH 8.4) and methanol at a flow-rate of 1.2 ml/min; ambient temperature; fluorimetric
detection at excitation and emission wavelengths of 365 and 450 nm, respectively; 20-30 pmol of each
compound were injected. Peaks: 1 = TTP-thiochrome; 2 = TPP-thiochrome; 3 = TMP-thiochrome; 4 =
T-thiochrome; 5 = CET-thiochrome. (B) Separation of intact thiamines and subsequent derivatization to
the corresponding thiochrome derivatives by a post-column derivatization arrangement. Conditions: col-
umn, Shandon Hypersil ODS (3 pm, 125 x 4.6 mm 1.D.); mobile phase, gradient (Table Ib) consisting of
50 mM sodium citrate (pH 4.0)-5 mM sodium hexane sulfate-5% methanol and 50 mM sodium citrate
(pH 4.0)-5 mM sodium hexane sulfate-50% methanol at a flow-rate of 0.8 ml/min; derivatization reagent
(0.02% potassium ferricyanide in 10% sodium hydroxide) was pumped into the cluent stream leaving the
column at a flow-rate of 0.4 ml/min; detection and peaks as described under (A).

TABLE I

QUANTITATIVE CHROMATOGRAPHIC PARAMETERS FOR HPLC ANALYSIS OF THIA-
MINE DERIVATIVES

Compound  Retention  Range of Detection  Standard curve Precision®

time (min) linearity limit parameters”
(pmol) (pmol)
a b r

(a) After pre-column derivatization procedure to the corresponding thiochromes

TTP 2.85 0.5 - 200 0.1 21.3 —-113 0.994 6.8
TPP 4.11 0.2 — 200 0.05 23.6 -10.8 0.995 4.2
T™MP 5.20 0.2 — 200 0.05 27.6 -19.8 0.996 5.9
T 9.01 0.1 — 200 0.02 59.6 -19.8 0.998 2.7
CET 12.3 0.1 — 200 0.02 6.1 5.3 0.993 33

(b) Afier separation of intact thiamines and subsequent derivatization to the corresponding thiochrome deriv-
atives

TTP 3.99 0.4 — 200 0.1 24.4 —58.0 0.996 54
TPP 495 0.2 - 200 0.05 36.0 —33.1 0.998 5.5
T™MP 6.33 0.2 — 200 0.05 35.1 —42.1 0.999 3.5
T 10.64 0.1 — 200 0.03 44.6 16.6 0.998 34
CET 13.54 0.6 — 200 0.1 15.2 12.6 0.994 2.6

“ Parameters were determined using the equation y = ax + b, with x = pmol injected and y = peak area.
® Precision is the percentage deviation of the mean as it has been obtained by repeated analysis of the same
sample ten times; sample contained 62.5 pmol per injection of each compound.
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Nevertheless, the addition of a constant amount of an internal standard like
CET to each sample makes it possible to control the reproducibility of the analytical
procedure and allows possible deviations within the derivatization step to be correct-
ed. One group analyzing thiamine with a post-column derivatization technique re-
ported the use of salicylamide as an internal standard [10], but it is evident that this
substance, which is structurally dissimilar to the thiamine molecule, is not suitable for
this purpose.

As Table Ila indicates, the pre-column technique is highly reproducible and
enables us to detect subpicomolar quantities of thiamine and its derivatives. The
detection limits, which were determined at a signal-to-noise ratio of 3:1, are in the
same range as those observed by other authors [20-24].

A disadvantage of the pre-column derivatization technique is the fact that ag-
gressive solutions have to be applied to the chromatographic system. We noted that
parts of the loop’s injector were rapidly destroyed. This can only be prevented by
using special, i.e. chemically inert, materials. Moreover, in spite of using a pre-column
the analytical column was attacked within several days during routine analysis, lead-
ing to worse resolution and peak symmetry. This could be prevented when the system
was flushed with distilled water for 5 min after each analysis.

Post-column derivatization technique

As Fig. 1B and Table IIb clearly indicate, chromatographic separation of intact
thiamine derivatives on reversed-phase HPLC with post-column conversion of the
vitamers to the corresponding thiochromes also allows the fast and sensitive quantifi-
cation of these substances. Separation was terminated after 16 min and the next
sample could be injected immediately because the gradient program was terminated
after 8 min and therefore the column was re-equilibrated by the time the analysis was
finished. Detection limits were comparable to the pre-column derivatization tech-
nique and thus to other methods proposed [20-24]. Concerning the reproducibility of
both chromatographic procedures presented here, it should be mentioned that we
injected very low quantities of substrate. As can be seen from the results of others [29],
reproducibility increases when higher amounts are chromatographed.

Several techniques for the HPLC separation of thiamine with post-column de-
rivatization to thiochromes have been proposed [10-12,15,16,21,23,25], but some
authors separated thiamine itself but notits phosphate esters [10-12]. The application
of post-column HPLC analysis of thiamine and its derivatives to biological material
was shown in two cases only [23,25]. As mentioned, one of these techniques integrated
amprolium as an internal standard [25].

In contrast to the pre-column procedure described above, separation of intact
thiamine derivatives obviously did not present any technical problems, but delivery of
the oxidation reagent by a conventional HPLC system attacked the equipment.
Therefore we used a laboratory-constructed perfusor-like pump which was chem-
ically inert and guaranteed a continuous flow without pulsation. Unlike the commer-
cially available defivatization systems this pump was cheap to acquire.

Extraction procedure
As can be seen from Fig. 2, practically no impurities were found in the chroma-
tograms of rat intestine, indicating that extraction is highly specific. This could also
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Fig. 2. Typical chromatograms of thiamine derivatives from rat intestinal tissue; separation conditions as
in Fig. 1. Peaks: | = TPP-thiochrome; 2 = TMP-thiochrome; 3 = T-thiochrome; 4 = CET-thiochrome.

be confirmed by recording fluorescence spectra of the different peaks, which were
compared with those of standards and found to be identical. Compared with other
extraction methods using TCA with subsequent removal of the acid by extraction
with ethyl ether [19,22,24], the procedure described here is much easier and faster to
perform.

The extraction efficiency is one important factor responsible for the precision of
a method, but it is difficult to determine [30]. We chose an endogenous labeling
technique to evaluate the extraction efficiency using intestinal tissue as a model ma-
trix. Chromatographic studies revealed that the relation of radiolabeled thiamine
derivatives after incubation (Fig. 3) was identical to the endogenous substrates (Table
III), thus indicating that [**C]JT had equilibrated with the endogenous metabolites.
Extraction efficiency as judged by this technique was 86.4 + 3.7% (n = 12).

We favor the endogencous labeling technique over the generally given “‘recov-
ery rates”, which are easier to determine but which involve several problems. For
example they do not reflect the efficiency with which protein bonds are cracked be-
cause substrates given to tissue homogenate just before the extraction cannot be
expected to behave like the endogenous substances. Qur results confirm this assump-
tion. For comparison we also determined the recovery rates, which were found to be
about 95-100% and thus in the same range as those found by several authors
[8,14,23-25], whereas extraction efficiency was lower.

Analysis of rat intestinal tissue

Table III gives the amount of different thiamine metabolites as determined by
the two methods, and Fig. 2 shows typical chromatograms. Both procedures led to
similar results concerning the total content of thiamine as well as the relation between
the different metabolites. Differences were within the deviation of the thiamine con-
tents and not statistically significant. TTP could not be detected in rat intestinal
tissue, which is not surprising considering that there is probably no function for this
derivative in the gut wall. On the other hand, most of the thiamine was found as TPP,
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dpm/fraction
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fraction

Fig. 3. Separation of radiolabeled thiamine derivatives from “ligated loops” of rat small intestine. In-
testinal tissue was incubated with 2 uM ['*C]T and extracted as described under Experimental; separation
conditions as in Fig. 1B; the solvent stream was collected in fractions of 0.3 ml and assayed by liquid
scintillation counting. Peaks were identified by comparison with standard chromatograms. Peaks and
percentage relation of total thiamine: 1 = TPP-thiochrome (74.3%); 2 = TMP-thiochrome (7.6%); 3 =
T-thiochrome (18.1%).

which is because of its biological role and the mechanism of intestinal absorption of
thiamine, which involves rapid conversion to TPP as can ben seen from the incuba-
tion experiments (Fig. 3) as well as from the results of others {31,32].

Table IV shows the reproducibility of the overall methods as determined by
five-fold analysis of the same samples emphasizing that the technique is easily repro-
ducible. When interpreting these small variations it should not be overlooked that
these discrepancies might even be due to an inhomogeneity of the sample itself be-
cause five small pieces of gut were analyzed separately.

The results clearly indicate that both methods presented in this paper allow the

TABLE 111

THIAMINE CONTENT AND THIAMINE DERIVATIVES OF RAT INTESTINAL TISSUE AS DE-
TERMINED BY PRE-COLUMN DERIVATIZATION AND POST-COLUMN DERIVATIZATION
TECHNIQUE, RESPECTIVELY (nmol/g + S.D.); PERCENTAGE OF TOTAL THIAMINE DERIV-
ATIVES

T Percentage TMP Percentage TPP Percentage Total
Pre-column* 2.31 + 0.87 16.5 1.25 + 063 8.9 10.46 + 2.96 74.6 14.02
Post-column® 2.05 £ 0.96 16.6 0.79 £ 0.71 64 9.52 £ 0.97 77.0 12.36

“ Pre-column derivatization of thiamine derivatives to the corresponding thiochromes with subsequent
separation of these compounds as shown in Fig. 1A and Table la.

® Separation of intact thiamines with post-column derivatization to thiochromes as shown in Fig. 1B and
Table Ib.



HPLC OF THIAMINE AND ITS PHOSPHATE ESTERS 123

TABLE IV

PRECISION OF THE OVERALL METHOD AS DETERMINED BY FIVE-FOLD ANALYSIS OF
THE SAME GUT SAMPLE

Extraction and HPLC analysis were carried out with five small intestinal segments obtained from the same
rat. Values given are the means + S.D. (nmol/g tissue)

T TMP TPP
Pre-column® 2.15 £ 0.16 [.08 + 0.09 10.38 + 1.06
Post-column® 223 £ 0.13 0.77 + 0.08 9.66 £ 1.03

“ Pre-column derivatization of thiamine derivatives to the corresponding thiochromes with subsequent
separation of these compounds as shown in Fig. 1A and Table la.

b Separation of intact thiamines with post-column derivatization to thiochromes as shown in Fig. 1B and
Table Ib.

fast separation and quantification of thiamine and its phosphate esters from biolog-
ical samples. There can be no general answer to the question of which method is
preferable, this must be decided individually depending on the purpose and technical
possibilities of each laboratory. For routine analysis we propose post-column deriv-
atization with a perfusor-like derivatization pump which is less expensive, whereas
determination of single samples is easier to perform by the pre-column technique.
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ABSTRACT

A column liquid chromatographic method for simultaneous determination of carbadox and olaquin-
dox in swine feeds is described. The drugs were extracted from feeds with carbon tetrachloride-dimethyl-
formamide (80:20) at 60°C for 30 min. The extract was mixed with water (25:45). After centrifugation the
aqueous layer was chromatographed on a reversed-phase column using gradient elution and ultraviolet
detection at wavelengths of 305 and 262 nm. Recoveries from samples fortified at levels of 20-50 ppm were
92+£9% for carbadox and 93+ 6% for olaquindox (means + standard deviations, n=71).

INTRODUCTION

Growth promoters are widely used in the production of animal protein. The
additives carbadox [methyl-3-(2-quinoxalinylmethylene)-N*,N*-dioxide] and olaquin-
dox[2-(N-2"-hydroxyethylcarbamoyl)-3-methylquinoxaline-N!,N*-dioxide] are used
as such in swine feeds in the European Community. It is recommended that there
should not exceed 50 mg per kg of complete feed, except that olaquindox can reach 100
mg/kg in milk substitutes [1,2].

The published methods concern the determination of either carbadox [3-13] or
olaquindox [14-18] in feeds. High-performance liquid chromatography (HPLC) is
chosen because this technique permits the detection of low-level concentrations of
carbadox (10-24 pug/kg) [3-5] as well as olaquindox (0.3-1 mg/kg) [14,15].

The present study aims to offer a view of the use of these additives by Portuguese
enterprises and, at the same time, to present a method that permits the simultaneous
determination of the two growth promoters.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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EXPERIMENTAL

Chemicals and reagents

Carbadox and olaquindox were kindly provided by Pfizer (Lisbon, Portugal)
and Lusifar (Lisbon, Portugal), respectively. N,N-Dimethylformamide (DMF) and
carbon tetrachloride were reagent grade from Merck (Darmstad, Germany). Meth-
anol (LiChrosolv, Merck)-water purified via Milli-Q (Millipore, Bedford, MA, USA)
was used as the mobile phase.

Apparatus

A Gilson liquid chromatograph (Villiers-le-Bel, France) equipped with two
Model 302 pumps, a mixing chamber, Model 116 a UV dual-wavelength detector set at
305 nm for carbadox and 262 nm for olaquindox, a Model 7125 injection valve
(Rheodyne, Cotati, CA, USA) with a 20-ul loop, and a Versapack C, g reversed-phase
column, 250 x 4.1 mm L.D., 10 um particle size (Alltech, Deerfield, IL, USA), were
used. The chromatographic system was controlled by an Apple II, personal computer
(Cupertino, CA, USA) with proper software and data registration. The mobile phase
was degassed by ultrasonication (Bandelin Sonorex RK 100, Berlin, Germany).
A Moulinex blender (Lisbon, Portugal) with a steel blade and a 40-mesh tammy was
used to grind and to sieve the sample. The extraction process was performed with
a Selecta Agimatic N magnetic mixer (Barcelon, Spain), a G, glass filter (100 um
porosity), and a Selecta Macrotronic centrifuge.

Standard solutions

Weigh accurately 50.0 mg of carbadox into a 100-ml volumetric flask and
dissolve in DMF (Solutions of carbadox and olaquindox are light-sensitive. Protect
standard solutions and sample extracts from direct sunlight or artificial light. Conduct
the analytical process under diffused lighting or use brown glass.) This stock solution is
stable for several months when kept in the dark at 4°C. To 100-, 50-, 25- and 20-ml
volumetric flasks, introduce 2 ml of stock solution and complete the volume with
DMF. Then add 10 ml of each previous solution to a 50-ml volumetric flask and adjust
the volume with carbon tetrachloride. These solutions contain respectively 2, 4, 8 and
10 pg of carbadox per ml.

To prepare standard solutions of olaquindox, proceed as for carbadox.

Sample preparation

Weigh 10.0 g of a sample, previously ground and sieved by the Moulinex
blender, into a 250-ml flask and add a magnetic bar, 20 ml of DMF and 60 ml of carbon
tetrachloride. Adapt an-air condensator and put in the magnetic mixer set to 500 rpm
at 60°C for 30 min. Then cool, filter through G, under vacuum and wash the residue
with a minimum of carbon tetrachloride. Transfer to a 100-ml volumetric flask and
adjust the volume with carbon tetrachloride [19]. Introduce 25 ml of the filtered extract
into a centrifuge tube, add 45 ml of water, stir vigorously for 2 min, and centrifuge for
5 min at 320 g.

Chromatography
Inject the anterior aqueous layer into the chromatographic system. Elution was
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performed by gradient, starting with methanol-water (15:85) until ¢ =4 min,
increasing linearily to 50:50 until 7 = 6 min, maintaining 50:50 till # = 10 min, and
returning linearly to 15:85 till # = 12 min. Flow-rate was 1.5 ml/min.

Peak areas were interpolated in a calibration curve obtained from similarly
treated standard solutions. Calibration curves had coefficients of correlation of 0.997
and 0.998 for carbadox and olaquindox, respectively.

RESULTS AND DISCUSSION

Chromatograms of carbadox and olaquindox samples are presented in Figs.
land 2, respectively. Fig. 3 presents chromatograms of a sample without carbadox and
olaquindox (Fig. 3A) and the same sample supplemented with 20 mg/kg of the two
growth promoters (Fig. 3B), showing good separation of the compounds and the
absence of interfering components, while the sensitivity is quite satisfactory.

The recoveries of carbadox and olaquindox from fortified feed samples, based
on peak areas, are given in Table I. In this table it can be seen, for instance, that
a sample without carbadox (quantity existent = 0.00 mg/kg) spiked with 20.00 mg/kg
(quantity added = 20.00 mg/kg) has a recovery of 100% (mean recovery of carbadox,
n = 3). The precision of the method was analysed by repeated determinations of
carefully prepared feed samples. The intra-assay coefficient of variation (C.V.)of three
samples ranged from 1.3 to 3.9% for carbadox and from 1.0 to 3.6% for olaquindox.
Interassay C.V. at the different concentrations ranged from 4.9 to 9.1% for carbadox
and from 2.2 to 6.5% for olaquindox.

Apparently, at the concentration levels studied, the recovery is independent both
of the quantity with which the samples were supplemented and of the concentration of
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Fig. 1. Chromatograms of a sample with carbadox (22.58 mg/kg).
Fig. 2. Chromatograms of a sample with olaquindox (32.85 mg/kg).
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Fig. 3. Chromatograms of a representative sample without carbadox or olaquindox (A), and the same
sample supplemented with 20 mg/kg of the two growth promoters (B).

TABLE 1

MEAN RECOVERIES (%) OF CARBADOX AND OLAQUINDOX IN SPIKED FEED SAMPLES
(=3

Growth Quantity existent Quantity added (mg/kg)
promoters (mg/kg)
20.00 30.00 40.00 50.00
Carbadox 0.00 100 99 94 94
20.37 100 95 103 98
49.66 72 81 84 85
Olaquindox 0.00 100 89 88 91
15.94 99 95 101 101

44.62 93 84 89 94
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Fig. 4. Distribution of carbadox concentrations in feed samples. y-axis: concentration in mg/kg; x-axis:
samples.

the additives previously determined in the samples. The results also indicate that this
method is quite acceptable for routine determination of carbadox and olaquindox in
feeds.

Various commercial swine feeds were sampled as random and analysed for their
carbadox and olaquindox content of the 71 samples obtained, 25 contained carbadox,
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Fig. 5. Distribution of olaquindox concentrations in feed samples. y-axis: concentration in mg/kg; x-axis:
samples.
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25 contained olaquindox, and 20 contained neither. Only one sample contained both
promoters, which under Portuguese law is not permitted {20].

Figs. 4 and 5 show the contents of carbadox and olaquindox in 50 samples
containing at least one of the additives, verifying that the samples do not exceed either
the maximum limit allowed or the tolerance of 20%. In general, it can be concluded
that the use of carbadox as a growth promoter in Portuguese feeds obeys Portuguese
rules. However, the use of olaquindox should be subjected to rigid vigilance since the
limit is frequently trespassed.
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ABSTRACT

A reversed-phase high-performance liquid chromatographic (HPLC) method was developed by opti-
mizing a solvent system for the highly sensitive determination of photosynthetic pigments in marine in situ
samples. The proposed HPLC system can handle injection volumes greater than 400 x4l without a signif-
icant loss in the resolution between chlorophyllide ¢ and chlorophyll ¢, +¢,. The system also reduces the
sample volumes required for the analysis of typical pigments of oligotrophic sea water to 500 mi. The
elution time for all pigments is 24 min at a flow-rate of | ml/min and 12 min at a flow-rate of 2 ml/min using
a 250 mm X 4.6 mm LD. column.

INTRODUCTION

The determination of photosynthetic pigments and their degradation products
is one of most reliable methods of estimating phytoplankton biomass in marine sam-
ples [1,2]. The chromatographic analysis of photosynthetic pigments is a powerful
technique for the characterization of phytoplankton communities to provide the rela-
tive abundance of each phytoplankton class in a particular sample [3-5]. Analysis of
the pigments by high-performance liquid chromatography (HPLC) has been applied
successfully to samples from marine ecosystems [2-9]. However, large volumes (up to
several tens of liters) of oligotrophic or tropical samples (e.g. chlorophyll a concentra-
tions less than 1 ug 171) are required for pigment analysis by this method [2-8]. The
time-consuming filtration of such large sample volumes has presented problems in

analyses in the field. This paper shows how this problem can be overcome by using a
large injection volume.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.



132 K. KOHATA, M. WATANABE, K. YAMANAKA

EXPERIMENTAL

Algal culture

Clonal axenic strains of Heterosigma akashiwo (NIES-6), Gephyrocapsa ocean-
ica (NIES-353), Thalassiosira rotula (N1ES-328), Skeletonema costatum (NIES-323),
Heterocapsa triguetra (NIES-7) and Pyramimonas parkeae (NIES-254), maintained
in the Microbial Culture Collection of the National Institute for Environmental Stud-
ies (NIES), were used. The algal cultures were maintained on a 12:12 h light:dark
cycle at 23°C in f/2 medium. Illumination was provided by daylight fluorescent lamps
at a quantum flux density of 80 4E m~2 s™*. The cultures were harvested 2-3 weeks
after inoculation and were filtered onto GF/C filters (Whatman International, Maid-
stone, UK). The filters were refrigerated at —20°C until analysis.

Oceanic samples

Samples were taken with a 10-1 Van Dorn-type bottle in the Seto Inland Sea on
20 July 1987 [10]. For the chromatographic analysis of chlorophyll (Chl) and carote-
noids, 2000 ml of sea water were filtered through a Whatman CF/C filter at a field
station. For preparing alloxanthin, 6000 ml of sea water were filtered in the same way.
The filters were stored at —20°C until analysis at NIES.

Pigment extraction

The filtered samples were extracted in 10 ml of ice-cold 90% acetone, which had
been degassed with nitrogen. The extraction was performed in the dark. Pigment
extracts were obtained after homogenization of the filter with a glass grinder followed
by centrifugation. The extract (25-400 ul) of the pigments was injected directly into
an HPLC system after filtration with a Millipore FH filter (0.5 ym pore size, Nihon
Millipore, Tokyo, Japan).

Column liquid chromatographic analysis

The HPLC system was essentially the same as that described previously (LC-6A
pumps controlled by SCL-6A, Shimadzu, Kyoto, Japan) [11] except for a solvent
system for linear-gradient elution. The gradient-elution was performed as follows:
from 100% solvent A (ion-pairing solution-water—acetone—acetonitrile, 5:25:20:50)
to 100% solvent B (acetone—ethyl acetate, 50:50) in a 20 min, followed by an isocratic
hold at 100% B over 5 min at a flow-rate of 1.0 ml min !, In a fast-flow mode, each
time period of gradient elution was shortened to half of the original period, and the
flow-rate was maintained at 2.0 ml min~!. The ion-pairing solution [1] consisted of
tetrabutylammonium hydroxide (10 ml of a 0.5 M solution) and ammonium acetate
(7.7 g) made up to 100 ml with distilled water. The solution was neutralized with
acetic acid to pH 7.1. The solvent system was chosen to allow a large injection volume
(up to 400 ul) to reduce the sampling volume in the field. The two solvents were
degassed by helium throughout the analyses. The HPLC column used in this work
was a 250 mm % 4.6 mm I.D. Whatman Partisil ODS-3, 5 um (packed by Chemco
Scientific, Osaka, Japan) column protected by a CSK I guard column with ODS
packing (Whatman, Clifton, NJ, USA).

The absorbance was measured at 440 nm (Shimadzu, SPD-6AV) and fluo-
rescence detection (Shimadzu RF-540 spectrofluorophotometer) was used to aid in
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the identification of the chloropigments. The spectrofluorophotometer was set at an
excitation wavelength of 440 nm (20 nm slit width) and an emission wavelength of 660
nm (40 nm slit width). Peak heights and peak area were measured (Shimadzu C-R3A
Chromato-data processor) on the absorbance trace. Supplemental identification of
pigments was carried out from absorbance spectra (every 2 nm from 350 to 668 nm)
obtained with a photo-diode array detector (Shimadzu, SPD-M6A) and a data-
processing system (PC9801RAS, NEC, Tokyo, Japan).

Pigment standards and solvents

Authentic chlorophyll (Chl) @, Chl b, and B-carotene were purchased from
Sigma (St. Louis, MO, USA). Standard samples of carotenoids other than alloxan-
thin were obtained from the axenic cultures described earlier. Alloxanthin was ob-
tained from the oceanic sample. Pigment extracts of the algal cultures and the oceanic
sample were obtained in the same way as for the HPLC samples. The extract was
transferred to diethyl ether and concentrated under a nitrogen gas stream. The pig-
ments were isolated on reversed-phase Cg thin-layer chromatography (TLC) plates
(20 x 5 cm, KC8, Whatman) developed with 98-80% aqueous methanol in a sat-
urated-type TLC box (Model HPS-204, hanging plate type, Advantec Toyo Kaisha,
Tokyo, Japan) at room temperature. The pigments were scraped from the plates and
redissolved in 90% acetone or ethanol. The standard solutions of pigments, the ab-
sorption spectra of which had been recorded with a Hitachi 220A spectrophotometer
and standardized using reported specific absorption coefficients [12], were injected
into the HPLC system to provide pigment identification and quantitative data from
the HPLC chromatogram (Table ).

Chlorophyllide a was obtained from the enzymatic degradation of Chl « [13]
with chlorophyllase extracted from the acetone powder of Citrus unshiu fruits [14]; the
powder was a gift from Dr. K. Shimokawa. Phaeophytin a was prepared by acid-
ification of Chl 4 [2].

Acetone, acetonitrile, ethanol and ethyl acetate were HPLC-grade reagents
(Wako, Osaka, Japan) and were used without purification other than filtration and
degassing. Water was purified using a Millipore Milli-Q system.

RESULTS AND DISCUSSION

The chromatographic and spectroscopic properties of the algal pigments are
listed in Table [ and compared with those reported previously. The purities of the
peaks in Table I were calculated by averaging two correlation factors at the upslope
and downslope; the correlation factor was defined as [15]:

Dxy—Qx 3P
ER=aFRay

The values x and y are the measured absorbances in the peak-top and upslope (or
downslope) spectrum at the same wavelength; # is the number of data points and Y is
the sum of the data.

Correlation factor =
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TABLE I
CHROMATOGRAPHIC AND SPECTROSCOPIC PROPERTIES OF ALGAL PIGMENTS

K. KOHATA, M. WATANABE, K. YAMANAKA

No.  Pigment Retention time  Solvent Maximum wave- Peak ratio® Purity” Ref.
(min) lengths (nm)
1 11 111
| Chlorophyllide @ 7.03 Eluent® 429 616 664 1.1 0.9999 TW¢
Diethyl ether 429 615 662 1.2
Eluent? 430 616 664 1.3 2
Diethyl ether 428 662 29
2 Chl ¢/ 8.71 Eluent 442 580 630 7.5 0.9999 ™
Acetone 446 580 630 8.1
Eluent 442 580 630 9.8 2
Acetone 444 581 630 6.7 30
3 Peridinin 11.34 Eluent 472 1.0000 T™W
Ethanol 471
Eluent 470 2
Ethanol 472 31
4 Neoxanthin 11.85 Eluent 413 437 465 87 0.9999 ™
Ethanol 413 437 466 88
Eluent 412 437 466 91 2
Ethanol 410 436 464 93 2
5 Fucoxanthin 12.40 Eluent 447  (466) 1.0000 ™
Acetone 446 467 5.4
Eluent 446 (468) 2
Acetone 446 470 33 20
6 Loroxanthin 12.77 Eluent 445 474 51 0.9999 ™
Ethanol (420) 446 474 47 21
7 19’-Hexanoyloxy- 13.30 Eluent 444 467 28 1.0000 ™
fucoxanthin Acetone 445 470 36
Acetone 445 471 44 20
8 Violaxanthin 13.45 Eluent 416 440 468 91 0.9999 ™
Ethanol 417 441 471 96
Eluent 417 440 470 89 2
Ethanol 417 440 470 93 32
9 Diadinoxanthin  14.46 Eluent (422) 446 475 63 1.0000 ™
Ethanol 424 448 478 55
Eluent 424 448 478 74 2
Ethanol (424) 446 476 39 2
10 Antheraxanthin 14,92 Eluent 426 445 471 54 1.0000 ™ ‘
Ethanol 422 445 474 49
Eluent (421) 448 475 62 2
Ethanol 422 444 472 54 33
11 Alloxanthin 15.33 Eluent (426) 452 481 41 0.9996 ™
Ethanol 427 454 484 45
Eluent (430) 452 481 50 2
Ethanol (430) 453 483 34
12 Diatoxanthin 15.78 Eluent 453 481 57 0.9989 ™™
Ethanol (427) 453 481 28
Eluent 424 448 476 25 2
Ethanol 428 452 479 12
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TABLE I (continued)

Retention time Solvent

No.  Pigment Maximum wave- Peak ratio” Purity” Ref.
(min) lengths (nm)
I 11 111
13 Lutein 16.22 Eluent (421) 445 473 58 0.9999 ™
Ethanol (421) 447 475 55
Eluent (422) 446 474 65 2
Ethanol 422 445 474 62 33
14 Zeaxanthin 16.23 Eluent (425) 450 477 29 1.0000 ™
Ethanol 426 452 480 52
Eluent (426) 452 480 32 2
Ethanol (428) 450 478 26 33
15 Chl b 19.64 Eluent 456 597 646 2.9 0.9999 ™
Acetone 458 596 646 2.9
Eluent 456 598 646 3 2
Acetone 453 598 645 35
16 Chl a 20.50 Eluent 429 616 663 1.2 0.9999 ™
Acetone 430 618 665 1.2
Eluent 430 617 664 [.2 2
Acetone 430 618 665 36
17 Phaeophytin a 22.30 Eluent 407 504 666 2.4 1.0000 ™
Acetone 409 506 667 2.3
Eluent 408 504 666 2.2 2
Diethyl ether 408 503 667 2.1 37
18 f-Carotene 23.07 Eluent 451 476 17 0.9993 ™
Ethanol (425) 448 475 24
Eluent (426) 452 478 20 2
Ethanol (425) 450 477 38

b

d

¢ This work.
 Chlorophyl ¢, +c,.

It has been elucidated that there are many types of Chl ¢ whereas Chl ¢, and/or
¢i are commonly observed in marine algae [16,17]. This system was not able to resolve
Chl ¢, from ¢,. The sum of Chl ¢; and ¢, is represented as Chl ¢ in this work (Table I).

Chromatograms of the pigment extracts from various algal classes are shown in
Fig. 1. The chlorophyllide a (peak 1) was resolved well from the Chl ¢ peak (peak 2).
The carotenoids of major significance in ecological studies, peridinin (peak 3), fuco-

For chlorophylls and their derivatives, the peak ratio is that of the Soret band absorbance divided by the maximum
absorbance in the red region. For carotenoids, the peak ratio refers to the percentage I11/11 ratio [39].

The purity of the peaks was calculated by averaging two correlation factors at the up- and downslopes.

The pigments were eluted using a linear gradient from 100% solvent A (ion-pairing solution—-water-acetone-aceto-
nitrile, 5:25:20:50) to 100% solvent B (acetone-ethyl acetate, 50:50) in a 20-min period.

The pigments were eluted using a linear gradient from 90% acetonitrile to ethyl acetate over 20 min.

xanthin (peak §), diadinoxanthin (peak 9) and lutein (peak 13), were all completely
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(a)

(b)

(c)

ABSORBANCE

(d)

(e)

RETENTION TIME (Min)
JFig. 1. HPLC absorbance (440 nm) chromatograms of various algae: (a) Heterosigma akashiwo (Raphi-
dophyceae); (b) Gephyrocapsa oceanica (Haptophyceae); (c) Thalassiosira rotula (Bacillariophyceae); (d)
Heterocapsa triguetra (Dinophyceae); (€) Pyramimonas parkeae (Prasinophyceac). Peak identities are given
in Table 1.

resolved. Neoxanthin (peak 4) of Pyramimonas parkeae was presumably in a cis-form
[18], according to the maximum wavelength [19]. Alloxanthin and 19'-hexanoyloxy-
fucoxanthin had the same absorbance spectra as those reported previously [2,20].
Most peaks on the chromatogram of the oceanic sample were identified (Fig. 2¢).
Several HPLC systems have been reported to provide better pigment separation for
green algae and higher plants than that in this work [21-23]. However, less attention
has been paid in these systems to the separation of chlorophyllide a from Chl ¢,
because green algae and plants lack Chl ¢. This separation is essential for analyzing
marine aquatic ecosystems [1-7], large parts of which consist of many algal classes
containing Chl ¢. In this system, the separation was taken into account even with a
large sample injection volume (Fig. 2, Table II).

For dilute samples, concentration by ether partitioning has been necessary de-
spite its serious disadvantages. It has been reported that improved resolution and
sensitivity are obtained by this procedure, but also that there is a significant increase
in the proportions of cis-fucoxanthin and phaeophytin a [2]. For quantitative work,
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Fig. 2. Effect of injection volume on resolution of pigments on an absorbance (440 nm) chromatogram. (a)
20 pl injection of a Skeletonema costatum extract; (b) 400 gl injection of a S. costatum extract; (c) 400 ul
injection of a field sample from the Seto Inland Sea. The chromatograms (a) and (b) are shifted by 10and 5
x 107 cm™!, respectively, for convenience. Peak identities are the same as those in Fig. L.

the final extract was used without concentration, as the ether partitioning method
gave an incomplete recovery and promoted the degradation of Chl @ to phaeophytin a
[2,24].

To minimize the loss of pigments during analytical procedures, it is recom-
mended to inject the final extract directly into an HPLC system. Previous carotenoid
analyses by HPLC have required sea water samples of more than 10 [, which is
inconvenient for handling during field surveys. To increase the sensitivity of carote-

TABLE II

COMPARISON OF THE RESOLUTION BETWEEN CHLOROPHYLLIDE ¢« AND CHLORO-
PHYLL ¢, +¢, ACCORDING TO INJECTION VOLUMES

The resolution of each separation was calculated by R, = 2(¢,, — e )/(w, +w,), where f, and w are the
retention times and peak widths of each pigment, respectively.

Solvent A composition” Resolution Ref.

Injection volumes (i)

100 200 300 400

PP-DW<-acetone-CH,CN (5:25:20:50) 1.32° 133 1.23  1.12  This work
P-DW-methanol (5:5:90) 172 113 069 063 11
P-DW-methanol (10:10:80) 1.54 NC* NC NC !

® Other experimental conditions were the same as those of this work.
® Ton-pairing solution (see text).

¢ Distilled water.

4 Peak leading is too large to calculate the resolution.
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Fig. 3. HPLC absorbance (440 nm) chromatogram of an injection of a 400 ul sample of diluted S. costarum
extract in the fast-flow mode. Peak identities are the same as those in Fig. 1. Content of f-carotene (peak
18) is 0.23 ng.

noid analysis by HPLC, one choice is to increase the sensitivity of the UV detector.
However, it will probably be many years before the sensitivity of the detector is
improved sufficiently, unless completely different procedures are developed.

Another way to increase the sensitivity is to increase the injection volume. With
the usual analytical column of 250 x 4.6 mm 1.D. packed with 5-um ODS-bonded
silica gel, the pigment extract injection volume chosen has been 20-50 ul [1-7] at a
flow-rate of 1.0 ml min~!. This HPLC system allows an injection volume of greater
than 400 ul (Fig. 2) without a significant loss of resolution between chlorophyllide a
and Chl ¢ (Table II).

Peak spreading was commonly observed at an early retention time on the chro-
matogram and depended on the difference in solvent strength [25] between the ex-
tracts and mobile phases. Acetone has been used as an extract solvent because it
reduces the chlorophyllase activity [23,26]. The mobile phases were therefore pre-

TABLE III
DETECTION LIMITS AND REQUIRED SAMPLE VOLUME OF THIS HPLC ANALYSIS

Pigment Detection limit* Concentration in Least required sample®
(ng) sea water (ug 17')  volume (ml)
Chl a 0.2 (1) 0.20¢ 25
(i) 0.67 7
Chl ¢ 0.5 (i1) 0.20 63
Fucoxanthin 04 (1) 0.02 500
(i) 0.14 7
p-Carotene 0.2 (1) 0.02 250
(i) 0.02 250

¢ Corresponds to S/N=10 on an HPLC chromatogram.
b 400 ul injection of 10 ml extract.

¢ Oligotrophic sea water (from Gieskes and Kraay [6]).
4 Qceanic sample of this work.
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pared to permit the simultaneous separation of the pigments, allowing a large in-
jection volume of the 90% acetone extracts without only significant decay in the
shape of the peaks at early retention times.

The viscosities of acetone, acetonitrile and ethyl acetate, which are used in this
HPLC system, are lower than that of methanol. Thus the flow-rate of this system
could be twice that of methanol systems. The HPLC chromatogram, which was
obtained at twice the flow-rate and half the gradient elution time, was similar to that
obtained under the original conditions (Fig. 3). The column pressure with the fast-
flow mode was less than 160 kgf cm™2 (1.6 - 107 N m™~2). The higher flow-rate
requires a shorter elution time without significant peak spreading. This makes it
potentially suitable for field work and continuous surveys.

Simultaneous and rapid separation of pigments by HPLC has been achieved in
gradient-elution modes. However, gradient elution sometimes causes a marked base-
line drift, which prevents the measurement of small peaks on the chromatogram
[27,28]. In this analysis, the baseline of the absorbance trace at 440 nm remained
constantly low, thus allowing highly sensitive observations to be made (Fig. 3). The
rise in sensitivity reduces the sample volumes needed for field surveys (Table III).
Thus this solvent system ensures rapid and highly sensitive analyses and is convenient
for use in the field, especially for oceanic samples.
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calcium cyanamide using pre-column derivatization
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ABSTRACT

A specific and stability-indicating high-performance liquid chromatographic (HPLC) method has
been developed for the analysis of calcium cyanamide in bulk material and dosage form. Calcium cyana-
mide in samples was converted into dansyl cyanamide. A pBondapak C, , column was employed for HPLC
with 0.01 M sodium phosphate (pH 6.3)-acetonitrile (75:25, v/v) as the mobile phase. The proposed HPLC
method was validated for linearity, specificity, accuracy and reproducibility.

INTRODUCTION

Calcium cyanamide in the citrated form (Temposil, Dipsan) was introduced into
medicine in 1956 as a pharmacological adjunct in the treatment of chronic alcoholism
{1]. The drug blocks ethanol metabolism by inhibition of aldehyde dehydrogenase
which increases both hepatic and blood acetaldehyde levels after ingestion of ethanol
[2,3]. Increased acetaldehyde levels result in a number of undesirable effects such as
tachycardia, hypotension, flushing and disnea [4,5].

A limited number of analytical procedures are available in the literature for the
quantitation of calcium cyanamide. These methods involve spectrophotometric, paper
chromatographic and gas-liquid chromatographic assays [6-9]. A liquid chromato-
graphic procedure for the determination of cyanamide in biological fluids has recently
been published in the literature [10]. The method currently used in industry requires
a titrimetric assay consisting of an ammonia-silver nitrate reagent precipitation
followed by a titration of the silver in the reagent.

Calcium cyanamide is one of many compounds that cannot be readily analyzed
directly by high-performance liquid chromatography (HPLC) using spectrophotom-
etric detection. This problem can be overcome by derivatization to introduce
a chromophore or fluorophore. The present paper describes the application of dansyl
chloride as a pre-column derivatization agent for cyanamide. The assay is a more
reliable analytical method for calcium cyanamide in bulk material and dosage form.
The method also offers the advantage of monitoring the stability of the citrated
formulation with reasonable simplicity, selectivity and specificity.
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EXPERIMENTAL

Chemicals and reagents

Calcium cyanamide and Temposil were obtained from American Cyanamid
Company (Baie d’Urfe, Canada). Sodium acetate, glacial acetic acid, sodium
carbonate, dibasic potassium phosphate (all ACS reagent grade) were purchased from
J. T. Baker (Phillipsburg, NJ, USA). Dansyl chloride was purchased from Aldrich
(Milwaukee, WI, USA). All organic solvents were of HPLC grade and were obtained
from Burdick & Jackson Labs. (Muskegon, MI, USA). The water used was purified
through a Milli-Ro-Milli-Q system (Millipore, Bedford, MA, USA). All chemicals and
solvents were used as received without any further purification.

Apparatus and chromatographic conditions

Chromatographic separations were carried out on an HPLC system consisting
of an SSI 222B pump (State Scientific Instruments, State College, PA, USA), a Waters
WISP 712 automatic injector (Waters Assoc., Milford, MA, USA), and a Kratos 783
(Applied Biosystems, Foster City, CA, USA) variable-wavelength UV detector set at
254 nm. The detector’s 0~10 mV analog signal was recorded with a Model 1200 chart
recorder (Linear Instruments, Reno, NV, USA) and the 0-1 V signal was digitized and
recorded with a Nelson Analytical Data system at a sampling rate of one point per
second.

All chromatographic procedures were performed at ambient temperature.
Injections were made onto a Waters uBondapak C,g analytical column (150 mm x
39 mm I.D., 10 um particle size). The column was equilibrated with mobile phase at
a flow-rate of 1 ml/min. The relative standard deviation (R.S.D.) of six replicate
injections of a standard was not more than 2%, as defined in the USP XXII under
“System suitability for HPLC” [11]. The detection wavelength and the sensitivity were
set at 254 nm and at 0.05 a.u.fis., respectively.

Standard preparation

A 25-mg weight of calcium cyanamide of known purity was accurately weighed
and quantitatively transferred to a 100-ml volumetric flask. To it were added 20 ml of
buffer solution for extraction. The buffer solution was made by dissolving 12.0 g of
anhydrous sodium acetate in a mixture of 980 ml of water and 20 ml of glacial acetic
acid. The calcium cyanamide mixture was sonicated for 10 min for complete
dissolution and then diluted to volume with 0.2 M sodium carbonate. The flask was
allowed to stand at room temperature for 15 min. The clear part of the solution was
withdrawn for derivatization.

Sample preparation

Bulk material. A 25-mg calcium cyanamide sample was accurately weighed and
transferred to a 100-ml volumetric flask. The sample was treated subsequently in the
same manner as standard.

Tablets. Twenty tablets were accurately weighed and the average tablet weight
was determined. The tablets were ground to a fine powder and a portion of the tablet
powder equivalent to one-half tablet weight was weighed and transferred quantita-
tively to a 100-ml volumetric flask. The powder was treated in the same manner as the
standard. ‘
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Derivatization reaction

With a pipettor, 200 ul of the clear part of the solution described in Standard
preparation and Sample preparation were accurately withdrawn and transferred to
a screw-cap vial (7.4 ml capacity, Supelco, Bellefonte, PA, USA). Using a pipettor,
200 ul of the derivatizing agent was added and the solution was mixed well. The
derivatizing agent was prepared by dissolving 100 mg of dansy! chloride in 10 ml of
acetone. The vial was heated in a heating block at 40°C for 30 min and cooled the vial
to room temperature. A 4-ml volume of mobile phase was accurately added to the vial
and mixed. An aliquot of the solution was transferred to an HPLC vial and 10 ul were
injected onto the column.

RESULTS AND DISCUSSION

A selective, sensitive, and specific reversed-phase HPLC assay was developed for
the determination of calcium cyanamide in bulk raw material and in its citrated
formulation. Calcium cyanamide is dissolved in a sodium acetate buffer (pH =~ 4.3)
solution and subsequently hydrolyzed to cyanamide. The cyanamide in a basic
solution is reacted with dansyl chloride to form dansyl cyanamide which can be
analyzed quantitatively by reversed-phase HPLC (Fig. 1).

A pure dansyl cyanamide was synthesized and evaluated using spectroscopic
techniques. The synthesized dansyl cyanamide was characterized by the following
spectroscopic data: UV Ay,, 326 nm (£ 4800), 246 nm (¢ 15 000); Fourier transform IR
v 3060 (aromatic H), 2960 (CH3), 2180 (sharp s, -C=N), 1600, 1540 (aromatic); 'H
NMR (in [*Hg]dimethyl sulfoxide, dg-DMSO) 8 3.15 (s, 6H, N-(CHs3),, 7.7 (m, 3H,
aromatic), 8.15 (d, J = 7.2, IH, aromatic), 8.39 (d, J = 8.5, 1H, aromatic), 8.72 (d,
J =9, IH, aromatic); chemical ionization mass spectrometry (ammonia) m/z 293
(M + NH,), 276 (M + H), 251 (M — CH; + H). The elemental analysis of dansyl
cyanamide confirmed its composition: C 56.35%, H 4.68%, N 15.12%, S 11.64%
(theoretical: C 56.71%, H 4.76%, N 15.24%, S 11.65%). The material is also
fluorescent with excitation wavelength at 324 nm and emission wavelength at 520 nm.
The material was found to be pure (HPLC purity of 97.2% by area percent).

The chemical shift of the N-methyl group of dansyl cyanamide in dg-DMSO was
at relatively low-field (3.18 ppm) as compared to the N-methyl absorption (2.82 ppm)
of the model compound, dansylamide. When one drop of NaO?H was added to the

CaNCN H,NCN
n ()
N(CH;),
~
-~
SO;NHCN
()

Fig. L. Structures for calcium cyanamide (1), cyanamide (II) and dansyl cyanamide (III).
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NMR tube, the N-methyl absorption of dansyl cyanamide shifted from 3.18 to
2.82 ppm. On the other hand, when one drop of trifluoroacetic acid was added to the
NMR tube of dansylamide, the N-methyl absorption shifted from 2.82 to 3.08 ppm.
The NMR data thus indicate the formation of a zwitterion in the solution of dansyl
cyanamide.

M
]
Ik
3y
L
i (D)
=0
=15}
o
P
N
dr (c)
S
e
'S
>
ELs
8- oo u
zv ]
S R
[
g5 . . . . . N . . . . . y
[
s 1
Q-
25
o
ot —
=3
w ax
==
=
=
g (8)
Tk
S
wuw
i
>0
EL)
oo
o P V|
, .

(8)

100 MV FULL
O OFFSET

| TME (min) 10
Fig. 2. HPLC chromatograms for synthesized dansyl cyanamide (A), Temposil tablet placebo (B), Temposil
tablet (C), and calcium cyanamide bulk material (D).
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To evaluate the yield of the derivatization process, calcium cyanamide of known
purity was assayed according to the procedure above against the synthesized dansyl
cyanamide. HPLC results showed the derivatization process in situ to be quantitative
(99.9%). The peak purity of dansyl cyanamide was verified by the UV scan of the peak
of interest using a diode-array UV detector.

Chromatographic conditions

Fig. 2 shows a typical standard and sample chromatograms obtained using the
above procedure. The method proposed here proved suitable to the determination of
calcium cyanamide in bulk material and citrated tablet formulation. Since dansyl
cyanamide exhibits features of amphoterism as indicated by its 'H NMR in
ds-DMSO, the retention time of dansyl cyanamide was found to be very sensitive to
pH as well as the organic modifier in the mobile phase. The mobile phase or the pH was
modified to obtain optimum separation. An increase in the acetonitrile concentration
decreased the retention time. An increase in pH reduced the retention of dansyl

cyanamide. However, it is not recommended to increase the pH of the mobile phase
above 7.0.

Linearity, precision, accuracy and sensitivity

Aliquots of calcium cyanamide solution (10-50 mg/100 ml) were taken and
derivatized as described under Derivatization procedure. Calibration graphs were
constructed of peak area versus concentration. The results of linear regression analysis
were slope 0.0036, intercept 0.5066 and correlation coefficient r = 0.9999 (n = 11).

The precision of the proposed method was evaluated by ten replicate injections
of solution of bulk material (225 ug/ml). For replicate analyses of a sample (50 mg/
tablet) were taken to calculate the assay precision in the dosage form. The intra-day
assay variation (% R.S.D.) for the bulk material and tablet were 0.20% and 0.67%,
respectively. The inter-assay variation was determined by replicate analyses of a
50 mg/tablet of Temposil over a three-day period in two laboratories with the mean
inter-assay coefficient of variation (%) calculated to be 1.13%.

The accuracy of the proposed method was examined by preparing tablet placebo
samples containing different amounts of calcium cyanamide equivalent to 50, 100 and
150% of label strength. No interference was observed from the tablet excipients. The
overall % recovery of calcium cyanamide was 99.43 + 1.33%.

The limit of detection is 1 - 10~° dansyl cyanamide with a signal-to-noise ratio
of 2.0.

Stability

The stability of calcium cyanamide was demonstrated by replicate injections at
different time intervals against freshly prepared derivatized standard solution. The
dansyl derivative solution was found to be stable for up to 24 h. Calcium cyanamide
was stable in either the buffer solution or 0.2 M sodium carbonate. Calcium cyanamide
in 0.1 M hydrochloric acid lost 16% of its potency after 20 h at room temperature.

Forced degradation by UV light, heat, acid, base and oxidation were also
performed. The calcium cyanamide solution dissolved in buffer (1 ml) was exposed to
UV light for 2 h. Similarly, another 1-ml aliquot of calcium cyanamide solution was
heated on a steam bath for 2 h. In addition, 1-ml aliquots were treated with 2 ml of
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1 M sodium hydroxide, 2 ml of 1 M hydrochloric acid and 0.5 ml of 30% hydrogen
peroxide. All the degradation solutions were kept at room temperature for 2 h.
A 0.5-ml portion of 10 M sodium hydroxide was added to the calcium cyanamide-
peroxide solution to remove excess peroxide. After degradation, all solutions were
diluted with 0.2 M sodium carbonate and then derivatized for the HPLC assay. One
flask containing calcium cyanamide was set aside as the control. Results of the study
showed that calcium cyanamide was stable after UV, acid and base treatment.
However, it lost 20% and 100% of its potency after its reaction with heat and hydrogen
peroxide, respectively.

Assays

The results of the HPLC analysis indicate that the new method can be used for
the quantitation of calcium cyanamide in both bulk material and tablet formulation.
Comparison of the results obtained by the HPLC method with the titrimetric assay
showed that both sets of the results are comparable. Two lots of bulk material were
determined to have an HPLC mean potency value of 92.65% (n = 10) versus 92.85%
potency value by titration. Three lots of Temposil tablets had a mean % label strength
0f 95.00% (n = 36). Titrimetric data for the same three lots yielded a mean % label
strength of 94.96%.

CONCLUSIONS

A simple stability-indicating assay for the quantitation of calcium cyanamide
has been successfully developed, validated and applied to the bulk material of calcium
cyanamide and its tablet formulation. The proposed method is an excellent alternative
to the ammonium thiocyanate method for the determination of calcium cyanamide.
The assay is specific, separating the drug from the excipients and the degradation
products. With minor modifications, the assay could also be used for dissolution
studies.
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ABSTRACT

A high-performance liquid chromatographic method for the determination of benzocaine, cetyl-
pyridinium ion and dextromethorphan based on the use of an end-capped Ultrabase C,, column and an
ion-pair formation reaction in a water—chloroform-methanol (10:50:40, v/v/v) mobile phase containing
dioctyl sulphosuccinate is proposed. The use of a conventional or diode-array spectrophotometer resulted
in calibration graphs with very different features. The determination ranges for benzocaine, cetylpyridini-
um and dextromethorphan provided by the diode-array detector were 10-100, 250-2000 and 250-2000
ug/ml, respectively, with relative standard deviations smaller than 3.0% for peak-height measurements and
less than 1.40% for peak-area measurements. The conventional detector provided poorer results as a
compromise wavelength must be chosen for measurements. The method was applied to the resolution of
mixtures of the three analytes in pharmaceutical tablets. No interferences from other components of the
tablets such as sorbitol, mint flavour and magnesium stearate were observed.

INTRODUCTION

There are several methods for the determination of benzocaine, cetylpyridinium”
ion and dextromethorphan, both alone and in mixtures with other drugs, some of
which involve a prior separation of the analytes. Thus, dextromethorphan was
determined individually after high-performance liquid chromatographic (HPLC)
separation in syrup [1] and blood [2] samples. However, it is more frequently
determined in mixtures with other pharmaceuticals on the basis of different principles
depending on the nature of the remainder of the analytes involved and the sample
matrix itself. Thus, pseudoephedrine hydrochloride, chlorpheniramine malate and
dextromethorphan hydrobromide were determined simultaneously by second-deriva-
tive photodiode-array spectroscopy [3] and guaiphenesin, dextromethorphan and
diphenhydramine by capillary gas chromatography [4]; however, most of these
simultaneous determinations involve HPLC [5-8]. Conversely, methods for benzo-
caine normally rely on potentiometric (ion-selective electrode) [9] or photometric [10]
measurements and on the use of HPLC for mixtures [11]. There are relatively few
methods for the determination of cetylpyridinium ion. One of them involves its

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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separation using ion-interaction chromatography with methanol-water mobile phases
containing an ion-pairing agent [12].

A Spanish pharmaceutical manufacturer (Calmante Vitaminado) is soon to
release a new pharmaceutical that includes dextromethorphan as cough supressant,
benzocaine as local anaesthetic and cetylpyridinium ion as disinfectant. A method for
the determination of these three drugs in mixtures will therefore be needed.

The proposed method relies on the separation of the analytes by HPLC using an
end-capped Ultrabase C, g column and on measuring their intrinsic absorbances. Two
types of detectors (conventional and diode-array) were used to monitor the eluate from
the column. The sensitivity achieved depended on whether a single wavelength was
used for measurement of all three analytes (conventional spectrophotometer) or
whether each was monitored at its maximum absorption wavelength (diode-array
spectrophotometer).

EXPERIMENTAL

Standards

Aqueous solutions of benzocaine (1.000 g/1), cetylpyridinium chloride (5.000 g/1)
and dextromethorphan hydrobromide (5.000 g/1) solutions were prepared in the
medium used as mobile phase. All the standards were supplied by Calmante
Vitaminado.

Columns
Nucleosil C;5 (5-um) and end-capped Ultrabase C;g (5-um) columns, both
25 cm x 4.6 mm 1.D., were supplied by Scharlau (Barcelona, Spain).

Apparatus

An HP 1040A diode-array spectrophotometer equipped with an HP1040 DAD
flow-cell (inner volume 2 pl) coupled to an HP 9000 Chem Station (all from
Hewlett-Packard) or a Pye Unicam SP500 spectrophotometer furnished with a Hellma
178.2QS flow cell (inner volum 18 ul) was connected to an HP 1050 system
(high-pressure quaternary gradient pump and a Rheodyne Model 7125 manual
injection system).

RESULTS AND DISCUSSION

The absorption spectra of the analytes are shown in Fig. 1. The method was
implemented in two ways: (a) by selecting a compromise wavelength for measurements
and using a conventional spectrophotometer; and (b) by connecting the chromato-
graph to a diode-array detection (DAD) system to monitor each component at its_
maximum absorption wavelength. The results obtained in each instance are compared
below.

Study of variables

The experimental variables optimized to accomplish adequate separation in
eluting the analytes were the composition of the mobile phase, the ion-pairing reagent,
the flow-rate, the injection volume and the type of column.
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Fig. 1. Absorption spectra of (B) benzocaine, (C) cetylpyridinium ion and (D) dextromethorphan.
Absorption maxima: 278, 244 and 270 nm, respectively. Concentrations: B, 10; C, 500; D, 250 ug/ml.

Among the different mobile phase tried, 0.03 M KH,PO,-acetonitrile—
methanol (50:10:40, v/v/v) at different pH values (3.7, 4.0 and 5.3) was found to elute
benzocaine alone, as also did 10 mM ammonium nitrate-acetonitrile-0.05 M dioctyl
sulphosuccinate (25:50:25, v/v/v). The presence of chloroform was found to be
essential for the three components to be eluted reasonably fast. The different
water—chloroform-methanol ratios tried eluted benzocaine very fast, while dextro-
methorphan and cetylpyridinium were eluted slowly and with very long tails. Addition
of an ion-pairing reagent to this mobile phase in the optimal proportions (10:50:40)
was also examined. Sodium lauryl sulphate at different concentrations from 0.05 to
0.1 M ensured elution of the three analytes, but benzocaine and dextromethorphan
overlapped, whereas 0.01 M sodium dioctyl sulphosuccinate provided acceptable
resolution for all three compounds.

Of the different flow-rates studied over the range 0.6-1.2 ml/min, the best
resolution of the mixture was achieved at 0.9 ml/min.

An injection volume of 20 ul resulted in adequate sensitivity.

The above experiments were performed by using a 25-cm Nucleosil C,s column
(5-um, pore diameter 120 A). Despite the absence of overlapping peaks in the
chromatogram obtained under the optimum working conditions, the tailing of
dextromethorphan and especially cetylpyridinium resulted in long analysis times
(about 15 min). To expedite the analyses and to improve the peak shapes we used an
end-capped Ultrabase Cyg column. Undesirable solute-stationary phase interactions
were eliminated by this column, in which surface groups were first capped and then
deactivated [13]. The time required to obtain a chromatogram was reduced to less than
6 min. Fig. 2 shows a typical chromatogram of an equimolar mixture of the analytes,
obtained by using DAD and monitoring at 240, 270 and 278 nm for cetylpyridinium,
dextromethorphan and benzocaine, respectively, and Fig. 3 shows a three-dimensional
recording.

A sampling frequency of up to 10 h ™! was achieved under the optimum working
conditions.

Features of the proposed method
Calibration graphs were obtained by using both the conventional and the
diode-array spectrophotometer. Measurements were performed at 254 nm with
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Fig. 2. Chromatogram of (B) benzocaine (25 ug/ml), (D) dextromethorphan (1000 pg/ml) and (C)
cetylpyridinium ion (500 pg/ml). Mobile phase, water-chloroform—methanol (10:50:40, v/v/v) containing
0.1 M sodium lauryl sulphate; flow-rate, 0.1 mi/min; volume injected, 20 ul; column, end-capped Ultra-
base C,g.

ABSORBANCE

Fig. 3. Three-dimensional chromatogram of benzocaine, dextromethorphan and cetylpyridinium ion
obtained using the conditions specified in Fig. 2.
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conventional detection and at 278, 244 and 270 nm for benzocaine, cetylpyridinium
and dextromethorphan, respectively, with DAD. Both peak-height and peak-area
measurements were made in the latter instance. Table I summarizes the results
obtained. The detection limits calculated as the ratio of the peak height to three times
the baseline noise were 3.5, 80 and 175 ug/ml for benzocaine, dextromethorphan and
cetylpyridinium, respectively.

On comparing the calibration graphs based on peak-height measurements
obtained by using the two detectors, it is seen that the sensitivity achieved with DAD
was higher than that provided by the conventional detector. The limit of determination
for benzocaine was slightly improved by using DAD, but the gains were more
significant for cetylpyridinium and dextromethorphan. The reproducibility of the
method was studied by using eleven different samples containing concentrations of the
analytes in the middle of the linear range (50, 1000 and 100 pg/ml for benzocaine,
cetylpyridinium and dextromethorphan, respectively). Excellent relative standard
deviation (R.S.D.) values were obtzained with DAD (less than 3.0% in all instances),
but they were higher than 4.0% with conventional detection. The explanation of this
behaviour could be the data collection procedure (by a data station and manually,
respectively).

Of the two types of measurements made on the data from the chromatogram
obtained with DAD, those based on peak areas provided better sensitivity (slopes at
least ten times greater), a similar linear range (except for cetylpyridinium, for which the
range was wider) and better reproducibility (R.S.D. less than 1.40%).

Application of the proposed method to real samples

Applicability of the proposed method to the analysis of pharmaceutical tablets
was tested in two ways. The manufacturer provided the composition of the tablets. We
analysed synthetic samples containing the analytes plus additional compounds present
in the tablets (sorbitol, mint flavour and magnesium stearate) in several proportions.
Then, the tablets supplied by the manufacturer were dissolved in the mobile phase and
injected directly into the chromatograph. The chromatogram thus obtained showed no
interference from any of the components of the sample matrix in the synthetic or the
real samples.

CONCLUSIONS

The proposed method for the chromatographic separation and determination of
benzocaine, cetylpyridinium ion and dextromethorphan allows the determination of
these drugs in pharmaceuticals. This is the first reported method for the resolution of
this type of mixture, which only occurs in a still commercially unavailable pharma-
ceutical that will require a procedure for monitoring tablet production and for quality
control.

As the concentration of the active substances in the tablets is high enough,
a conventional spectrophotometer can be used for the routine control method. Future
determination of these drugs at lower concentrations in biological fluids will require
DAD in order to obtain better sensitivity and precision.
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ABSTRACT

Ton-spray mass spectrometry was investigated for the analysis of 21 antibacterial sulfonamide drugs.
All of the sulfonamides analyzed gave positive ion mass spectra with abundant protonated molecules and
no fragmentation. Tandem mass spectrometry (MS-MS) using collision-induced dissociation provided
structural information, allowing the identification of common fragmentation pathways and the differ-
entiation of isomeric and isobaric sulfonamides. A reversed-phase high-performance liquid chromato-
graphic method was developed, using gradient elution and ultraviolet diode-array detection (DAD), en-
abling the separation of 16 of the sulfonamides. Combined liquid chromatography (LC}-MS was
accomplished using the ion-spray interface. Analyses of a mixture of sulfonamide standards were perform-
ed with gradient elution and the mass spectrometer configured for full-scan acquisition, selected-ion mon-
itoring, or selected-reaction monitoring.

Procedures for the analysis of sulfadimethoxine (SDM), a representative sulfonamide used in the
aquaculture industry, are described. The presence of SDM in cultured salmon flesh was confirmed at levels
as low as 25 ng/g by a combination of LC-DAD and LC-MS-MS.

INTRODUCTION

Sulfonamides are antibacterial compounds commonly used for the prevention
and treatment of diseases in livestock production. A major concern with the use of
these compounds is that residues may be present in food products if proper withdrawal
times for treated animals have not been strictly enforced. Such residues may pose
a health threat to consumers through allergic or toxic reactions, or through induction
of antibiotic resistance in pathogenic organisms. For this reason, regulatory agencies

? NRCC No. 31957.
b Under contract from SCIEX, 55 Glen Cameron Road, Thornhill, Ontario L3T 1P2, Canada.
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have established tolerance levels (0.1 ppm in most countries) for these drugs in food
products. '

Concerns over these issues in Canada have recently focused public attention on
the aquaculture industry, where antipiotics are used to control bacterial infections in
farmed fin-fish such as salmon. Some of the sulfonamides currently used to treat
salmon include sulfamerazine, Romet-30 (a potentiated sulfonamide containing
sulfadimethoxine and ormetoprim) and Tribrissen (sulfadiazine and trimethoprim).
Sulfonamide residues may be monitored by a variety of analytical techniques such as
bioassay, colorimetric assays, thin-layer chromatography, gas chromatography (GC),
high-performance liquid chromatography (LC) and mass spectrometry (MS) [1].
Instrumental methods provide the advantages of ease of automation, high sensitivity
and increased specificity. Spectroscopic methods are particularly important for
confirmation of structures.

GC and GC-MS have been used for confirmatory analyses of antibiotics such as
sulfonamides. However, due to their low volatility and thermally labile nature,
chemical derivatization is usually required. Several methods have been reported that
are based on derivatization followed by GC with detection either by electron capture
[2] or MS with selected-ion monitoring in the electron ionization (ET) [3] and chemical
ionization (CI) [4] modes. GC-MS and tandem mass spectrometry (MS-MS) have also
been used for the confirmation of methylated sulfonamides in bovine and porcine
tissue {5]. Unfortunately, such analyses are time-consuming as they require extensive
sample clean-up prior to the additional derivatization step.

The mass spectral behaviour of underivatized sulfonamides under EI and more
recently CI has been well documented [6~7]. Chemical ionization with isobutane as the
reagent gas has also been used for the tandem MS of protonated sulfonamides by
collision-induced dissociation with mass-analyzed ion kinetic energy spectrometry
(CID-MIKES) [7]. In a more recent investigation [8], very similar CID spectra of
sulfonamides were obtained using ammonia as CI reagent gas, on a hybrid instrument.
While both of these studies demonstrated that direct confirmation of sulfonamide
residues in animal tissue at a level of 0.1 ppm could be achieved by MS-MS without
chromatography, the authors stressed the problems of possible interferences. Due to
the complex nature of the matrices involved, even after clean-up procedures, the most
reliable method will likely be one combining chromatographic separation prior to
spectroscopic detection.

LC is the most commonly used instrumental method for the analysis of
antibiotics and antimicrobial agents in biological matrices [9,10]. Several authors have
reported multi-residue LC methods with UV detection for the determination of
sulfonamides, other antibiotics and growth promoters in feed stuffs [11], animal tissue
[12,13] and other food products [14-16]. Sensitive LC methods for the determination
of sulfonamides in cultured fish tissue have also been described previously [17-20].

Despite the selectivity of the extraction and cleanup methods employed, LC with
UV detection at single wavelengths is still prone to interferences which can result in
reduced confidence in analyses. The combination of LC with UV diode-array
detection (DAD) [21] and with MS have tremendous potential for this type of analysis.
In 1982, Henion et al. [22] described the use of an atmospheric pressure ionization
(API) source for the LC-MS analysis of five sulfonamides in racehorse urine and
plasma by LC-MS. While clearly demonstrating the potential of LC-MS and also of
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LC-MS-MS, the prototype heated nebulizer interface used in this investigation
provided full-scan detection limits only in the ug range.

Ton spray (ISP) is a recently developed API technique [23] that is proving to be
well suited to the LC-MS analysis of trace levels of polar and thermally labile
compounds {24,25]. The mechanism of both ISP and electrospray, a related technique
[26] is believed to involve ion evaporation [27] although nebulization plays an
important role in the former process [23]. A recent review has detailed the use of
API-MS as a detection system for the separation sciences [28]. This paper will present
LC-DAD and LC-MS-MS methods that have been developed for the analysis of
sulfonamides and related agents, and demonstrate their application to the determina-
tion of sulfadimethoxine (SDM) in salmon flesh.

EXPERIMENTAL

Chemicals

All of the sulfonamide standards listed in Table I were obtained from Sigma (St.
Louis, MO, USA) and used as received, without purification. Trifluoroacetic acid
(TFA) and formic acid were obtained from BDH (Poole, UK). HPLC-grade
acetonitrile was purchased from Anachemia (Lachine, Canada). A Milli-Q water
purification system (Millipore, Bedford, MA, USA), equipped with ion-exchange and
carbon filters, was used to further purify glass-distilled water.

Extraction of sulfadimethoxine from salmon flesh

The extraction procedure used in this investigation was based on those reported
by Weiss et al. [17] and Nose et al. [20], Salmon flesh (40 g) was mixed with acetone (200
ml) and homogenized with a Brinkmann Polytron for 3 min. After addition of
sufficient quantities of Celite (10 g) and sodium sulphate (20 g) the homogenate was
again blended for a further 2 min. This mixture was vacuum-filtered and the filter cake
was washed with acetone (3 x 15 ml). After transferring the filtrate to a round-
bottomed flask, the acetone was removed on a rotary evaporator at 40°C. The residue
was re-dissolved in 100 ml of dichloromethane; 50 ml of this solution was mixed with
100 ml of 0.1 M sodium hydroxide and shaken vigorously. This mixture was
transferred to a 250-ml centrifuge jar and centrifuged for 20 min at 12 g and 10°C.
The aqueous layer was transferred to a round-bottomed flask and neutralized with
hydrochloric acid. This aqueous extract was freeze-dried overnight. The remaining
water was removed on a rotary evaporator at 40°C the following day. The residue was
dissolved in 5.0 ml of aqueous 25% methanol, and the solution was filtered through
a 0.45-um nylon syringe filter.

Ligquid chromatography

Analyses were performed on a Hewlett-Packard Model HP1090M liquid
chromatograph equipped with a variable-volume (1-25 pl) injector and autosampler,
a ternary DRS solvent-delivery system, a built-in HP1040A diode-array detector and
a HP79994A data system. For the analysis of sulfonamide mixtures, separations were
achieved on a 25 cm x 2.1 mm L.D. column packed with 5-um Vydac 201TP
stationary phase (Separations Group, Hesperia, CA, USA). Aqueous acetonitrile
containing 0.1% TFA was used as the mobile phase at a flow-rate of 200 ul/min with
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TABLE I

NAMES, STRUCTURES, RETENTION TIMES, UV AND PARTIAL MS-MS SPECTRAL DATA FOR
SULFONAMIDES EXAMINED IN THIS STUDY

n)\J ST
Name Code R, R, Mol.wt. ¢
(min)
Sulfaguanidine SGN H NH, 214 3.60
=C
“NH,
Sulfanilamide SNL H CH 172 3.74
Sulfacetamide SMD H —COCH; 214 6.49
Sulfadiazine sbz  H _{1} 250 6.50
Sulfapyridine SPR H N 249 7.36
. CHj
Sulfamerazine SMR H '{;\} 264 7.51
YS 255 7.97
Sulfathiazole STH H N'j - ’
/
N Hy
Sulfamethazine SMT H —{l_\ 278 . 85I
CHj
CHy
Sulfamoxole SMX H. F ll 267 8.63
CHj
CH,4
N~
Sulfisomidine SID H \__ 278 9.24
CH,4
Sulfamethoxypyridazine SMP H - Hy 280 10.59
N-N
S CHy
Sulfamethizole SMZ H I_I 270 10.77
Ne .
Sulfameter SME  H 'f:, H3 280 10.89
S
Succinylsulfathiazole SRTZ HOOC(CH,),CO~ \N(-j 355 12.08
Sulfachloropyridazine SCP H -ﬂ-ﬂ 284 12.98
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Amax’ f ¢ a b d e Other

263 122(1) 156(75) 60(12) 108(32) 92(38)

261 — — — [56(8) NA 92(11) 139(2)
7 1491y — 156(61) 60(1)  108(16) 92(23)  173(60) 65(1)
270 185(2) 158(5) 156(100) 96(9) 108(21) 92(16)

245 18421) - 156(88) 95(8)  108(18) 92(13)  232(3) 167(4)
264

312

245 1993)  172(22)  156(100)  110(40)  108(28) 92(15)

265

260(S)¢ 90(1)  — 156(100)  101(6)  108(19) 92(15) 139(1)
285

245 213(7)  186(42)  156(100)  124(85)  108(25) 92(20)

265(WS)°

310(WS)

272 — — 156(100) 113(36) [08(21) 92(12)

260 - 186(22)  156(60)  124(100) 108(13) 92(1)

285(SYy

270 215(3) 188(3) 156(60) 126(30) 108(15) 92(10)

255(WSy — 178(1)  156(100)  116(8)  108(19) 92(14)

275

270 215(12) 188(8) 156(100) 126(45) 108(21) 92(12)

;g(s) — — 256(100) — 208(1) 192(41) 156(16) 108(7)
270 - - 156(100)  130(8)  108(12) 92(9)

(Continued on pp. 160 and 161)
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TABLE 1 (continued)

Name Code R, R, Mol.wt.  K*
(min)
Sulfamethoxazole SMO H ] 253 14.86
N. CHy
oy
Sulfisoxazole SIX H c CH, 267 15.57

OOH
- S
Phthalylsulfathiazole PST é(co AR 403 15.65
Sulfabenzamide SBD H —8—© 276 16.79

Sulfadimethoxine SDM H = 310 18.48

Sulfaquinoxaline SQO H ﬁD 300 18.05

“ Retention time on Vydac 201TP52 column with a linear gradient of the aqueous mobile phase from 5-40%
acetonitrile (containing 0.1% TFA) in 20 min; flow-rate of 200 ul/min.

? Amax Obtained under isocratic conditions with a mobile phase of aqueous acetonitrile (80%) containing 0.1% TFA.

¢ S = Shoulder; WS = weak shoulder. i

a linear gradient of 5-40% acetonitrile in 20 min. An injection volume of' 5 ul was used.
Detection was at 270 nm (10-mm bandwidth) with acquisition of UV spectra in the
peak-triggered mode. For the determination of SDM in salmon extracts, isocratic
separations were achieved on a 25 ¢cm x 4.6 mm I.D. column packed with 5-um
Supelcosil LC 18DB stationary phase (Supelco, Santa Clara, CA, USA), using an
injection volume of 20 ul. Aqueous 35% acetonitrile containing 0.1% formic acid was
used as the mobile phase at a flow-rate of 1 ml/min. Multi-wavelength detection with
the DAD system was used at the following wavelengths (and bandwidths): 250 (4), 260
(4), 265 (10), 270 (4), 280 (4) and 290 (4) nm.

LC-MS-MS )

All LC-MS experiments were performed on a SCIEX API III triple quadrupole
mass spectrometer (Thornhill, Canada), equipped with an API source and an
TonSpray interface. A Macintosh ITx computer was used for instrument control, data
acquisition and data processing. Polypropylene glycols were used to calibrate the mass
scale and to adjust the resolution to unity (40% valley definition) over the mass range
50-500 dalton. For LC-MS experiments the column effluent was connected to the
fused-silica transfer line (50-75 um 1.D.) of the ISP interface via a Valco sub-ul
injection valve with interchangeable loops. This injector was used to optimize the
LC-MS system (0.1-ul loop) and for all flow-injection experiments (1.0 ul loop). For
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~

Jmax f ¢ a b d e Other

270 188(6) 159(4) 156(100) 99(9 108(24) 92(18)

270 - - 156(100) L13(59)  108(19) 92(18)  13%(1) 175(1)
285 - - 304(24) - 256(27) - 149(70) 156(100)
260 386(26)

235 - — 156(100) - 108(9) 92(7) 174(12)

269 245(4) 218(4) l 56(100) 156(0) 108(9) 92(5) 173(4)

249 235(1) 208(1) 156(100) 146(18)  108(9) 92(5)

269

395(WS)*

simultaneous LC-DAD-MS acquisitions the column effluent was split using a zero-
dead-volume “T” connector, with approximately one quarter of the flow being fed to
the mass spectrometer (again via the post-column injector). The split ratio was
determined by the length of a fused-silica capillary (50 um [.D.) connecting the “T” to
the DAD flow cell. Identical LC conditions to those described above were used for the
analysis of sulfonamide mixtures. For the confirmation of SDM in salmon flesh by
LC-MS, the 2.1 mm 1.D. (201TP) column was used with 100 ul/min aqueous 35%
acetonitrile containing 0.1% formic acid and with the end of the column connected
directly to the ISP interface.

The ISP voltage was maintained at approximately 5.6 kV for all LC-MS
analyses. High-purity air at an operating pressure of 90 p.s.i. (approximately 2 1/min)
was used as the nebulizing gas. A dwell time of 5 ms/dalton was used for full-scan
LC-MS analyses. For single- and multiple-ion monitoring LC-M$S experiments dwell
times of 200 and 100 ms/dalton were employed, respectively. MS—MS measurements
were based on CIDs within the r.f. only quadrupole at a collision energy of 35 eV
(aboratory frame). Both parent- and daughter-ion LC-MS—MS scans were performed.
Argon was used as the target gas at an indicated thickness of 2.5 1014 molecules/cm?.
For comparative MS-MS work, CID product ion spectra of the standards were
acquired over a range of collision energies (0-50 eV) and at several target-gas
thicknesses (0.1-5.0 - 10'* molecules/cm?). Preliminary MS-MS experiments with the
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standards indicated that the masses of the product ions were well separated; it was
possible therefore to obtain an appreciable gain in sensitivity, for the less-intense
product ions, by operating at peak widths on the third quadrupole (Qs) corresponding
to more than 1 dalton wide. The first quadrupole (Q;), however, was maintained at
unit mass resolution. Selected fragmentation pathways were confirmed by grand-
daughter-ion experiments, whereby dissociations of the protonated molecules were
induced in the source region, prior to entering the mass analyzer, by increasing the
declustering voltage applied to the sampling orifice. Product ions generated in this way
were then subjected to further fragmentation in conventional parent/daughter
MS-MS experiments.

RESULTS AND DISCUSSION

ISP-MS

Table 1 gives the names, abbreviations and structures of the 21 sulfonamides
examined in this study. All of these compounds provided very simple ISP mass spectra,
containing only a protonated molecule, [M + H]*, and no fragment ions of significant
intensity. Good-quality spectra could be obtained by flow-injection analysis (FIA) in
the full-scan mode with as little as 1 ng of compound injected. Fig. 1a presents the
full-scan, background-subtracted ISP mass spectrum obtained from flow injection of
50 ng SDM into a 50-ul/min flow of aqueous acetonitrile (50%) containing 0.1% TFA.
The fact that most of the iron current is associated with the [M +H]* ion suggests that
ISP should be ideal for trace-level determinations using selected-ion monitoring
(SIM). This is demonstrated in Fig. b, which shows the response obtained from
duplicate injections of standard solutions of SDM. These results indicate a FIA-SIM
detection limit of around 10 pg (signal-to-noise ratio = 3). Very similar sensitivities

Ing

f-h\
b 100 a 3n ‘
OCH;
o] A
= N 7 A &
® 75 N—O—S-N\ OCH
= 50 H/ |(l) H 3
«
N
g
5 500 pg
2 50 A ! + ——
K] 60 130 200 270
2 m/z
g
@
Z
E:: 25 4
50 pg

blanks 10pg

0.0 1.5 3.0 4.5 6.0
Time (min)
Fig. 1. Flow-injection 1SP-MS analysis of sulfadimethoxine (SDM). (a) Positive ion, background-
subtracted ISP mass spectrum of 50 ng of SDM; (b) duplicate 1-ul injections of a series of dilutions using
SIM of the protonated molecule (m/z 311). Conditions: 50 ul/min aqueous acetonitrile (50%) containing
0.1% TFA.
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Fig. 2. Positive-ion ISP-MS-MS product ion spectra of the protonated molecules of standard compounds
obtained by flow injection. (a) SDM (m/z 311); (b) SID (mfz279); () SMT (m/z 279); and (d) STZ (sm/z 356).
Conditions: as Fig. 1 except with a collision energy of 35 eV (laboratory frame) and using argon as the
collision gas at an indicated thickness of 3.0 10'* molecules/cm?.
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Fig. 3. Proposed fragmentation scheme for the collison-induced dissociation of the protonated sulfon-
amides. Pathways denoted with an asterisk are supported by granddaughter-ion experiments using SDM,
SID and SMT (see Experimental section).

were obtained for the other sulfonamides in Table I, with the exception of the parent
sulfonamide, sulfanilamide (SNL), the response of which was approximately 5 times
lower.

The lack of structural information provided by the simple ISP mass spectra can
be remedied by the use of MS-MS techniques. Table I lists the most abundant product
ions observed for the 21 standard sulfonamides using the triple quadrupole API ITI
mass spectrometer, all under identical CID conditions. The resolution on Q3 was
reduced to provide additional sensitivity for the less-abundant product ions. It should
be noted that this results in a somewhat fragmented appearance of peaks in the CID
spectra presented; the latter is also due, in part, to the nature of the detection system
used, which performs ion counting instead of the more usual continuous analog
acquisition. In general, the ISP product ion spectra are less complex than those
previously reported on sector instruments using CI [7,8]. Some representative product
ion spectra of sulfonamides obtained by FIA-ISP are shown in Fig. 2. These spectra
are similar to the CID spectra reported by Henion ef al. [22], generated by corona
discharge atmospheric pressure CI using a prototype heated nebulizer interface.

Fig. 3 illustrates fragmentation mechanisms proposed to rationalize the CID
spectra of the sulfonamides. Charge localization in the [M+H]}* ion through
protonation of the sulfonamide nitrogen helps to explain the observed fragmentations.
The abundant product ion a (m/z 156 for R; = H) is characteristic of all the
sulfonamides analyzed and likely arises from the cleavage of the sulfur—nitrogen bond
and loss of the neutral species R ;NH,. Charge retention on the nitrogen with hydrogen
abstraction results in ion b, corresponding to R,NH3, i.e., [M +H—155]. In the case
of SDM, ions a and b both coincidentally appear at m/z 156 (see Fig. 2a). For the
isomeric sulfonamides SMT and SID (Fig. 2b and c), ion b, due to the protonated
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pyrimidyl moiety, appears at m/z 124. Two other product ions, d and e observed at m/z
108 and 92, are common to all of the sulfonamides and may be rationalized by the
losses of SO and of SO, from the ion at m/z 156, with the latter assigned to
a ring-expanded azatropylium ion. An additional characteristic product ion at #/z 65,
which presumably results from the loss of HCN from m/z 92, was also reported in the
heated nebulizer CID spectra [22]. However, under the present conditions, this ion was
observed only occasionally. Fragmention ¢, at m/z 218 in the spectrum of SDM and at
mj/z 186 in the spectra of both SMT and SID, is assigned to the loss of neutral aniline
(93 dalton) from [M+H]*. This loss is also observed in the majority of the
sulfonamides (Table I). It should be noted that while SMT and SID, and another
isomeric pair SMP and SME, can be differentiated by the relative intensities of the ions
described above, an additional ion at m/z 213 is observed in the spectrum of SMT
which does not appear in that of SID. This ion, designated as f, has been reported
previously in the CID-MIKES spectra of protonated sulfonamides generated with CI,
where it was assigned to [M+H—H,S0,] [7]. Selected-fragmentation pathways
indicated in Fig. 3 were confirmed by granddaughter-ion experiments in which
dissociations of the protonated molecules were induced in the source region, prior to
conventional MS-MS experiments in the triple quadrupole.

Additional evidence for the above assignments was obtained from CID of the
*7Cl isotope peak of the protonated molecule of the chlorinated sulfonamide SCP, at
mfz 287. The product ion spectrum was identical to that obtained for the 3°Cl
protonated molecule, indicating that the R, group is not involved in the major
fragmentation pathways discussed above. The two sulfonamides which contain an R
group, STZ and PST, also show analogous product ions and losses. The product ion
spectrum of STZ is presented in Fig. 2d, and product ion from the corresponding loss
of H,NR; is seen at m/z 256 with those from the subsequent losses of SO and SO, at
mfz 208 and 192, respectively.

The identification of the common fragmentation pathways shown in Fig.
3 opens up the possibility of using MS-MS techniques to screen extracts for putative
sulfonamides, and this approach is discussed later. Although isomer distinction could
be enhanced to some degree by proper selection of target-gas thickness and collision

energy, the use of combined LC-MS should provide the necessary additional
selectivity via retention time.

LC-MS

While we have found excellent sensitivity and quantitation for standard
solutions of sulfonamides using FIA (Fig. 1b), the technique has a number of
drawbacks in the analysis of real-world complex extracts containing salts and other
endogenous material. The simultaneous introduction of many possible sources of
interferences into the ion source with the analyte effectively prevents the use of FIA for
quantitative analyses. Although the use of MS-MS techniques in conjunction with
FIA can provide additional selectivity to filter out many potential interferences, there
still remains the problem of other components influencing the ionization efficiency.
Effective sample clean-up is necessary for quantitative work, and the easiest way to
accomplish this without introducing additional sample handling steps is to provide
a chromatographic separation prior to ionization.

Recent advances in bonded stationary phase technology have resulted in the
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Fig. 4. Separation of a mixture of 18 sulfonamides by reversed-phase HPLC with simultaneous detection
using (a) DAD with 270 nm (bandwidth = 4 nm) and (b) ISP-MS with multiple-ion monitoring of
protonated molecules. A separate LC-MS-MS parent-ion scan experiment was conducted to produce the
datain (c) where Q, was scanned from 160 to 400 dalton with Qj set at m/z 156. Conditions: 25¢cm x 2.1 mm
I.D. Vydac 201 TP52 column and a mobile phase of aqueous acetonitrile containing 0.1% TFA, with a linear
gradient of 5-40% acetonitrile in 20 min and a flow-rate of 200 ul/min split 1:4 post-column between DAD
and MS, respectively; 5-ul injection volume.
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development of a number of multi-residue, reversed-phase LC methods for the
analysis of several classes of antibiotics [9]. One recent study reported the separation of
a wide range of sulfonamides using a small-particle-size (3 um) C,z stationary phase
packed in a capillary column (30 cm x 0.35 mm [.D.). Although 20 sulfonamides
could be resolved adequately, peak tailing was evident for the late-eluting drugs and
the analysis required more than 1 h [10].

For the present study, several commercially available columns packed with
different stationary phases (aminopropylsilica and octadecylsilica) were examined as
potential candidates for a general LC method. It quickly became apparent that, for
such a complex mixture of closely related compounds, gradient elution in conjunction
‘with a C, g stationary phase would be required. Mass spectral detection can also reduce
the reliance on the complete resolution of all individual components, provided that
these are not isobaric. In the present study complete baseline resolution remained an
objective, but greater emphasis was placed on the development of an LC method
capable of presenting a wide range of sulfonamides in suitable form to the ISP
interface.

The sensitivity of the ISP process is directly related to the degree of ionization of
the analyte in solution. The nitrogen of the central sulfanilamide bond is amenable to
protonation which can be enhanced by increasing the acidity of the analyte solution.
Lowering the pH of the mobile phase can also improve peak shape of basic compounds
in reversed-phase LC by reducing adsorption on silica-based stationary phases,
although this does lead to lower capacity factors, k’, values. Both formic and
trifluoroacetic acids were evaluated as modifiers in the aqueous acetonitrile mobile
phase. The latter has the added advantage of being an effective ion-pairing agent, thus
compensating for the lower pH by increasing retention.

Fig. 4a shows LC-UV analysis of a mixture of 18 sulfonamide standardsona 2.1
mm E.D. column, using 0.1% TFA and a linear-gradient elution profile. Only 16 peaks
were observed in the trace due to the coelution of SDZ with SMD and SPR with SMR.
The retention times of all of the 21 sulfonamides analyzed under this elution profile are
listed in Table I. Using DAD, complete UV spectra of the individual sulfonamides
were obtained to help confirm peak identities. The observed maximum wavelength,
Amax Values for each of the sulfonamides examined are given in Table I. SPR and SMR
could not be differentiated in this way as they possessed almost identical UV spectra.

The LC-MS reconstructed-ion chromatogram (RIC), acquired simultaneously
using multiple-ion monitoring of 16 protonated molecules (two isobaric pairs), is
presented in Fig. 4b. The correspondence between the UV and RIC traces is excellent,
and this close correspondence allows the rapid confirmation of individual chromato-
graphic peaks by mass as well as retention time.

" The ability to screen samples for putative sulfonamides by selective LC-MS-MS
techniques is demonstrated in Fig. 4c, which shows the full-scan total-ion current
(TIC) trace from an analysis of the same mixture of sulfonamides using a parent-ion
scan mode. For this analysis, the post-column split was removed and the 200-ul/min
flow from the column was fed directly to the ISP interface. In this experiment Q5 was
adjusted to transmit only m/z 156 product ions, formed from the CID (in Q,) of parent
ions scanned by Q; (160-400 dalton), i.e., only those protonated molecules which give
rise to an m/z 156 product ion gave a response at the detector. Not all of the
sulfonamides provided an intense m/z 156 product ion, and this is shown by the lack of
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a response for SNL and also for STZ, which contains an R, group. The neutral-loss
mode is another MS-MS mode in which the triple quadrupole mass spectrometer may
be used. In this configuration Q; and Q; are scanned together, with Q, leading Q; by
some neutral mass loss characteristic of the compound(s) of interest. In the case of the
sulfonamides this was achieved using the [M+H—155]" fragmentation discussed
earlier, although fewer of the sulfonamides give this particular fragmentation than that
yielding the product at m/z 156.

The sensitivity of the more selective LC-MS-MS method can be increased by
using selected-reaction monitoring (SRM). In this configuration, both Q; and Q; may
be linked to monitor individual parent/daughter CID reactions. The LC-MS-MS
detection limit for SDM, monitoring the dissociation of m/z 311 to m/z 156, was found
to be approximately 200 pg on-column. This is approximately an order of magnitude
less sensitive than by LC-MS with SIM.

As mentioned above, trimethoprim (TMP) and ormetoprim (OMP) are
commonly used as potentiators in commercial formulations with sulfonamides, and it
would be useful if LC-MS could be used in a multi-residue approach for the
determination of both classes of compound. Fig. 5a shows the SIM LC-MS response
obtained from the analysis of a 1:1 mixture of TMP and OMP, with 50 ng of each
injected on-column, under the same gradient conditions as used for the sulfonamides.
The two compounds gave approximately equal molar responses under the ISP
ionization process, with TMP eluting slightly before OMP. As for the sulfonamides,
only protonated molecules are observed in their ISP spectra. Good-quality CID
spectra with abundant product ions were obtained for both compounds, and these are
presented in Fig. 5b and c. The product ion at m/z 123, which is assigned to a product
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Fig.5. (a) Analysis of a 1:1 mixture of trimethoprim (TMP) and ormetoprim (OMP) (50 ng each injected) by
LC-MS using selected-ion monitoring of protonated molecules (m/z 291 and 275, respectively). The insets
show the positive-ion ISP-MS-MS product ion spectra of OMP (b) and TMP (c). LC-MS and MS-MS
conditions as in Figs. 4b and 2, respectively.
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ion containing the pyrimidine moiety plus the bridging carbon atom, appears in the
spectra of both TMP and OMP and could be used as a target dissociation in an SRM
methodology. -

Determination of SDM in salmon flesh

An opportunity to test the effectiveness of the LC-DAD and LC-MS methods,
described above, arose when samples of farmed Coho salmon suspected of containing
SDM were made available for analysis. Initial measurement of suspect flesh extracts,
using LC with single-wavelength UV detection, showed a peak at the correct retention
time for SDM and indivated levels in the different samples ranging from 25 to 1800
ng/g (ppb). The main objective of our subsequent analyses was to confirm the peak
identity. with DAD and MS. ‘

A specific extraction method for SDM could be used in this case. The method
selected is similar to those reported in the literature and is detailed in the Experimental
section. Recoveries of SDM spiked into control flesh samples over the 100-1000 ng/g
level were approximately 60% (unpublished results). These results are consistent with
those previously reported by other workers, who have suggested that the poor
recoveries may be due to the higher levels of cholesterol found in salmonids than in
other species of fish [18]. Clearly there is a need to improve the extraction and cleanup
procedures, and these are currently under investigation.

For the present experiments, a rapid isocratic procedure was developed which
gavearetention time of 7.3 min (k" = 3) for SDM. Excellent peak shape and separation
of SDM from other endogenous substances was achieved, using a base-deactivated
column (Supelcosil LC18DB) and a mobile phase of aqueous 35% acetonitrile with
0.1% formic acid. Fig. 6a shows the analysis of a control salmon flesh extract spiked
with 83 ng/g SDM, using UV absorption detection at 265 nm with a 10-nm bandwidth.
This method gave an excellent detection limit of 0.03 ug/ml in salmon flesh extract.
This corresponds to approximately 13 ng/g in the flesh with correction for a 60%
recovery factor. The quantitation aspects were not investigated further at this stage
since the primary objective at present was qualitative analysis.

At trace residue levels the DAD is not sufficiently sensitive in the full-scan mode
to provide useful UV spectra for confirmation of identity. However, by acquiring at
several characteristic wavelengths simultaneously, it is possible to conform that
a compound has the correct spectral features in a broad sense. The UV spectrum of
SDM is given in Fig. 6b, and indicates the six additional wavelengths that were selected
for acquisition: 240, 250, 260, 270 and 290 nm (all with 4-nm bandwidths). Fig. 6c
shows the multi-wavelength data set for the same spiked control flesh sample (83 ng/g)
as in Fig. 6a. The peak area ratios in the six traces match exactly the absorbance ratios
measured in the UV spectrum in Fig. 6b, at the different wavelengths indicated.

An LC-MS method was then established for the rapid analysis of SDM. Fig. 7a
shows the LC-ISP-MS analysis of an SDM standard solution (1.1 ug/ml) using similar
isocratic conditions, with SIM of the protonated molecule at m/z 311. The inset in Fig.
7a shows a typical calibration curve for standard solutions over the 0.08-80 ug/ml
range. A detection limit of 0.04 ug/ml was estimated.

Fig. 7b and ¢ shows the LC-MS and LC-DAD analyses, respectively, of an
extract of a salmon flesh sample estimated by the latter technique to contain 25 ng/g
(ppb). Confirmation of the SDM was clear and unequivocal with the LC-MS data.
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Fig. 7. (a) Analysis of SDM standard (1.1 ug/ml) by LC-MS with selected-ion monitoring of the protonated
molecule, m/z 311; (b) analysis of suspect salmon flesh extract by LC-MS; (c) LC-DAD analysis of salmon
flesh extract confirming the presence of SDM. The inset in (a) shows the linear relationship between LC-MS
peak area and concentration of SDM. Conditions: 25cm x 2.1 mm L.D. Vydac 201 TP52 column; 100 ul/min
aqueous acetonitrile (35%}) containing 0.1% formic acid; 10-ul injection volume.
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With the present extraction and cleanup procedure, it is possible to confirm SDM in
flesh at the 10 ppb level. At these low levels the LC-DAD analysis was complicated by
closely eluting endogenous substances, but the multi-wavelength data set did provide
additional conformatory evidence for the presence of SDM. Improvements in the
extraction procedure, together with the use of gradient elution, should provide
significantly lower detection limits. Both of these improvements are under develop-
ment.

CONCLUSIONS

There is considerable urgency for the development of reliable instrumental
methods of analysis for antibiotics in the flesh of farmed fish. Since LC is the tool most
widely used for routine monitoring of these compounds, it is important to develop
confirmatory methods based on the combination of LC with spectroscopic methods.
Mass spectrometry is a preferred method due to its inherent sensitivity and selectivity.
It has been shown here that LC-ISP-MS-MS provides the key to confidant detection
and identification of trace level sulfonamides in fish tissue. It has also been shown that
UV DAD, in cither the full-scan or the multiwavelength acquisition modes, is a useful
technique for additional confirmation of sulfonamide identity. The combination of
LC, DAD, and ISP-MS-MS techniques, provides a powerful approach to the analysis
of sulfonamides and other antibiotics in fish tissue.
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ABSTRACT

A rapid, sensitive and selective high-performance liquid chromatographic method is described for
simultaneous determination of eight sulfa drugs in meat and meat products using pre-column deri-
vatization with fluorescamine. The drugs are sulfisomidine, sulfadiazine, sulfamerazine, sulfadimidine,
sulfamonomethoxine, sulfamethoxazole, sulfadimethoxine and sulfaquinoxaline. The method includes
blender extraction of 3-g samples with chloroform, partition with 3 M hydrochloric acid, derivatization
with fluorescamine at pH 3.0 and subsequent high-performance liquid chromatographic analysis ona C
column with fluorescence detection at an excitation wavelength of 405 nm and an emission wavelength of
495 nm. The drugs were separated with a mobile phase of acetonitrile—2% acetic acid (3:5) at 55°C. The
average recovery from samples fortified at 0.1 ng/g was 92.6% with a coefficient of variation of 6.2%. The
detection limit was 0.01 ng/g for sulfaquinoxaline and 0.005 ng/g for the other seven drugs. The method
was field-tested in a survey of 37 samples including beef (five), pork (seven), chicken (seven), ham (five),
sausage (eight), bacon (two) and roast beef (three). Sulfadimidine was detected in one pork sample at the
level of 0.295 ngfg and in ham at 0.178 ng/g.

INTRODUCTION

Sulfa drugs are popular antibacterial agents for livestock, however their resi-
dues in meat products are a potential danger to human health. Tolerances in feed and
withdrawal periods for the drugs have been established to minimize their residual
levels in the meat, nevertheless claims of food contamination have often been made.
A recent report showed that 11% of pork meat imported into Japan had been con-
taminated with sulfadimidine at levels in the range of 0.05-1.05 ng/g [1].

Several simultaneous assay procedures for sulfa drugs have been reported [2,3],
however they generally include time-consuming extraction and clean-up steps to ob-
tain the desired sensitivity. In addition, high-performance liquid chromatographic
(HPLC) determination with UV detection is not selective for sulfa drugs. Although a
photodiode-array detection system or post-column derivatization has been adopted
to achieve selectivity for sulfa drugs, these require expensive equipment or additional
apparatus and involve setting up and optimizing the system [1.4.5].

0021-9673/91/%03.50 © 1991 Elsevier Science Publishers B.V.
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We applied a pre-column derivatization system with fluorescamine to develop a
rapid and selective assay for sulfa drugs in meat and its products, since such a system
requires no additional equipment in the post-column system and the reagent seems to
be suitable for HPLC determination. Fluorescamine is specific for sulfonamide ana-
logue in the acidic pH range and produces highly fluorescent fluorophores having
essentially similar excitation—emission spectral characteristics. Also, the reagent and
its hydrolysis products are non-fluorescent [6,7].

EXPERIMENTAL

Samples

A total of 37 samples, from three items of meat cut (pork, beef and chicken) and
four items of meat products (ham, sausage, bacon and roast beef) was taken in the
winter of 1990-1991. The products were purchased from three retailers in the Kobe
area of Japan and stored in the refrigerator until analysis. Meat samples containing
adipose and connective tissue were cut into small pieces with a kitchen knife and
mixed manually in a beaker.

Reagents and apparatus

Sulfisomidine (ID), sulfadiazine (DZ) and sulfamethoxazole (XZ) were pur-
chased from Sigma (St. Louis, MO, USA), sulfamonomethoxine (MX) and sulfadi-
methoxine (DX) from Daiichi-Seiyaku (Tokyo, Japan) and sulfaquinoxaline (SQ)
from Dainihon-Seiyaku (Osaka, Japan). Sulfamerazine (MR) and sulfadimidine
(DM) were generous gifts from Dr. T. Hamano of the Public Health Research In-
stitute of Kobe City, Japan. The standard stock solution (100 ug/ml) was prepared by
accurately weighing ca. 10 mg and dissolving in 100 ml of methanol. Fluorescamine
reagent (0.2%) was prepared by dissolving 10 mg of Fluram (F. Hoffman-La Roche,
Switzerland) in 50 ml of acetone. HPLC-grade methanol, acetonitrile, acetone and
chloroform, and reagent-grade hydrochloric acid, acetic acid and sodium acetate
were used (Wako Pure Chemicals, Japan). Water was purified by Milli-Q SP TOC
(Millipore, Bedford, MA USA).

A liquid chromatograph was composed of an LC-6AD pump, an RF-535 fluo-
rescence monitor (Shimadzu, Kyoto, Japan) and a Chemcosorb 5-ODS-H column
(150 x 4.6 mm 1.D., 5 um particle size, Chemco Scientific, Osaka, Japan). The
column was put in a water bath kept a 55°C. HPLC separation was performed in a
mobile phase of acetonitrile—2% acetic acid (5:3) at a flow-rate of 1 ml/min.

Extraction

A 3-g portion of the meat sample was weighed into a 50-ml centrifuge tube and
blended in 30 ml of chloroform for 2 min with a Polytron homogenizer (Brinkman
Instruments, Westbury, USA), then the mixture was shaken for 10 min. After centrif-
ugation at 1600 g for 5 min, the chloroform phase was filtered through No. 5A filter
paper (Toyo Roshi Kaisha, Japan), and 5 ml of the extract was transferred into a
10-ml test tube.’ A 1-ml portion of 3 M hydrochloric acid was added and the tube was
shaken for 10 min, then centrifuged at 1600 g for 5 min. This acid concentration has
previously been shown to give the highest recoveries for some sulfa drugs using this
extraction method [2].
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Derivatization with fluorescamine

For optimizing reaction conditions (pH and incubation period), a flow injection
(FI) technique was used by eliminating a column from the LC system. The standard
solutions of DM, MR, MX, DX and SQ were evaporated under a nitrogen gas stream
and redissolved in 3 M hydrochloric acid to give a concentration of 1 ug/ml. Deri-
vatization was performed by modifying the method of Sakano er al. [6] as follows: 2.5
ml of the standard solution were mixed with the same volume of sodium acetate
solution, the concentration of which ranged from 2.5 M to 5.0 M. , then with 1.0 ml of
0.2% fluorescamine acetone solution. The pH of the content was measured by a
Beckman & 12 pH/ISE meter (Beckman Instruments, Fullerton, USA). The content
was incubated for various lengths of time at room temperature. The incubate, 10 ul,
was injected into the FI system and the fluorophore was detected at an excitation
wavelength of 405 nm and an emission wavelength of 495 nm.

For HPLC analysis, a volume of the acidic sample extract, 3.5 M sodium ace-
tate solution and the fluorescent reagent was scaled down to one-tenth, that is 250 ul
of both the sample and alkaline solutions and 100 ul of the reagent were mixed in this
order with a vortex mixer. The sample was ready for HPLC injection after standing
for 20 min at room temperature. A 10-4l sample was injected into the system, and was
equivalent to a 0.08-g sample.

RESULTS AND DISCUSSION

Optimization for fluorescamine derivatization

The first approach was to optimize pH for the derivatization in our system. Five
sulfa drugs (DM, MR, MX, DX and SQ) were individually dissolved in 3 M hydro-
chloric acid and pH of the solution was varied by adding serially diluted sodium
acetate-solution. Fig. 1 shows that the fluorescence intensities of the derivatives var-
ied with the variation in pH ranging from 0.42 to 4.23. Optimal reactivity was ob-
tained at pH 3.00 (sodium acetate concentration of 3.5 M) for all the drugs tested,
while the intensity was very low in the strong acid range (pH 0.42 and 0.55) and
decreased with an increase in pH. The pH profiles for the fluorophore were similar to
those reported in the literature [6,7]. The optimal incubation period was also exam-
ined at the above buffer concentration and found to be 20-60 min (Fig. 2). In later
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Fig. 1. Effect of pH on fluorescence intensity of fluorescamine derivatives of sulfa drugs. OJ = DM; + =
MR; O = MX; A = DX, x = SQ. NaOAc = sodium acetate concentration in M.
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Fig. 2. Effect of incubation period on fluorescence intensity of fluorescamine derivatives of sulfa drugs.
O =DM; + = MR; O = MX; A = DX; x = 8Q.

experiments the reaction was performed for 20 min, since much longer incubation
lowered the intensity. In practice, a reproducible reaction period was achieved as
follows: the stop time of the integrator was set at 20 min (HPLC separation was
completed within the time) and the sample solution for the next injection was pre-
pared immediately after the previous sample had been injected for HPLC. In such a
manner, the interval was measured for twelve injection and found to be 19.98 + 0.95
min.

HPLC separation

HPLC conditions for separating eight sulfa drugs were examined by varying
column temperature and the ratio of acetonitrile to 2% acetic acid in the mobile
phase. As shown in Fig. 3A, the best separation was obtained within 20 min at 55°C

]
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Fig. 3. Chromatograms of standard sulfa drugs (A) and positive pork sample (B). ID = Sulfisomidine;
DZ = sulfadiazine; MR = sulfamerazine; DM = sulfadimidine; MX = sulfamonomethoxine; XZ =
sulfamethoxazole; DX = sulfadimethoxine; SQ = sulfaquinoxaline.
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and at a composition ratio of 3:5 (37.5% acetonitrile in 2% acetic acid). A dose—

response relation was tested at the above optimal reaction conditions with the highest

HPLC detector sensitivity, and found to be linear over the range tested (16.6-167 ng

per milliter of final solution). The fluorescent peak height of the derivative of SQ was

the lowest of the drug compounds examined, giving a detection limit of 0.05 ngon the

chromatogram. Those of other derivatives were as low as 0.02 ng. These values corre-

spond to 0.006 ng/g and 0.003 ng/g, respectively. In a practical analysis, the detection -
limit was set at 0.01 ng/g for SQ and 0.005 ng/g for the other seven sulfa drugs.

Sample analysis

The method was applied to residue analysis for sulfa drugs in 37 samples of
meat and meat products including beef, pork, chicken, ham, sausage, bacon and roast
beef. The results are summarized in Table [. Sulfadimidine (DM) was detected in two
samples: pork at 0.30 ng/g (Fig. 3B) and ham at 0.18 ng/g. No sulfa drug was detected
in beef, chicken, sausage, bacon or roast beef (Table I), however all the samples
showed a fluorscent peak at retention time 11.2 min, which cause ambiguity of identi-
fication of XZ (11.6 min) (Fig. 3B). The peak (equivalent to 0.003-0.011 ng/g XZ)
may be derived from some usual but unidentified meat component. Although the
other seven sulfa drugs except DM were not detected in all the samples tested, a large
peak having retention time 8.6 min appeared in one of the eight sausage samples. This
could not be identified in a limited number of our authentic standards but may be a

sulfa drug, since other sausage samples exhibited no fluorescent peak at this retention
time.

TABLE I
ANALYSIS OF SULFA DRUGS IN COMMERCIAL MEATS AND MEAT PRODUCTS

Sample analyzed Sulfadimidine (DM)

[tem Number Detected Level (ng/g)
Beef S n.d.?

Chicken 7 n.d.

Pork 7 1 0.295 + 0.011°
Ham 5 1 0.180

Sausage 8 n.d.

Bacon 2 n.d.

Roast beef 3 n.d.

* n.d. = Not detected (<0.005 ng/g).
Average + S.D. of four determinations.

Recovery test

The recovery study was done at the level of 0.1 ng/g through the entire proce-
dure using samples which had not showed any peak. The percentage recoveries are
summarized in Table II. The highest recovery was 102% with a coefficient of vari-
ation (C.V.) of 2.6% for DM and the lowest 82.3% with a C.V. of 3.6% for DZ.
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TABLE 11

RECOVERY (%) OF EIGHT SULFA DRUGS FROM MEAT AND MEAT PRODUCTS FORTI-
FIED AT 0.1 ng/g

Sample Sulfa drug

1D DZ MR DM MX XZ DX SQ Mean S.D. C.V.(%)

Beef 87.9 834 948 98.8 90.6 89.0 89.5 793 892 5.7 6.4
Chicken 89.8 778 97.6 1029 889 1073 929 852 927 9.0 9.7
Pork 91.1 800 1024 1052 93.1 90.8 97.2 91.7 939 7.3 7.8
Ham 874 85.0 97.2 104.1 934 101.0 947 923 944 6.0 6.4
Sausage 88.3 854 96.8 99.0 91.6 94,5 939 944 930 4.1 4.5
Mean 88.8 823 97.7 102.0 91.5 96.5 93.6 886 926 5.6 6.2
S.D. 1.3 3.0 2.5 26 L7 68 2.5 5.6

C.V.(%) 1.5 3.6 2.6 26 1.8 70 27 6.3

Every meat sample gave high recoveries for the eight drugs ranging from 89.2% in the
beef sample to 94.4% in ham. The average mean recovery was 92.6% with a C.V. of
6.2%. The contaminated pork sample had the level of 0.295 + 0.011 ng/g witha C.V.
of 3.8%.

The high recovery rate and low C.V. value indicate that the method is reproduc-
ble and accurate. The method is also rapid and simple, since it requires little glassware
and solvent and no laborious clean-up and solvent evaporation. In conclusion, the
method is applicable to a highly specific and sensitive routine analysis for sulfa drugs
in various kinds of meat and meat products.
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ABSTRACT

An ion chromatographic method is described for the analysis of several metal complexes of ethylene-
diaminetetraacetic acid (EDTA) in water samples. Separations are achieved on C, s bonded silica, typically
using a mobile phase comprising 1% (w/v) cetrimide-1.2 mM phosphate buffer (pH 7)-25% (v/v) aceto-
nitrile~15% (v/v) methanol, as well as on a polymer-based anion exchanger using 2 mM phosphate buffer
(pH 7) as eluent. Direct UV detection at 250 nm is employed for EDTA complexes of Fe(I11), Cu(Il), Pb(ID)
and Ni(Il), whilst UV detection at 250 nm after post-column reaction with copper ions is utilized for
EDTA complexes of Zn(IT), Cd(II), Co(IT), Pb(I1), Ni(II) and Cu(II). Detection limits are in the range
1.5-4.0 ng for direct UV detection and 30-50 ng for post-column reaction detection. Indirect potentio-
metric detection after post-column reaction with copper ions is utilized with metallic copper as the in-
dicator electrode, giving detection limits in the range 1.0-1.5 pg. These separations are applied to the
determination of metal-EDTA complexes in river water at the ppb® level and to remobilization studies of
metal ions in sediment.

INTRODUCTION

Aminopolycarboxylic acids are widely used in industrial processes and in
particular as substitutes for phosphates in detergents. After release to the environment
these chelating agents may affect the distribution of metals within aquatic ecosystems.
Reliable analytical methods for monitoring metal complexes of aminocarboxylic acids
in natural water are still lacking. In this paper the use of ion chromatography is
investigated for the analysis of metal complexes of ethylenediaminetetraacetic acid
(EDTA), which is one of the most widely used aminopolycarboxylic acids.

Some information on the ion chromatographic behaviour of several metal—
EDTA complexes is already available. On the one hand, total EDTA has been
determined by formation of the copper complex [1,2] or the iron complex [3-5] before

¢ Permanent address: Department of Analytical Chemistry, Johannes-Kepler-University, A-4040 Linz,
Austria.
® Throughout this article, the American billion (10%) is meant.
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separation using-ion-interaction chromatography; on the other hand, various metal
ions have been separated by in situ formation of metal-EDTA complexes using
a mobile phase which contains EDTA [6-11]. From this literature it can be concluded
that both anion-exchange chromatography and ion-interaction chromatography
should be adequate for the determination of metal-EDTA complexes in water
samples.

For the analysis of environmental water samples a detection mode with a certain
degree of selectivity is necessary in order to avoid extensive sample cleanup. In this
work we have employed UV detection at 250 nm, including a post-column reaction for
those metal-EDTA complexes which do not give a direct UV response at this
wavelength. Furthermore, we have also investigated the application of a potentio-
metric detector with a copper electrode, since this has already proved useful for the
analysis of free aminocarboxylic acids [12].

EXPERIMENTAL

The ion-chromatographic instrumentation consisted of a Millipore Waters
(Milford, MA, USA) M510 pump, a Rheodyne (Berkeley, CA, USA) 7010 injection
valve with a 120-ul loop, a Waters M484 UV absorbance detector and finally a Waters
NRC-1094 mixing device for post-column mixing of the reagent delivered by a Waters
M4S5 pump. The cell of a Waters 464 electrochemical detector equipped with a metallic
copper working electrode and a Ag/AgCl (3 M KClI) reference electrode was used for
potentiometric detection. This cell was connected to a Beckman (Fullerton, CA, USA)
@34 pH meter. Chromatograms were recorded using a homemade analog-to-digital
converter, interfaced with an Apple Ile computer.

Stock solutions of EDTA complexes were prepared by mixing equimolar
solutions of EDTA and the metal ion. These solutions were diluted as required.
Ion-interaction chromatography of the Fe(III)-EDTA complex was performed on
a metal-free Waters Deltapak C;g column (250 x 4 mm 1.D.). The mobile phase
consisted of a 10-mM tetrabutylammonium chloride solution in 10 mM sodium
acetate containing 10% acetonitrile and adjusted to pH 4.5 using acetic acid.
Ion-interaction chromatography of all the other metal-EDTA complexes investigated
in this study was carried out on a stainless-steel Waters uBondapak C;g column
(250 x 4 mm I1.D.). The mobile phase was prepared by dissolving 10 g of cetyltri-
methylammoniumbromide (cetrimide) in 600 ml of 2 mM phosphate buffer pH 7 and
diluting to 1000 ml with a mixture of methanol and acetonitrile of varying ratio.
A Waters IC Pak A (50 x 4.6 mm 1.D.) column was used for ion-exchange
chromatography with 2 mM phosphate buffer pH 7 as the mobile phase.

The post-column reagent was a solution of 0.1 mM copper sulphate solution in
0.3 M acetic acid. The flow-rates of the mobile phase and of the post-column reagent
were 0.9 ml/min each.

River water samples from Lane Cove River, Sydney, were passed through
a Millipore (Bedford, MA, USA) 0.45-um Millex filter and then through a Waters C, 4
SepPak cartridge before injection.
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RESULTS AND DISCUSSION

Separation of EDTA complexes

During this study we restricted ourselves to the determination of EDTA
complexes of Fe3*, Cu?*, Pb2*, Zn?*, Cd?*, Ni** and Co?*. Because of its
versatility we employed ion-interaction chromatography on C;5 bonded silica with
tetraalkylammonium salts as ion-interaction reagents. Mobile phases in the neutral
pH range were considered to be advantageous for our purposes because mobile phases
of low or high pH could lead to severe disturbances of the equilibria between metal ions
and EDTA in the samples during the chromatographic separation.

All the above-mentioned metal-EDTA complexes gave well-shaped peaks in
eluents of pH 7, except the Fe(III)-EDTA complex. For this complex, it was necessary
to use a mobile phase of pH 4.5 in order to obtain satisfactory peak shape.
Unfortunately, at any pH below 5 severe problems were encountered when using
stainless-steel columns for the analysis of Fe(IL[)-EDTA in the presence of an excess of
free EDTA. Fe(III) released from the stainless-steel frits of the column tended to react
with free EDTA leading to erroneously high results for Fe(IT)-EDTA. These
interferences could be overcome by employing a metal-free column (Waters Deltapack
C,s), which was used for all further analytical work on Fe(III)-EDTA.

Optimization experiments for separation of all other metal-EDTA complexes at
pH 7 revealed that sufficient selectivity of the mobile phase could be achieved only by
using very hydrophobic ion-interaction reagents (such as cetrimide), together with
relatively high amounts of organic modifier in the mobile phase. Acetonitrile,
methanol and tetrahydrofuran were tested as organic modifiers. The selectivity of
mobile phases containing methanol or tetrahydrofuran was practically the same so
that only methanol and acetonitrile were used as organic modifiers for further
experiments.

UV detection of EDTA complexes
UV detection at 250 nm was found adequate for the determination of Fe(IIT)—
EDTA in the river water samples examined. In cases where the detection selectivity is
insufficient at this wavelength, higher wavelengths in the range between 280 and
300 nm can be utilized without severe loss of sensitivity. The detection limit (measured
with standards for a signal-to-noise ratio of 3) was about 1.5 ng Fe(III)-EDTA
injected. Linear response was observed up to at least 200 ng injected (r = 0.9998,
= 7). A typical chromatogram of a spiked river water sample is shown in Fig. 1.
Direct UV detection at 250 nm is also possible for Cu—-EDTA, Pb-EDTA and
Ni~EDTA, although the sensitivity for Ni-EDTA is only about a tenth of that for Cu-
EDTA or Pb-EDTA. A mobile phase with only acetonitrile as organic modifier (40%,
v/v) was used for this separation, giving capacity factor, k', values of 2.3, 3.0 and 4.3 for
Pb-EDTA, Ni-EDTA and Cu-EDTA, respectively. Detection limits (measured with
standards for signal-to-noise ratios of 3) were about 4 ng injected for Pb~EDTA and
Cu-EDTA and about 40 ng for Ni-EDTA. Linear response was obtained over at least
two orders of magnitude (» > 0.9995,n = 7). A series of experiments was carried out to
illustrate the applicability of this chromatographic separation to remobilization
studies of heavy metals in river water. A 100-ml sample of river water was spiked with
2 ppm of free EDTA and left in contact with 50 g sediment for a certain time. A typical
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Fig. 1. Chromatograms for the determination of Fe(1II)>EDTA in river water. (A) Standard containing
130 ppb Fe(III-EDTA; (B) river water sample spiked with 130 ppb Fe(IIN-EDTA. UV detection at
250 nm.

chromatogram obtained using this method is given in Fig. 2, which shows that
Pb-EDTA and Cu-EDTA were detectable at ppb levels.

Zn-EDTA, Cd-EDTA and Co-EDTA show a major UV absorption only at
rather low wavelengths but can be detected at 250 nm after conversion to the
Cu-EDTA in a post-column reaction using 0.1 mM copper sulphate in 0.3 M acetic
acid as reagent. Under these conditions Pb—-EDTA is also converted to Cu-EDTA,
whereas Ni-EDTA could not be converted, probably due to slow kinetics. A complete
separation of Zn-EDTA, Cd-EDTA, Co-EDTA, Pb-EDTA, Ni-EDTA and Cu—
EDTA in a single run could not be achieved, but the methanol/acetonitrile ratio of the
organic modifier can be optimized to meet the requirements of specific separation
problems. A typical mobile phase containing 25% (v/v) acetonitrile and 15% (v/v)
methanol resulted in &' values of 3.3, 3.4, 4.3, 4.4, 5.2 and 6.0 for Pb-EDTA,
Cd-EDTA, Co-EDTA, Zn-EDTA, Ni-EDTA and Cu-EDTA, respectively. The
limits of detection for metal-EDTA complexes after post-column conversion to
Cu-EDTA were between 30 and 50 ng injected. Linearity of response was checked up
to 5 ug injected and in all cases the correlation coefficient was better than 0.9995 (n =
7). Fig. 3 shows a chromatogram of a river sample spiked with 1.3 ppm of Cd-EDTA,
1.4 ppm of Zn-EDTA and 11 ppm free EDTA. The peak eluted just prior to
Cd-EDTA could be attributed to alkaline earth metal-EDTA complexes, which had
been formed. in the sample by the excess of free EDTA.

14x10°
124
104 2
1

El 84 1,. 2

o
64
44
24

min min
Fig. 2. Chromatograms of (A) standard containing 230 ppb Pb-EDTA and 220 ppb Cu-EDTA; (B) river

water, 1 h after spiking the sample in contact with sediment with 2.2 ppm EDTA. Peaks: 1 = Cu-EDTA;
2 = Pb-EDTA. UV detection at 250 nm.
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Fig. 3. Chromatograms for the determination of Zn-EDTA and Cd-EDTA in river water. (A) Standard
containing [.3 ppm Cd-EDTA and 1.4 ppm Zn-EDTA; (B) river water spiked with 1.3 ppm Cd-EDTA and
1.4 ppm Zn-EDTA. Peaks: | = Cd-EDTA; 2 = Zn-EDTA. UV detection at 250 nm after post-column
reaction with copper ions.

Potentiometric detection of EDTA complexes

As an alternative to UV detection we investigated the applicability of a potentio-
metric detector using metallic copper-as. the indicator-electrode [13—15]. The potential
of the electrode is governed by the concentration of free copper ions at the electrode
surface. This concentration depends on, among other things, the oxygen content and
the complexation properties of the eluent. Eluted solutes which form very strong
complexes with copper ions will cause a change in the level of copper ions at the
electrode surface, thereby producing a decrease in the electrode potential. Therefore,
all metal-EDTA complexes with stability constants lower than that for Ci—EDTA
should be possible candidates for this detection mode, provided the kinetics of the
ligand-exchange reaction between copper ions at the electrode surfacde and the eluted
EDTA complexes are suitable. Unfortunately, in our experiments no response could
be obtained at the electrode, suggesting that there was insufficient time for the
ligand-exchange reaction to occur. As an alternative, we decided to apply the same
post-column reagent used above for UV detection to potentiometric detection. In this
case, the electrode responds to the changes in the copper concentration of the
post-column reagent during elution of metal-EDTA complexes. Co-EDTA, Zn—
EDTA, Cd-EDTA and Pb-EDTA could be detected in this way.

When this approach was coupled with the ion-interaction separation used
above, the high amount of organic modifier in the mobile phase resulted in extremely
high noise levels of the electrode response. Therefore, we combined the potentiometric
detection mode with anion-exchange chromato graphy using a totally aqueous mobile
phase. Naturally, this introduced the drawbacks that separation efficiency was poorer
and the possibilities of mobile phase optimization more limited than in ion-interaction
chromatography. When 2 m M phosphate buffer at pH 7 was used as the mobile phase,
k' values of 7.6, 8.6, 10.0 and 10.6 were obtained for Cd-EDTA, Pb-EDTA,
Co-EDTA and Zn-EDTA, respectively. Detection limits (measured for a signal-to-
noise ratio of 3) were between 1.0 and 1.5 ug injected. A typical chromatogram of
a river water sample spiked with Zn-EDTA and Cd-EDTA is givenin Fig. 4 (potential
values given in this figure indicate relative mV changes only and the actual baseline
potential was —9.5 mV). The response was non-linear, as could be expected from the
Nernst equation and from previous studies with this detector [13-15]
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Fig. 4. Chromatograms for the determination of Zn-EDTA and Cd-EDTA in river water with
potentiometric detection. (A) Standard containing 109 ppm Cd-EDTA and 98 ppm Zn-EDTA; (B) river
water spiked with 128 ppm Cd-EDTA and 88 ppm Zn-EDTA. Peaks: 1 = Cd-EDTA;2 = Zn-EDTA.
Potentiometric detection after post-column reaction with copper ions.

The relatively high detection limits obtained with potentiometric detection
indicate that unless appropriate preconcentration techniques are employed, this
technique is less suited for environmental samples but may be more advantageous due
to its selectivity when difficult matrices, such as waste water, are to be analyzed. In such
cases, UV detection is likely to result in complex chromatograms.

An advantage of all the ion chromatographic methods described in this paper is
the requirement for simple sample cleanup only, which avoids risks of disturbing the
equilibria existing between free and complexed metal ions, leading to quantitative
recoveries.
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ABSTRACT

Differential thermal analysis and thermogravimetric analysis of copper(II) and nickel(IT) complexes
of [4,4'-(I-ethyl-2-methyl-1 ,2-ethanediyl)dinitriloJbis(1,1,1 -trifluoro-2-pentanone) [bis(trifluoroacetyl-
acetone)ethylmethylethylenediimine](H,F,A,EMen) and [4,4'~(1-ethyl-2-methyl-1,2-ethanediyl)dinitrilo]-
bis(1,1, 1-trifluoro-6-methyl-5-hepten-2-one) [bis(trifluoroacetylmesityl oxide)ethylmethylethylenediimine]
(H,F;AM,EMen) and copper(II), nickel(II) and oxovanadium(IV) complexes of [4,4'-(1-ethyl-2-meth-
yl-1,2-ethanediyl)dinitrilo]bis(2-pentanone) [bis(acetylacetone)ethylmethylethy]enediimine] (H,A,EMen)
were carried out and losses in weight between 78 and 100% occurred at temperatures up to 300°C. The
copper, nickel and oxovanadium complexes of H,A,EMen are adequately separated by gas chroma-
tographic (GC) columns, but the copper and nickel complexes of H,F,A,EMen and H,F;AM,EMen
could not be resolved. The copper and nickel complexes of H,F,A,EMen and H,F;AM,EMen and the
copper, nickel and oxovanadium complexes of H,A,EMen were separated on normal- and reversed-phase
high-performance liquid chromatographic (HPLC) columns. The elution of copper and nickel complexes
on GC and HPLC columns was compared in order to evaluate the effects of substituents on elution.

INTRODUCTION

Tetradentate Schiff bases have proved to be promising reagents for the gas
chromatographic (GC) and high-performance liquid chromatographic (HPLC) sep-
aration of copper and nickel [1-6], copper, nickel and palladium [7-9], copper, nickel
and cobalt [10,11], copper, nickel and oxovanadium [12-14] and copper, nickel, palla-
dium and oxovanadium [15,16] as metal chelate compounds. The reagents react with
a limited number of metal ions quantitatively at all concentrations. Therefore, in this
work the copper(II) and nickel(Il) complexes of [4.4'-(1-ethyl-2-methyl-1,2-ethanedi-
yl)dinitrilo]bis(1,1, 1-trifluoro-2-pentanone) [bis(triﬂuoroacetylacetone)ethylmethyl-
ethylenediimine] (H,F;A,EMen) and [4,4’-(1-ethy1-2-methyl-l,2-ethanediyl)di-
nitrilo]bis(1,1, I-trifluoro-6-methyl-5-hepten-2-one) [bis(trifluoroacetylmesityl oxide)-
ethylmethylethylenediimine] (H,F3AM,EMen) and copper(Il), nickel(Il) and
oxovanadium(TV) complexes of [4.4’-(1-ethyl-2-methyl-l,2-ethanediyl)dinitrilo]bis(2-

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Fig. 1. Structures of reagents and metal chelates. The metal (M) is Ni(lI), Cu(Il) or VO(IV).

pentanone) [bis(acetylacetone)ethylmethylethylenediimine] (H,A,EMen) (Fig. 1)
were examined on GC and HPLC columns for their possible separations and to
examine the effect of substituents on their relative elution.

EXPERIMENTAL

The reagents H,A,EMen, H,F3;A,EMen and H,F;AM;EMen and their cop-
per and nickel complexes were prepared as reported [17]. The reagents were prepared
by condensation of acetylacetone (0.01 M), trifluoroacetylacetone (0.01 M) or trifluo-
roacetylmesityl oxide (1,1,1-trifluoro-6-methyl-5-hepten-2,4-dione) with 2,3-diami-
nopentane (0.005 M) in ethanol and chloroform as solvent. The copper and nickel
complexes were prepared by refluxing together an equimolar solution of reagent
(0.001 M) and nickel acetate or copper acetate (0.001 M) in methanol. The results of
elemental analysis agreed with the expected values and the mass spectra of the re-
agents indicated the molecular ion peak corresponding to the expected molecular
weight.

Preparation of oxovanadium complex of [4,4'-(1-ethyl-2-methyl-1,2-ethanediyl)-
dinitrilo [bis( 2-pentanone) [bis(acetylacetone )ethylmethylethylenediimine ]
(HzA zEMen)

The oxovanadium (IV) complex of H,A,EMen is conveniently prepared by a
ligand-exchange method [18]. An equimolar amount.of the reagent H,AEMen
(0.133 g, 0.0005 M) and bis(acetylacetone)oxovanadium(IV) (0.13 g, 0.0005 M) were
placed togethier in a 10-cm® round-bottomed flask connected to a high-vacuum
pump. The mixture was heated and maintained within the range 220-230°C for 2 h at
3 mmHg. The residue was washed with diethyl ether and recrystallized from n-hex-
ane, m.p. 195°C. Calculated for C;5H,,N,03V, C 55.22, H 7.23, N 8.43%; found, C
54.34, H 6.54, N 9.03%. IR (KBr), cm™*: 1580(s), 1510(sb), 1400(s), 990(vs). UV~
visible spectra (methanol), Amax, nm (molar absorptivity ¢, 1mol ™! cm ™', in parenthe-
ses): 630 (522), 546 (46), 433 (67), 355 (4100), 315 (16 000), 240 (sh) (8000), 208
(16 000). ‘

Bis(acetylacetone)oxovanadium(IV) was prepared as reported [19]. Elemental
analysis was carried out by Elemental Micro-Analysis, UK. IR and spectrophoto-
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metric studies were carried out on a Perkin-Elmer Model 1430 IR spectrophotometer
using potassium bromide discs and a Hitachi Model 220 spectrophotometer. Differ-
ential thermal analysis (DTA) and thermogravimetric analysis (TGA) of metal com-
plexes were carried out on Shimadzu TG 30 and DTA 30 thermal analysers at the
Department of Chemistry, Quaid-e-Azam University, Islamabad, at heating rates of
10 and 15°C min~! for TGA and DTA, respectively, and a nitrogen flow-rate of 40
cm® min~*. DTA and TGA were carried out between room temperature and 500°C
with 5-12-mg samples in aluminium cups against alumina as a reference material.

A Hitachi Model 163 gas chromatograph equipped with a flame ionization
detector and a Model 056 recorder was used. Stainless-steel columns (6 ft. x 0.085in.
LD.and 3m x 3 mm L.D. packed with 3% OV-101 and 3% OV-17 on Chromosorb
W HP (80-100 mesh) were used.

A Hitachi Model 655A liquid chromatograph equipped with a variable-wave-
length UV detector, a Rheodyne Model 7125 injector and a Model 561 recorder and a
Shimadzu LC-5 liquid chromatograph equipped with an SPD-2A spectrophotometric
detector, a SIL-1A LC injector and a Chromatopac C-RIB were used. A stainless-
steel column (250 mm X 4 mm 1.D.) was packed with LiChrosorb Si 100 (5 um)
(Merck) as reported earlier [5] and a Zorbax ODS (5 ym) column (250 mm x 4.6 mm
I.D.) DuPont with an ODS guard column obtained from a commercial source were
used. '

Solutions of 1 mg em ™3 for GC and normal- and reversed-phase HPLC were
prepared with acetone, chloroform and methanol respectively. Samples of 1-5 ul was
injected for GC and HPLC separations. Calibration graphs were constructed by
plotting average peak height versus amount of complex injected.

RESULTS AND DISCUSSION

The IR spectrum of the oxovanadium complex shows the expected pattern and
a band is observed at 990 cm ™! due to V=0 stretching vibrations. A spectrophoto-
metric study of the oxovanadium complex in methanol indicated three bands in the
visible region due to d—d transitions in the d* system of oxovanadium(IV). The com-
plex also shows fairly high molar absorptivities in the UV region, ideally suited for
HPLC separations with UV detection.

In order to determine the volatility and: thermal stability of metal chelates to
assess their possible elution and separation on GC columns, DTA and TGA of the
metal chelates were studied. The TGA results (Fig. 2) indicate that nickel complexes
are more thermally stable and lose more weight, in the range 94-100%, between 150
and 285°C than copper and oxovanadium complexes, which lose 83-96% and 78%
weight between 130 and 310°C and 170 and 285°C, respectively. The copper and
nickel complexes of fluorinated ligands are more thermally stable and lose more
weight, in the range 94-100%, than corresponding copper and nickel complexes of
the non-fluorinated ligand H,A,EMen, which lose 83-94% weight within a similar
temperature range. DTA (Fig. 3) shows mostly a melting endotherm, followed by
vaporization/decomposition endotherms and exotherms, but exotherms observed
above 300°C could be assigned to decomposition exotherms of non-volatile residues.

The complexes were examined on different GC columns to assess the elution
and possible separation of metal complexes and it was observed that the metal com-
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Fig. 2. (A) TGA of copper(I1) complexes at a heating rate of 10°C min -1 and a nitrogen flow-rate of 40 cm?
min~!. 1, A,EMenCu; 2, F;A,EMenCu; 3, F;AM,EMenCu. (B) TGA of nickel and oxovanadium com-
plexes at a heating rate of 10°C min~' and a nitrogen flow-rate 40 cm?® min~'. 1, A,EMenNi; 2,

F,A,EMenNi; 3, A,EMenVO.
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Fig. 3. DTA of metal complexes at a heating rate of 15°C min~ ' and a nitrogen flow-rate 40 cm® min~
1 = A,EMenCuy; 2 = A,EMenNi; 3 = A,EMenVO; 4 = F,A,EMenCu; 5 = F;A,EMenNi; 6 =
F,AM,EMenCu. (A) Melting endotherms; (B) vaporization/decomposition endotherms and exotherms;

(C) decomposition exotherm of non-volatile residue.
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plexes were eluted at column temperatures of 220-250°C. Attemps were made to
separate the copper and nickel complexes of H,F3A,EMen and H,F;AM;EMen,
but no separation was obtained on the columns tested. However, there was an ade-
quate separation of the reagent from the complexes. The detection limits, measured as
three times background noise, on the 6 ft. x 0.085 in. I.D. column packed with 3%
OV-101 on Chromosorb W HP (80-100 mesh) were 15-30 ng for the complex.
Similarly, when copper, nickel and oxovanadium complexes of H,A,EMen
were investigated for their separation and the conditions were optimized, a complete
separation between the copper, nickel and oxovanadium complexes was obtained on
the 3m x 3 mm L.D. column packed with 3% OV-17 on Chromosorb W HP (80-100
mesh) at a column temperature of 250°C, with retention times of 11.2, 13.7 and 24 .4
min for the copper, nickel and oxovanadium complexes, respectively (Fig. 4). When
an excess of the reagent was added to the metal complex solution and the mixture was
injected under the optimized separation conditions, no interference by the reagent on
the separation of copper, nickel and oxovanadium was observed. Linear calibration
graphs for copper, nickel and oxovanadium complexes were obtained at microgram

Cu

Ni

0 8 16 24
Retention Time (min)

Fig. 4. GC separation of H,A,EMen and its Cu, Ni and VO complexes on a stainless-steel column (3 m x
3 mm 1.D.) packed with 3% OV-17 on Chromosorb W HP (80100 mesh). Column temperature, 250°C;
injection port temperature, 270°C; nitrogen flow-rate, 30 cm® min~!.
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Fig. 5. Relative GC elution of (A) (1) F,A,EMenNi, (2) F;AM,EMenNi and (3) A,EMenNi; (B) (1)
F,A,EMenCu and (2) A,EMenCy; (C) (1) F,A,EMenCu and (2) F,AM,EMenCu. Column, 3 m X 3 mm
1.D., 3% OV-17 on Chromosorb W HP (80-100 mesh). Column temperature, 250°C; injection port temper-

ature, 270°C; nitrogen flow-rate, 30 cm® min™'.

levels of the complexes injected with detection limits of 50, 40 and 50 ng of copper,
nickel and oxovanadium complexes, respectively.

In order to determine the effects of substituents on the GC elution of copper
and nickel complexes, mixtures of copper and nickel complexes of all three reagents
were injected onto the 3 m x 3 mm L.D. column packed with 3% OV-17 on Chromo-
sorb W HP (80-100 mesh) at a column temperature of 250°C, injection port temper-
ature 270 °C and nitrogen flow-rate 30 cm® min~'. Complete separations between all
three nickel complexes and separation of the copper complex of H,F3A,EMen from
those of H,A,EMen and H,F;AM,EMen were obtained (Fig. 5). It is concluded
from the separations that CF5 substitution decreases and alkyl (isobutene) substitu-
tion increases the retention of metal complexes.

The reagent H,A,EMen gave a highly promising GC separation of copper,
nickel and oxovanadium complexes, but shows no separation between copper and
nickel complexes of H,F3;A;EMen and H,F3AM;EMen. Normal- and reversed-
phase HPLC were thus investigated for the separation of metal complexes, the sep-
aration of GC with flame ionization detection was compared with that of HPLC with
UV detection.

When mixtures of copper and nickel complexes of H,F;AM;EMen and
H,F;A,EMen were injected onto a 250 mm X 4 mm I.D. column packed with
LiChrosorb Si 100 (5 um), the complexes were easily eluted with chloroform-»-hex-
ane. However, optimum separations between copper and nickel complexes of
H,F3AM,;EMen and H,F;A,EMen were obtained when eluted with chloroform-»-
hexane (10:90) and chloroform—1,2-dichloroethane-n-hexane (15:3:82), respectively
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Fig. 6. HPLC separation of copper and nickel complexes of (A) H,F;A,EMen and (B) H,F,AM,EMen.
Column, 250 mm % 4 mm LD., Si 100 (5 um). (A) Eluent, chloroform-1,2-dichloroethane—n-hexane
(15:3:82); flow-rate, 2.2 cm® min~!; detection, UV at 295 nm. (B) Eluent, chloroform-n-hexane (10:90);
flow-rate, 2.0 cm?® min~!; detection, UV at 300 nm.

(Fig. 6). The retention volumes of the copper and nickel complexes of
H,F;AM,EMen were 8.56 and 12.66 cm® and for H,F3A,EMen 14.12 and 18.44
cm?, respectively, with flow-rates of 2.0 and 2.2 cm? min ™!, respectively.

Linear calibration graphs for the copper and nickel complexes of
H,F3;AM,EMen and H,F;A;EMen using UV detection at 300 nm were obtained
over the range 0.5-6.0 ug of complex and the detection limits were 10-15 ng of metal.

Similarly, when the copper, nickel and oxovanadium complexes of H,A,EMen
were investigated for HPLC separation on the Zorbax ODS column. optimum sep-

Cu
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Fig. 7. HPLC separation of H,A,EMen and its Cu, Ni and VO complexes on a Zorbax ODS (5 um)
column. Eluent, water—methanol (25:75); flow-rate, 1 cm® min~!; detection, UV at 260 nm.
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Fig. 8. (A) Relative elution of nickel complexes on a Zorbax ODS (5 um) column. (1) F,A,EMenNi; (2)
A,EMenNi; (3) F,AM,EMenNi. Eluent, methanol-water (80:20); flow-rate, 1 cm?® min~!; detection, UV
at 260 nm. (B) Relative elution of (1) F3A,EMenCu, (2) A,EMenCu and (3) F;,AM,EMenCu on a Zorbax
ODS (5 um) column. Eluent, methanol-water (75:25); flow-rate, 1 cm® min~!; detection, UV at 260 nm.

aration was obtained when the complexes were eluted isocratically with methanol-
water (75:25), with retention volumes of 4.93, 9.75 and 12.3 cm?® for the oxova-
nadium, nickel and copper complexes, respectively, at a flow-rate of 1 cm® min L.
The reagent solution was also added to the mixture to determine its effect on the
HPLC separation of metal the complexes, and it was found that the reagent eluted
with a retention volume of 5.67 cm? and interfered with the response for the oxova-
nadium complex (Fig. 7).

The response of the detector at 260 nm was checked under the optimized condi-
tions of separation, and linear calibration graphs were obtained over the range 0.5
3.5 pg of the complex and the detection limit was 10 ng of complex.

Finally, the relative elution of the copper and nickel complexes of all the three
reagents was investigated on the Zorbax ODS column. The copper or nickel complex-
es of the ligands were mixed, injected onto the column and eluted with methanol-
water (80:20 and 75:25, respectively). Separations between the nickel and copper
complexes were obtained (Fig. 8A and B), with elution of the copper and nickel
complexes of H,F3A,EMen, followed by H,A;EMen and H,F3;AM,EMen. The
results also suggest that the CF; group slightly decreases and an alkyl (isobutane)
group increases the retention in reversed-phase HPLC, as was observed in GC.

CONCLUSIONS

The work demonstrated the applicability of GC and HPLC for the separation
of copper, nickel and oxovanadium complexes of tetradentate ketoamine Schiff bases
at microgram to nanogram levels. GC provides easy separations of copper, nickel and
oxovanadium complexes of H,A,EMen without any interference from excess of the
reagent. Similar separations were also obtained by reversed-phase HPLC, with the
reverse order of elution to that observed in GC, but the reagent interfered with
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elution of the oxovanadium complex. The separation of copper and nickel complexed
of fluorinated ligands, which was unsuccesful using GC, was easily achieved by nor-
mal-phase HPLC. HPLC with UV detection gave a greater sensitivity than GC with
flame ionization.
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ABSTRACT

Mandelic acid was investigated as an eluent for the determination of inorganic cations via dynamic
ion-exchange and *hydrophobic interaction’ chromatography. Mandelic acid displays similar complexa-
tion chemistry to a-hydroxyisobutyric acid, but it is a more hydrophobic ligand and thus the resultant
metal-ligand complexes are retained more strongly by the reversed phase surface. The retention behaviour
of transition metals, lanthanides and actinides was studied. Retention of the actinides depends on the
concentration and pH of the mandelic acid eluent, the column temperature and the concentration of
organic modifier. Increasing either the column temperature or the eluent pH above 3.5 altered the selec-
tivity between the actinides. Near-baseline separation was achieved for U, Am, Pu, Np and Th with
mandelic acid eluent using isocratic conditions.

INTRODUCTION

One of the key advantages of “‘dynamic ion-exchange chromatography” is the
ability to rapidly alter the column ion-exchange capacity and selectivity. With a-hy-
droxyisobutyric acid (HIBA) as eluent, thorium and uranium can either be eluted
amongst the lanthanides or well after them, depending on the concentration of the’
l-octanesulphonate in the mobile phase [1]. This selectivity change results from differ-
ences in the complexation chemistries and the ion-exchange equilibria of the two
classes of metal ions. Under typical HIBA eluent concentrations the lanthanides
should be predominantly in the MI3 form (based on stability constants) and are
retained largely through ion-exchange reactions with the 1-oxtanesulphonate sorbed
on the reversed-phase surface. Uranium and thorium are also retained by an ion-
exchange mechanism. However, previous studies have shown that if HIBA is used as

* Presented at the International lon Chromatography Symposium, San Diego, September 30-October 3,
1990. The majority of the papers presented at this symposium have been published in J. Chromatogr.,
Vol. 546 (1991).

® Present address: Department of Chemistry, University of Saskatchewan, Saskatoon, Saskatchewan S7N
0W0, (Canada).

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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eluent with no l-octanesulphonate present, Th(IV) and U(VI) are selectively sorbed
onto the reversed-phase support [2]. Lanthanides and a number of transition metal
ions [Cu(Il), Zn(11), Fe(Il), Fe(I1I), Mn(II), Co(II), Pb(IT) and Ni(IT)] are not signif-
icantly retained and virtually elute at the solvent front [2]. This selective sorption of
U(VI) and Th(IV) apparently results from hydrophobic interaction of the metal-
HIBA complex with the reversed-phase surface. The mechanism could be referred to
as an “‘ion-pair” separation; however, this term would downplay the complexation
chemistry which is integral to the system. Therefore, the more generic term “hydro-
phobic interaction” will be used to refer to the selective sorption. This interaction has
been used to determine U and Th in samples from ore refineries [2], to selectively
preconcentrate U from ground waters [3] and to determine uranium in mixed urani-
um-aluminium nuclear fuels [4].

Mandelic acid (phenylhydroxyacetic acid) complexes metals in a similar man-
ner to HIBA. However, since it also contains a phenyl group, it is much more hydro-
phobic than HIBA. Thus, the interaction of the mandelic acid—metal complexes with
the reversed phase would be expected to be much stronger than that for HIBA. Given
the great utility of the reversed-phase effect in the HIBA system from metal sep-
arations, this paper reports on studies of the separation chaacteristics of mandelic
acid.

EXPERIMENTAL

Apparatus

Isocratic elutions were performed with a M6000A pump (Waters Assoc., Mil-
ford, MA, USA), while gradient elutions were carried out on a Shimadzu LC610
solvent delivery system. The inlet tubing and column were thermostatted using a
Haake G refrigerating water bath. Samples were injected using a 7125 valve (Rheo-
dyne, Berkeley, CA, USA) equipped with a 100-ul sampie loop. The post-column
reagent was delivered with a syringe pump (Model M314, ISCO, Lincoln, NE, USA)
and mixed with the column effluent at a screen-tee mixer {5]. The metal complexes
were monitored using a fixed-wavelength detector (Model 441, Waters Assoc.) at
wavelengths of 546 nm for 4-(2-pyridylazo)resorcinol (PAR) and 658 nm for
2,77-bis(o-arsenophenylazo)-1,8-dihydroxynaphthalene-3,6-disulphonic acid (Arsena-
zo III). The output from the detector was recorded on a Spectra Physics computing
integrator (Model SP4100).

Initial studies performed with inactive standards (transition metals, lantha-
nides, U and Th) were performed using stainless-steel tubing for all connections. For
studies of the actinides, the tubing in the sample flow path was replaced with poly
{etherether)ketone tubing (Upchurch Scientific, Oak Harbor, WA, USA) to minimize
losses of actinides to metal surfaces.

Reagents and materials

Water used for solutions and eluents was freshly distilled and purified in a
Milli-Q deionizing unit (Millipore, Bedford, MA, USA). Acetonitrile was high-per-
formance liquid chromatographic (HPLC) grade (Fisher). pL-Mandelic acid was ob-
tained from Fluka and was used as received. Mandelic acid eluents were protected
from light to prevent decomposition. Stock solutions of sodium 1-octanesulphonate
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(0.1 mol 17%, CgSO3) and 1.5 - 1073 mol 17! Arsenazo III were purified using a
Dowex 50W-X8 cation exchanger in the NH{ form. The Arsenazo III solution con-
tained 0.1 mol I ™! urea to prevent oxidation, and was diluted to the desired concen-
tration (1.5 - 10™*mol 17*) with 0.1 mol 17! HNO; prior to use. The PAR post-
column reagent (2 - 10~* mol 17') also contained 2 mol 1~ ! ammonia and 1 mol 17!
acetic acid. All HPLC eluents were filtered through 0.45-um filters. Other chemicals
were reagent grade.

Transition metal and lanthanide standards were prepared from SPEX Indus-
tries (Metuchen, NJ, USA) standards. Plutonium, neptunium-237 and americi-
um-241 standards were prepared in 8 mol 17! HNO; and were obtained at the Chalk
River Laboratories. Their concentrations were determined by a-spectrometry.

Preliminary studies were performed using a 150 mm x 4.6 mm L.D. stainless-
steel column packed with 5-um Supelcosil C, 5 packing (Supelco, Oakville, Canada).
A 100 m x 4 mm glass-lined column packed with 3-um Spherisorb was used for all
other work. This latter column was slurry-packed at 5000 p.s.i. from a solvent mix-
ture  of methanol-isopropanol-cyclohexanol-cyclohexane—-1,1,1-trichloroethane
(10:5:10:5:70, v/v) [6].

RESULTS AND DISCUSSION

Lanthanides

Since HIBA is most commonly used for the separation of the lanthanides [7-9],
this application of mandelic acid was studied. Using a mandelic acid gradient con-
taining 0.01 mol 1" * CgSO3 all fourteen lanthanides can be separated (Fig. 1). Unlike
the comparable gradient using HIBA, Th(IV) and U(VI) are well separated from the
lanthanides. The cause of the baseline shift evident in Fig. 1 is not known. Passage of
the stock mandelic acid solution through a Dowex 50W x 8 cation-exchange column
did not affect the baseline.

]0.02 AU
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Fig. 1. Gradient separation of lanthanides, Th(IV) and U(VI) using mandelic acid and l-octanesulphonate.
Column 3-ym Sphefisorb C, 4, 100 x 4.0 mm 1.D.; eluent 0.14 mol 1~ ! mandelic acid (pH 4.1) to 0.50 mol
17! mandelic acid (pH 4.1) over [5 min, [C,SO;] constant at 0.01 mol 1™*; flow-rate, 1.0 ml min~!;
Temperature, 23°C] injection, 100 gl of 1 mg 1~ ! each of Lu, Yb, Tm, Er, Ho, Dy, Tb, Gd, Eu, Sm, Nd, Pr,
Ce and La plus 2.5 mg 17! U and Th; detection, post-column reaction with Arsenazo I1L.
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While the separation shown in Fig. 1 is excellent, the chromatographic effi-
ciencies (H = 0.009 mm for La) and the separation of the lanthanides are inferior to
those obtained with H]BA [1,5]. With HIBA, the lanthanides are retained solely
through ion exchange within the charged double layer which is formed when the
hydrophobic 1-octanesulphonate modifier sorbs onto the reversed-phase surface.
However, with mandelic acid, metal ions may be retained through either an ion-
exchange or hydrophobic interaction mechanism. The degree to which the lantha-
nides retention is dictated by each mechanism is shown in Fig. 2 where the retention
times under isocratic conditions are plotted versus eluent pH. As the pH is increased
from pH 3.0 to 4.2, the proportion of mandelic acid which is ionized increases (pK, =
3.19 [10]). For a pure ion-exchange mechanism, the retention times should decrease
with increasing pH in proportion to the concentration of ionized mandelic acid pres-
ent (about two-fold increase in ionized mandelic acid over the pH range 3.2 (pK,) to
4.2). Alternatively, for the hydrophobic interaction mechanism retention should in-
crease, as illustrated by U(VI) and Th(IV) in Fig. 2. The retention of La and Sm
decreases with increasing pH indicating that the mandelic acid system lanthanide
retention is largely due to ion exchange with the sorbed 1-octanesulphonate. None-
theless, the change in retention time observed for La and Sm is smaller than would be
expected for pure ion exchange, and Sm shows a small increase in retention at the
higher pH values studied. Thus, some retention is believed to be due to the hydro-
phobic interaction of the lanthanide—mandelic acid complex with the surface, in addi-
tion to the dynamic ion exchange.

This conclusion is supported by ihe results obtained when mandelic acid alone
is used as eluent (i.e., no CgSO; modifier in the eluent). A separaration of the rare-
earth elements is still possible (Fig. 3c). Interestingly, the order of elution of the
lanthanides is the same as observed with the ion-exchange modifier; however, only the
first seven heavy lanthanides are well separated; the lighter lanthanides essentially
co-clute.

40 —

I

0 I {
3.0 35 4.0

ELUENT PH (0.25 M Mandelic/0.01 M (3S03)

RETENTION TIME (minutes)

Fig. 2. Effect of pH of mandelic acid eluent on lanthanide and actinide separation in the presence of
l-octanesulphonate. Column, same as Fig. 1; eluent, 0.25 mol 1! mandelic acid with 0.01 mol 17! CgS05;
flow-rate, 0.8 ml min~?; column temperature, 23°C; injection, 100 gl of 1.0 mg 17! La and Sm and 2.5 mg
17! U and Th; detection, post-column reaction with Arsenazo I111. @ = U; O = Th; x = La; + = Sm.
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Fig. 3. Metal-ion separation with mandelic acid alone. (a) Transition metals; (b) zirconium; and (c) lantha-
nides, Th and U(VI). Column, 5-um Supelcosil C, 4, 150 x 4.6 mm L.D.; Eluent, 0.5 mol 17! mandelic acid
at pH 3.2; flow-rate, 1.0 ml min ™ '; column temperature, room temperature; injection, 1-2.5 mg 1~ ! of each
metal; detection, post-column reaction with PAR for the transition metals and Zr and with Arsenazo III
for the lanthanides, Th and U(VI).

Transition metals

If HIBA is used without an organic ion-exchange modifier, the transition met-
als are unretained and coelute [2]. Using mandelic acid alone, however, a number of
transition metals can be separated, as shown in Fig. 3. The transition metals elute
prior to the lanthanides and actinides, although there is some overlap with the heavier
lanthanides. For Mn(II), Co(I), Ni(II) (not shown in figure), Zn(II) and Cu(Il) the
retention order is opposite to that observed using HIBA with an ion-exchange col-
umn [3], reflecting the opposite effect of complex formation in the two modes of
chromatotgraphy. Pb(IL), however, shows unexpected behaviour. Normally, Pb(II),
elutes between Zn(II) and Ni(II) in the HIBA ion-exchange system and yet in the
mandelic acid system it elutes later. Unfortunately, stability constants for the Pb(IT)—
mandelic acid system are not available, so its is not known whether the retention
behaviour results from differences in complexation reactions of HIBA and mandelic
acid towards Pb(II), or if the retention mechanism is different for this metal.

Cu(Il) also displayed interesting behaviour in the mandelic acid system. The
retention of Cu(II) relative to the other transition metals varied with eluent concen-
tration and pH, while no other changes in selectivity for the other transition metal
studied were observed. Increases in the concentration of the mandelic acid in the
eluent improved the symmetry of the Cu(II) peak, but changes in eluent pH did not.

Fig. 3b shows the retention of Zr under the same chromatographic conditions
as for the transition metal separation shown in Fig. 3a. In order to prevent hydrolysis
of Zr prior to complexation with mandelic acid, it was necessary to react Zr directly
from a strong acid (8 mol 172 HNO;) solution with the mandelic acid. The pH was
subsequently adjusted to match the eluent conditions. Standards were stable only at
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concentrations less then 10 mg 17*. More concentrated standards would precipitate
upon standing. Hydrolyzed Zr eluted in the void volume. The Hf-mandelic acid peak
could not be identified in this system. Subsequent test-tube experiments showed that
the HF-PAR complex does form, but the kinetics of the complex formation is slow
and so no significant colour formation occurred in the low dead-volume post-column
_reactor [5].

Fe(II) and Fe(IlI) were also separated using this system. Fe(III) eluted in the
same time region as the heavy lanthanides, but the mandelic acid reduced Fe(III) in
situ, resulting in Fe being distributed between the Fe(I1T) and Fe(III) peaks. Ca(Il) was
found to elute at a similar retention time to that of Mn(IT).

Actinides

Previous studies have shown that HIBA, in the presence of 1-octanesulphonate,
elutes the higher oxidation states of the actinides ahead of the lanthanides [1,11,12].
Significant retention of actinides such as Pu has only been achieved in the HIBA-
CgSOj3 system by reducing the actinides to their + 3 oxidation state [11]. Unfortu-
nately, under these conditions the +3 state is not stable for either Pu or Np. In
addition, Am(IIT) and Pu(lIIl) elute in close proximity to one another (resolution,
R;=1.1) leading to difficulties in their subsequent determination by a-spectrometry
since Pu-238 and Am-241 emit « particles of very similar energy.

The use of HIBA alone (i.e., no CgSO73 present) has been shown to be a selec-
tive means of separating uranium from other metal ions [2-4]. Unfortunately, similar
success is not possible for the other actinides using HIBA. Fig. 4 shows the separation
of Th, U, Np, Pu and Am using HIBA alone. U(VI) and Th(IV) are strongly retained
as has been reported previously [2-4]. However, Am(III) is only weakly retained and
Pu(IV) co-elutes with Th(IV). The Np(IV) is separated from Th(IV), but some Np

Np(¥}
Pu(¥) Thilx)
Am{l)
w
g Pu(l¥)
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Fig. 4. Separation of actinides using HIBA in the absence of 1-octanesulphonate present. Column, 5-um
Supelcosil C, 4, 150 x 4.6 mm 1.D.; eluent; 0.16 mol 17! HIBA (pH 4.5) with 4% methanol; flow-rate, 2.0
ml min~!; column temperature, room temperature; injection, 0.3 mg 1~ ' Am and 3.0 mg 1! each U, Th,
Pu and Np; detection: post-column reaction with Arsenazo III.
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Fig. 5. Gradient elution of actinides using mandelic acid and [-octanesulphonate. Column, 3-pm Spheri-
sorb C,g, 100 x 4.0 mm 1.D.; Eluent, 0.19 mol 1~ ! mandelic acid (pH 4.1) to 0.50 mol 17! mandelic acid
(pH 4.1) over 15 min, [C,5SO5] constant at 0.01 mol 17*; flow-rate, 1.0 ml min~'; temperature, 23°C;
injection, 100 ul of 1.0 mg 17" Y, 2.5 mg 1™ ! of Th(IV) and U(VI), 0.3 mg 1~ Am and 2.5 mg 1! Pu.

also exists as NpO3, and elutes at the solvent front. Furthermore, some changes in
the Np and Pu oxidation states were observed when standards were allowed to stand
in HIBA for a few days.

Use of mandelic acid-1-octanesulphonate as the mobile phase results in greater
retention of the actinides than is possible with HIBA, as seen in Fig. 5. Under these
conditions Am(III) elutes at the same retention time as would Sm, while Pu(IV) elutes
as a broad peak just after the lanthanides (Fig. 1) and is followed by Th(IV) and
U(VI). Interestingly, the elution order of Th(IV) and U(VI) reverses when 1-octane-
sulphonate is removed from the mandelic acid eluent. This differs from the behaviour
observed with HIBA, where U(VI) is more strongly retained than Th(IV), regardless
of the presence or absence of 1-octanesulphonate.

Unfortunately, the strong retention of mandelic acid on the reversed-phase
support results in slow re-equilibration of the column to the initial gradient condi-
tions, and thus limits the usefulness of mandelic acid to isocratic chromatography.
Nevertheless, an excellent separation of the actinides can be achieved using mandelic
acid alone under isocratic conditions (Fig. 6). Pu(IV) is stable for indefinite periods in
mandelic acid solutions and can be quantitatively recovered from the system (Table
I). Some tailing of the Pu-239 peak is evident in Table I, but this is believed to result
from Pu retention on metal surfaces present in our fraction collection line. Am-241
was also quantitatively recovered (105% for a 84-ng injection), with 93% being pres-
ent in the expected fraction. Np was recovered in two fractions, corresponding to the
+4 and + 5 oxidation states, with the latter eluting at the solvent front. Np can be
reduced quantitatively to the +4 state by addition of Fe(II) to the sample; however,
this also causes some reduction of the Pu(IV). The poor recovery of Np in Table I is
believed to result from the increased background in the a-spectrum from Pu present
in the Np fraction. Similar difficultics made the determination of Np-237 in the origi-
nal mixed actinide standard impossible.

In order to achieve the separation shown in Fig. 6 a number of factors must be
optimized or controlled. The temperature of the eluent strongly affected the selec-
tivity, as can be seen in Fig. 7. While both enthalpic and entropic behaviour was
observed upon altering the temperature, the most marked temperature dependence,
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Fig. 6. Separation of actinides using mandelic acid alone. Column, 3-um Spherisorb C,, 100 % 4.0 mm
LD., eluent, 0.50 mol 17! mandelic acid (pH 3.2) with 5% acetonitrile; flow-rate, 0.8 ml min~!; temper-
ature; 23°C; injection, 100 ul of 3.0 mg 17! of Thand U(VI), 0.3 mg!™! Am, 3.0 mg!™' Puand 3.0 mg 1™
Np; detection, post-column reaction with Arsenazo III.

TABLE 1

DISTRIBUTION OF Pu, Np AND Am IN VARIOUS FRACTIONS COLLECTED DURING ISO-
CRATIC ELUTION WITH MANDELIC ACID ALONE

Chromatographic conditions: column, 3-um Spherisorb C18, 100 x 4.0 mm 1.D.; eluent, 0.50 mol 17!
mandelic acid (pH 3.2); flow-rate, 0.75 ml min~'; temperature, 25°C; injection, 100 ul of 2.5 mg 17! of Th,
Y and U(VI), 100 mg1~! Sr and Ca and actinides as indicated in table; detection, fraction collection and
subsequent ‘a-spectrometry on 100 ul of fraction (precision is £10% due to variability in plate prep-
aration).

Fraction Weight of Pu-239 Weight of Np-237  Weight of Am-241
collection (ng) (ng) (ng)
times (min)

04 0.8 69 0.02

4-8 1.0 - 0.02

8-12 - - 82
12-18 - - 5
18-22 - ) - 0.9
22-27 20 - -
27-32 710¢ - -
32-36 75 360 -
36-40 13 - -
40-44 9 - -
44-48 7 - -
48-52 4 - -
Total mass 840 429 88
recovered (ng)
Mass injected (ng) 860 830° 84
Recovery (%) 97 52 105

“ Possibly Pu-240 present.
® Np-237 was not detected in the mixed standard by a-spectrometry due to the presence of plutonium.
Quantity indicated is from analysis of pure Np-237 standard used to prepare the solution injected.
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Fig. 7. Effect of temperature on separation of actinides using only mandelic acid. Conditions as in Fig. 6,
except that the column temperature is varied.

and the only one which actually resulted in a selectivity change amongst the actinides
was that for Th(IV). Above 27°C Th(IV) will overlap with the Pu(IV), so a temper-
ature of 23°C was used for the actinide separations.

Increasing the pH of the eluent over the range 2.0-4.2 resulted in an increase in
the actinide retention (Fig. 8), as would be expected from the increasing hydrophobic-
ity of the metal ligand complexes. At low pH the actinides elute in two groups: the
early-eluting group consisting of U(VI) and Am(III) and the later group of Pu(IV),
Th(IV) and Np(IV). As the pH is increased up to a pH of 3.6 the order of elution is as
shown in Fig. 6, but at pH 3.8 Pu(IV) elutes before Th(IV). Extension of this study to
higher values of pH was precluded by the long retention times. Nevertheless, studies
using lower mandelic acid concentrations have shown that at pH > 4 Pu(1V) will
elute prior to U(VI). Unfortunately, Np(IV) also shows reduced retention relative to
Th(IV) and U(IV) at pH > 4, resulting in poor separations between Th(IV) and
Np(IV).

Increasing the mandelic acid concentration in the eluent showed an unexpected
effect. Previously, it had been observed that increases in the HIBA concentration in
the eluent results in small increases in the retention times of U(VI) and Th(IV) [2]. In
the mandelic acid system (Fig. 9), increases in the concentration of mandelic acid (pH

60.0 —

e Np(l¥)
7 500+ / i)
5
P
E sool » + Pulld)
£ X U(d)
¥ +
= 300 o
3
E 200k / x *
:‘_J /’?o
w x {
[ o % Ani
100 _F___,,,__——_::S/x/./o
o | 0005 M " [ 01M 0.25M | DISSOCIATED
20 30 40

ELUENT PH {0.5M Mandelic)

Fig. 8. Effect of eluent pH on separation of actinides using only mandelic acid. Conditions as in Fig. 6,
except for eluent pH.
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Fig. 9. Effect of mandelic acid concentration on retention of actinides. Conditions as in Fig. 6, except for
the mandelic acid concentration.

3.2) from 0.3 to 0.6 mol 17! resulted in significant decreases in the retention time.
Only the retention of Am(ITI) was studied below eluent concentrations of 0.3 mol ™!
due to the long retention times under these conditions. Below a mandelic acid concen-
tration of 0.1 mol 1 "7 the retention of Am(I1I) was observed to decrease with decreas-
ing concentration. However, under these conditions the Am(I1I) peak was extremely
broad and displayed poor peak shape.

Two explanations are possible for the results in Fig. 9. First, increases in the
mandelic acid concentration result in the formation of anionic metal-ligand complex-
es which have a lower retention than cation complexes. However, if this were the case,
then a similar decrease in retention should be observed for increases in the eluent pH
(Fig. 8) but the opposite was actually observed, i.e., the retention increased with pH.
Furthermore, if formation of anionic complexes were the cause of the decreased
retention, then some selectivity changes should be observed as a result of the different
formation constants for the metal-ligand complexes. Again this effect was not ob-
served. Therefore the formation of anionic metal-ligand complexes is not believed to
be responsible for the reduced retention observed for increased eluent concentration.

A second explanation is that the protonated mandelic acid is competing with
the actinide-mandelate complex for adsorption onto the reversed-phase surface. Es-
sentially, the protonated mandelic acid is believed to act like an organic modifier.
Additions of a more conventional organic modifier, e.g., acetonitrile, over the range
0-20% (v/v) also resulted in reduced retention of the actinides without alteration of
the selectivities. This is analogous to the behaviour previously observed with the
U(VI)-HIBA system [2]. Unlike the U(VI)-HIBA system, however, no significant
improvements in peak shape were observed using methanol rather than acetonitrile
[4]. Nevertheless, these results do suggest that the primary effect of increased mandel-
ic acid concentration is to act as an organic modifier, resulting in more rapid elution
of the actinides.
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CONCLUSIONS

Mandelic acid is not as efficient an eluent for dynamic ion-exchange separations
of transition metals and lanthanides as is HIBA. This is due to the more hydrophobic
character of mandelic acid causing increased hydrophobic interaction with the sta-
tionary phase, resulting in poorer efficiences than those obtained with the dynamic
ion exchange.

Nevertheless, the hydrophobic interaction of the mandelic acid—metal ion com-
plexes with reversed-phase surfaces displays useful selectivities for the separation of
actinides, both from each other and from other metals. Use of mandelic acid alone as
the eluent results in the separation of metal ions primarily based on the charge on the
cation: +2 transition metals elute early, followed by + 3 species such as the lantha-
nides, and finally the +4 species such as many of the actinides.

Actinide retention is enhanced by increasing the eluent pH or by decreasing the
concentration of either the mandelic acid or the organic modifier (acetonitrile) in the
mobile phase. Selectivity can be altered either by changing the eluent pH over the
range 3.5-4.5 or by changing the column temperature.

Studies are now underway to investigate the suitability of this system for the
determination of actinides in low-level radioactive waste, and of lanthanides in urani-
um fuels.
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ABSTRACT

A new mode of detection in ion chromatography called “kinetic detection” is suggested. The tech-
nique uses an ion chromatograph with a conductimetric detector and a multichannel flow mounting with
a spectrophotometric detector. The potassium bromate degradation reaction in hydrochloric acid acceler-
ated by reducing anions, is used as a model indicator system. The sensitive determination of §2~, S0z,
8,037, SCN™ and NO; has been performed. The simultaneous determination of weak and strong inor-
ganic acid anions is shown to be possible.

. INTRODUCTION

The determination of anions of weak inorganic acids, in particular sulphur-
containing anions, is an important analytical problem. Ion chromatography is
a convenient method for the determination of sulphur as anions [1-4], and can be used
to determine S*~, SO3~, SO}, S,0%7, $,03 7, $,027, S,027, S,02~ and SCN~ in
the presence of other inorganic anions [5-8]. However, it is difficult, in most instances,
to ensure the selective and sensitive determination of all such components of
complicated samples by conventional ion chromatographic techniques. It seems
reasonable to use a chromatograph with several detectors, each of which is selective for
one or a number of anions.

The authors’ laboratory uses a conventional ion chromatograph with a con-
ductimetric detector in combination with a so-called “kinetic detector”. The latter is
a multichannel post-column kinetic reaction with spectrophotometric detection. The
degradation of potassium bromate in hydrochloric acid is accelerated by $27,SCN ™,
S03%-, 5,037, NO; or AsO;7 [9,10] and has been used as an indicator reaction. This
method makes it possible to determine small concentrations of weak acidic anions and
other inorganic anions (F~, CI~, NO3, HPO3~, SO2™) simultaneously, because the

0021-9673/91/%03.50 © 1991 Elsevier Science Publishers B.V.
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former are not recorded by the conductimetric detector and the latter do not affect the
indicator reaction.

EXPERIMENTAL

A Biotronik IC-5000 ion chromatograph with a 100 x 3 or 100 x 4 mm
separator column and a 150 x 6 mm suppressor column, a conductimetric detector,
and a Chromatopac CR 2A integrator were used. Oka-1 and Anieks N were used as the
separator resins. Sodium carbonate solutions of various concentrations were used as
eluents. The flow system for kinetic detection consisted of two Zalimp PP-2-15
peristaltic pumps, several reaction coils and pipelines, and a Biotronik BT-3030
spectrophotometric detector with a recorder. The inner diameter of all the pipelines
was 0.7 mm and that of the reaction coils was 1 mm. The pH was controlled with a glass
electrode using an EV-74 ionometer.

All solutions were prepared from dry analytical reagent-grade chemicals using
doubly deionized water. Solutions containing S*~, SO%~, S,0%™ and SCN™ were
prepared daily.

RESULTS AND DISCUSSION

Kinetic detection

Kinetic detection was accomplished in a multichannel flow system which was
coupled to an ion chromatograph connected to a conductimetric detector. The
indicator kinetic reaction, which is accelerated by the sample components, is
performed; the sample components are detected spectrophotometrically after separa-
tion on a column.

Fig. 1. Schematic diagram of an ion chromatographic experimental arrangement with kinetic detection.
U, = Flow of methyl orange solution in hydrochloric acid; U, = potassium bromate flow; U; = eluent
flow; 1,2 = peristaltic pumps; 3 = ion chromatograph pump; 4 = injection valve; 5 = separator column;
6 = suppressor column; 7 = conductimetric detector; 8 = integrator; 9 = spectrophotometric detector;
10 = recorder; L;, L, = reactors.
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lon chromatograph with kinetic detection

The degradation of potassium bromate in hydrochloric acid, one version of the
Landolt system, was used as the indicator reaction, the catalysts being $2~, SO2~,
NO;,SCN™, S,037, Br~, I™ and AsO; [9,10]. The study was carried out using the
arrangement shown in Fig. 1.

The sample was injected into the eluent flow stream (U,). After separation, the
sample components were detected conductimetrically, then the eluent was mixed with
the flows of potassium bromate (U,) and methyl orange in hydrochloric acid (Uy.
Through the reaction coil (L,) the flow was driven into the flow cell of a spectro-
photometric detector, where the absorption of the solution was measured (asaresult of
the reaction, the methyl orange became colourless, and the determination was
accomplished over negative peaks).

Choice of flow system parameters

To provide sensitive detection with effective separation and minimum sample
dispersion in the flow, the optimum experimental conditions were determined. It is
known that the rate of the indicator reaction is proportional to [KBrOs)and [H*][2];
however, the rate of the non-catalysed process increases considerably with increasing
concentrations of the reactants. The determination of the sensitivity depends on the
concentration of the indicator substance. However, at the same time, a high
concentration of methyl orange causes noise and drift of the bascline. The results of the
experiments have shown that the optimum parameters are as follows: flow-rates,
U, = U; = 0.5ml/min, U3 = 1.5 ml/min; reactor lengths, L, = 40 cm, L, = 1500 cm,
initial concentration, Cyq [Methyl orange] = 1074 M, Clinitiany [HC = 2.5-1071 M,
Ciinivian [KBrOs} = 1.5-1072 M, sample volume = 100 ul, time of sample in the
system = 4.5—7.5 min, spectrophotometric detector wavelength = 522 nm.

A dual-column variant of ion chromatography has been used. It was found that
the suppressor column does not affect the spectrophotometric determination of the
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Fig. 2. Chromatogram of a solution of 2 ppm F~ (1), 5 ppm Cl~ (2), 3ppm 827 (3), 25 ppm NOJ (4), 50
ppm HPOi‘ (5), 6 ppm SO%' (6) and 50 ppm SO2~ (7). Column, 100 x 3 mm (Oka-1). Eluent. 0.0025
M sodium carbonate (1 ml/min). Solid line = conductimetric detector output; dotted line = spectro-
photometric detector output.

Fig. 3. Chromatogram of a solution of 2 ppm F~ (1), 5 ppm C1~ (2), 25 ppm NO; (3), L ppm NO; (4), 20
ppm HPO? ™ (5), 12 ppm SO2~ (6) and 20 ppm SOZ™ (7). Eluent, 0.0015 M sodium carbonate (1 ml/min).
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Fig. 4. Chromatogram of a solution of 5 ppm Cl1~ (1), 50 ppm SOZ~ (2),0.2 ppm $>~ (3) and 1 ppm SCN~
(4). Column, 100 x 4 mm (Oka-1). Eluent, 0.006 M sodium carbonate (1.5 mi/min).

Fig. 5. Chromatogram ofa solution of 5 ppm C1~ (1), 50 ppm SO.~ (2), 1 ppm 8~ (3), 2 ppm SO}~ (4) and
5 ppm $,027 (5). Column, 100 x 3 mm (Oka-1). Eluent, 0.005 M sodium carbonate (1.5 ml/min).

catalyst anions. In addition, it decreases the conductimetric signal of the weak acid
anions, and these anions do not affect the conductimetric determination of other
sample components.

Determination of inorganic anions

The determination of weak inorganic acid anions simultaneously with strong
acid anions is a complicated analytical task. The described experimental arrangement
allows such a determination. Figs. 2-5 show chromatograms of mixtures containing
F~, §*, ClI7, NO;, NO;, HPO3~, SO%~, SOZ~, S,03 and SCN~, separated
using the sorbent Oka-1. Figs. 2 are 3 are examples of the simultaneous determination
of F7, C17, §27, NOj, HPO2Z~, SO3~ and SO3~, and of F~, CI7, NO;, NOj,
HPO3~, SO%~ and SOZ, respectively. Examples of the simultaneous determination
of weakly and strongly retained anions are shown by the chromatograms of Figs. 4 and
5. The reducing anions are detected kinetically; the other anions are detected

[ S E—
0 4 8 min

Fig. 6. Chromatogram of a solution of 2 ppm F~ (1), 5 ppm Cl~ (2), 0.2 ppm $*~ (3) and 5 ppm SO.™ (4).
Column, 100 x 4 mm (Anieks N). Eluent, 0.004 M sodium carbonate (1.5 ml/min).
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conductimetrically. Using two detectors provides a rapid determination; for example,
the determination of a mixture of F~, S2~, CI~ and SO~ can be achieved in 7 min
(Fig. 6).

The detection limits calculated for a signal-to-noise ratio of 3:1 are (in ppm): 0.01
(827), 0.05 (SO37), 0.05 (S,037) and 0.06 (SCN™). These are essentially lower than
the detection limits for conductimetric detection in single-column (direct and indirect
methods) ion chromatography. The determination of the maximum concentration for
each anion depends on the conditions of each individual task. The upper limit of the
linear operating range of the calibration graphs is 50 ppm for-each anion. The relative
standard deviation in the determination of 1 ppm of $27, 8037, S,0%™ and SCN " is
6%. The determination of 1 ppm of §*7, SO3~, SO;~, S,03~, SCN~ and NOj is
influenced by the presence of 0.01 ppm Br ™, 0.1 ppm I, 1000 ppm F ~, 1000 ppm C1~,
500 ppm NOj3, 500 ppm SO3 ™, 500 ppm HPO3~ and 500 ppm CO2~. All anions with
reducing properties also affect the determination.

CONCLUSIONS

A new mode of detection in ion chromatography called “kinetic detection”
has been proposed. The approach demonstrated makes it possible to solve a number of
ion chromatographic problems, including the sensitive determination of sulphur-
containing inorganic anions and the simultaneous determination of weak acid anions
and strong inorganic acid anions.
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ABSTRACT

More than 60 fatty acids (as oxazolines) were identified in soil oligotrophic bacteria by capillary gas
chromatography-mass spectrometry. The fatty acids covered the whole range from enanthic to cerotic acid
and included both saturated and, to lesser extent, even monoenoic acids. Linear non-hydroxy and/or
3-hydroxy and branched-chain acids (iso- or anteiso) were also detected. Palmitic and stearic acid were
major acids. Some species were found to contain unusual fatty acids; e.g., Arcocella flava contained almost
20% of caprinic acid and Blastobacter novus more than 6% of 3-hydroxyisopentadecanoic acid (i-3-
OH-15:0). Very unusual hydroxy fatty acids, e.g., 3-hydroxy-S-dodecenoic acid, were identified in three
strains.

INTRODUCTION

The study of oligotrophic soil bacteria is very complicated, e.g., because of their
difficult cultivation. Only a few papers have therefore dealt with these unique bacteria
{1,2].

Gram negative bacteria are characterized by a variable content of fatty acids
(FAs). In addition to their typical representatives (e.g., Escherichia coli), much atten-
tion has been paid to the structure of lipopolysaccharides of clinically important
pathogens, such as Salmonella and Legionella [3-5]. This structure is very complicat-
ed, the unifying component being the type of fatty acids present. Straight-chain fatty
acids are saturated or monoenoic and are often observed. Branched-chain fatty acids
may also be found, most frequently iso- and/or anteiso. In both types, the acids are
often substituted by a hydroxy group at C-2 or -3.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Identification of fatty acids in oligotrophic soil bacteria has been carried out
several times [6,7]. Unfortunately, in these attempts many peaks remained unidenti-
fied, even though capillary gas chromatography-mass spectrometry (GC-MS) was
used. In another publication on soil bacteria [8], some FAs were identified by using
reversed-phase high-performance liquid chromatography (RP-HPLC) and GC-MS
on packed columns.

Based on our previous results, we performed also this identification using capil-
lary GC-MS [9,10]; the number of FAs identified showed a tenfold increase com-
pared with similar published data. The fatty acid analysis was carried out even in
unique soil oligotrophic bacteria.

EXPERIMENTAL

Bacterial isolates and growth conditions

All the bacteria used were from the collection of the Institute of Microbiology,
Moscow, USSR. Arcocella aquatica NO.502, Hyphobacter diversus NP-802, Pedoder-
matophilus paradoxus NP-801, Flectobacillus major and Spirosoma linguale No. 1
were grown on PYG medium [peptone-yeast extract-glucose, 0.1% (w/v) each]. Geo-
dermatophilus obscurus NP-800 was grown on yeast extract (0.5%), glycerol (5%) and
calcium carbonate solution (0.1%). Blastobacter novus NP-141, Renobacter vacuola-
tum strains NP-300-W, NP-300-G and VZ-9, Methylbacterium sp. No. 5 were grown
on medium [11] No. 337 with 1% or 0.3% (strain NP-141) methanol. All the strains
were grown aerobically to the stationary phase (5-8 days at 28°C). The cells were
harvested by low-speed centrifugation, washed with 0.1 M sodium chloride solution
and stored at —25°C.

Derivatization and GC-MS identification

Methyl esters of corresponding fatty acids were prepared by alkaline hydrolysis
and reaction of free acids with boron trifluoride-methanol {9]. The oxazolines and/or
their trimethylsilyl (TMS) ethers were prepared using a modification of published
methods [12,13] (method b, e.g., lower temperature method): 5 mg of dicyclohexylcar-
bodiimide (Sigma, St. Louis, MO, USA) were added to a solution of 5 mg of FAs
(free form) in 1 ml of dichloromethane. After stirring (10 min), 5 mg of 2-amino-2-
methylpropanol (Sigma) were added (20°C, 4 h). The evaporated mixture was dis-
solved in 1 ml of diethyl ether and treated with 0.5 ml of thionyl chloride (20°C, 1 h),
washed with ice-cold water and dried (anhydrous sodium sulphate). The eluate was
evaporated, dissolved in pyridine (0.5 ml) and heated with trimethylsilyl chloride
(50°C, 4 h).

Methyl esters were identified and quantified (by total ion current) in a Shimad-
zu (Kyoto, Japan) QP-1000 apparatus equipped with a fused-silica capillary column
(60 m x 0.32 mm I.D.) coated with a 0.25-um layer of SPB-1 (Supelco, Gland,
Switzerland); splitless injection was used, with helium as carrier gas. Replacement of
helium by hydrogen improved the elution and resolution only slightly (ca. 5-7%).
The oven temperature was programmed from 100 to 320°C at 4°C/min. The mass
spectrometer was operated with an ionization energy of 70 eV and an electron mul-
tiplier voltage of 2.5 k'V.

TMS ethers of oxazolines were identified under similar conditions to the methyl
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esters, except that the column temperature was programmed from 150 to 330°C at .
5°C/min.

RESULTS AND DISCUSSION

The separation and identification of more than 60 peaks representing FAs typ-
ical of oligotrophic bacteria is shown in Table I. About half of the FAs had not
previously been described in these microorganisms. Straight-chain FAs, iso-, anteiso-
and monoenoic acids were identified.

The amount of straight- and branched-chain FAs (iso- and anteiso-) was large.
Fewer than 15 of the total of 32 peaks were identified in a previous study [6] on soil
bacteria. Therefore, the presence of almost 35 non-hydroxy saturated FAs is not so
striking. The major fatty acids were, as usual, saturated with an even number of
carbon atoms in the molecule (e.g., 14:0, 16:0, 18:0). Other FAs were much more
variable; for example, the series i, ai and/or n FAs were present, from C; 5 up to Cyy.

Monounsaturated FAs were separated on a capillary column and, in some
instances, two positional isomers were identified. Only one positional isomer has
previously been identified [6,8] in oligotrophic soil bacteria. On the basis of the mass
spectra of 2-alkenyl-4,4-dimethyloxazolines, two possible structures (n—9 and n—7)
were detected; the former was markedly prevalent. By using these derivatives [12,14]
we were able to identify monoenoic acids even in the complex mixture obtained from
oligotrophic bacteria. The derivatization of FAs to their oxazolines has a great ad-
vantage because, as reported by Yu et al. [15], their elution temperature is only 5°C
higher than that for fatty acid methyl esters (FAMES). Fig. | shows one of the most
interesting parts of the chromatogram, i.e., that including the range from 12:0 to 14:0.
Also, part of the mass spectrum of tentative 3-OH-12:1 is depicted (see caption of Fig,.
D).

Another interesting group of FAs found in soil bacteria are hydroxy acids. In
some work they have been neglected, probably because of their poor identification by
GC (lack of standards). In keeping with literature data [4,6], most hydroxy acids
exhibited a chain length of Co-C,4. In this study the majority were C,,~C,s. Both
normal and iso-hydroxy acids have been observed (3,4], albeit in other genera of
Gram negative bacteria. We detected a higher content of FAs with an odd number of
carbon atoms in the molecule, in contrast to the previous work [4,6].

Also, a 3-hydroxymonoenoic acid was identified, in the molecule of which the
position of the double bond was thought.to be between C-5 and -6 (see also the
caption to Fig. 1). In the only work known [16], the position of the double bond in
monoenoic 3-OH-FA was shown to be between the C-5 and -6 (determined by means
oxidative splitting with potassium permanganate). '

To our knowledge, FAs longer than C,, have not been detected in soil oli-
gotrophic bacteria. The presence of very long-chain fatty acids (VLCFAs), i.e., acids
having more than 24 carbon atoms in the molecule, is unusual and these acids have
not yet been found in oligothrophic bacteria, although they are described in a report
on FAsin soil [17]. As mentioned by Nikitin et al. [18], oligotrophic bacteria represent
a major part of soil biomass and, therefore, the presence of VLCFASs in these mi-
croorganisms is not surprising. C,4 acids dominated; 24:0 was always present with the
exception of the genus Methylobacterium. In the strains NO-300-G and VZ-9 of the
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TABLE 1
FATTY ACID COMPOSITION OF SELECTED OLIGOTROPHIC BACTERIA (IN MOL. %)

Fatty acid®  Arcocella  Blastobacter Flectobacillus ~ Geodermatophilus Hyphobacter
aquatica novus major obscurus diversus

7.0 1.10 0 0.75 0 0.12

8:0 098 0 0.46 0 0.61

9:0 0.28 0 0.31 0.07 0.11

10:0 17.23 0.13 10.58 0.12 0.79

3-OH-9:0 0.56 0.59 0.42 0 0.30

11:0 337 2.01 0.98 0.08 1.09
i-5-12:1 0 0 0 0.21 0

3-OH-10:0 0 0 0 0.13 0.24
i-1220 0 0 0 0.11 0

12:0 6.45 9.44 8.71 0.53 2.49

i-3-OH-11:0 0 0 0 0.12 1.46

3-OH-11:0  0.56 0.15 0.63 0.41 5.64
i-13:0 0 0 0 0.26 0
ai-13:0 0 0 0 0.93 0

13:0 1.54 2.42 2.31 0.25 1.03

i-3-OH-12:0  0.29 0-10 0.15 0 1.44

3-OH-3-12:1 0 0 0 0 1.33

3-OH-12:0 0 0 0.12 0 1.21
i-140 098 1.17 0.31 3.52 0

7-14:1 0 0 0 0.41 0.31

14:0  4.49 8.57 8.21 5.38 2.61

i-3-OH-13:0 0 0 0 0 1.10

3-OH-13:0 030 0.42 0.25 0 0.29

i-15:0  2.52 6.21 3.52 0.57 0.67

ai-15:0  1.26 0.56 0.76 7.31 1.34

8-15:11 0 0.86 0 . 0.90 0.49

15:0 238 8.74 1.91 5.46 10.92

3-OH-14:0 435 312 3.58 0 0.36
i-7-16:1 0 0.26 0 0.15 0

i-16:0  1.19 3.37 1.39 7.65 1.58

7-16:1  3.09 4.52 3.55 4.18 0.85

16:0 21.04 12.63 17.21 10.31 13.95

i-3-OH-15:0  6.31 6.27 5.68 0 0.55

3-OH-15:0 0.42 0.69 0.59 0 0.30

i-17:0  0.58 0.13 0.63 3.84 0.36

8-17:1 0 0 0 0 3.64
ai-17.0 0 0 0 9.16 0

10-17:1 0 0.17 0 1.28 291

17.0  0.84 0.38 0.25 0.54 20.83
3-OH-16:0 0.4l 0.42 0.63 0 0

9-18:1  3.92 9.25 8.28 9.56 3.22
i-180 0 0 0 1.24 0
11-18:1 0 413 3.42 3.50 0

18:0 8.09 11.62 9.39 7.32 8.49

i-10-19:1 0 0 0 0 1.03

i-19:0 0 0 0 3.12 0.28
ai-19:0 0 0 0 6.18 0

10-19:1 0O 0 0 0.20 2.90

19:0 0.15 0 0 0.17 0.92
i-200 0 0 0 1.46 0
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Methylobacterium Pedodermatophilus  Renobacter vacuolatum Spirosoma
sp. No. § paradoxus linguale
NP-300-W  NP-300-G VZ-9

0 0 0 0 0.21 0.56
0 0 0 0.17 0.14 0.75
0.42 0.13 0.13 0.24 0 0.31
0.84 0.10 0.29 0.35 1.46 15.46
0.88 0 0.17 0 0.21 0.31
0.42 0.14 2.28 0.17 0.95 3.85
0.09 0.22 0 0 0.37 0
0 0.12 0.16 0 0.24 0
0 0.11 0.24 0 0 0.13
3.10 0.62 3.98 1.62 3.71 6.92
0 0.15 0.34 0 0.22 0.12
3.81 0.11 0 0.08 0.26 0.63
0.89 0.21 0 0 0.58 0
0.22 0.71 0.34 0 0.94 0
1.98 0.31 2.03 2.08 1.39 1.85
0.74 0 0 0 0.36 0.31
0 0 0 0 0.95 0.17
0 0.13 1.28 0 0.55 0
3.48 5.33 1.64 0.63 0.76 1.46
0.98 0.11 L.77 0.17 0.33 0
8.19 3.60 3.67 2.64 2.38 5.15
0 0 1.19 0 0 0
1.41 0 0 0 0.42 0.25
2.67 0.27 3.23 3.11 1.74 4.47
0.90 14.06 3.54 4.37 2.73 3.28
0 0.32 0 } 0.42 0.31 0.07
7.51 3.46 6.67 5.15 8.44 3.56
0.86 0 0 0.24 1.41 6.17
2.37 0.36 1.24 0 0 0
4.35 8.00 6.82 3.46 2.18 3.74
3.16 1.38 1.96 1.41 0.92 4.07
21.14 6.65 18.62 18.68 15.37 17.42
0 0 0.14 247 2.15 3.29
0.35 0 0.67 0.80 0.48 0.24
0.51 531 0.18 0.31 0.94 0.84
1.43 0 0.05 0 0 0.15
0.83 11.76 © 146 0 0.43 0
0.17 0.75 0.18 0.39 0.31 0
0.29 3.34 1.25 0.17 0.24 0.56
0 0 0 0.56 0.85 0.93
12.39 1.73 6.57 1.41 0.86 1.48
0.18 2.53 0 0.91 0 0
1.46 0.32 0 0.27 0.30 0
9.43 6.30 17.32 21.23 29.08 8.57
0 0 0 0 0 0
0 4.35 2.89 0.15 0.42 0
0 5.41 3.38 0.91 0.66 0
1.15 0.80 0 0 0 0
0.96 1.02 1.07 1.37 2.28 0
0 1.38 0.58 0 0 0

(Continued on pp. 220 and 221)
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Fatty acid®  Arcocella  Blastobacier Flectobacillus  Geodermatophilus Hyphobacter
aquatica novus major obscurus diversus
11-20:1 0 0 0.58 0.28 0
20:0  1.96 0.67 1.35 1.31 0.97
i-21:0 0 0 0 0.08 0
21:0 0 0 0 0.59 0
2220 1.14 0.46 0.98 0 0
13-22:1  0.15 0 0.12 0 0
22:0  0.30 0.13 0.48 0.47 0.42
1-24:0  0.32 0 0.19 0.12 0.07
15-24:1  0.84 0 0.90 0 0.42
24:0  0.61 0.41 0.34 0.45 0.36
i-26:0 0 0 0 0 0
17-26:1 0 0 0 0 0
26:0° 0 0 0.08 0.07 0

“ First number, number of carbon atoms in the chain; second number, number of double bonds; number before the
hyphen, position of double bond or hydroxy group; i = iso-acid; ai = anteiso-acid; OH = hydroxy acid.

b By means of SIM (m/z = 55 and 74) some peaks were identified that have retention times corresponding to 28:1 and
28:0.

genus Renobacter, the presence of 28:1 and 28:0 acids was suggested on the basis of
the occurrence of ions of m/z 55 and 74 (base peaks for saturated and monounsat-
urated FAMESs). By using single ion monitoring (SIM), we were able to detect the
acids up to C,g in two strains, which is nine carbon atoms higher than previously

reported.

<

o

A 338

300 320 myA40
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Fig. 1. Partial GC-MS of TMS-oxazolines from R. vacuolatum VZ-9. Mass spectrum of tentative FA
(3-OH-5-12:1) is shown at the top. Proposed structures of ions from the mass spectrum: m/z 339, M*; m/z
324, M—CH,; m/z310,M — C,H; m/z 296, M—C,H; m/z 282, M — C,H,; m/z 268, M —chain from C,
to C,,, e.g., C;H, ; mjz 254, M —chain from C, to C,,; m/z 249, M—TMSOH; m/z 240 M —~chain from
Cgto C,,; mfz 228, M —chain from C; to C, ,; m/z 227, chain from C, to C,; m/z 214, M —-chain from C,
to C,,. On the basis of the above fragmentation pattern of the derivatized FA the structure 3-hydroxy-5-
dodecenoic acid is proposed.
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Methylobacterium Pedodermatophilus  Renobacter vacuolatum Spirosoma
sp. No. 5 paradoxus linguale
NP-300-W  NP-300-G VZ-9

0 0.1t 0.07 0.74 0 0
0.37 5.09 0.95 8.85 2.65 1.01
0 0.71 0 0 0 0
0 1.51 - 0 0 0 0
0 0 0.13 0.55 0.91 0.23
0 0 0.14 0.33 0.58 0.07
0.07 0.53 0.84 6.42 0.52 0.44
0 0.11 0.17 0.91 0.31 0.25
0 0 0 1.14 1.88 0.49
0 0.27 0.37 3.15 3.01 0.35
0 0 0 0.36 0.48 0
0 0 0 0.85 0.20 0
0 0.07 0 0.76 0.83 0.09

In conclusion, the most important feature of this work i$ the detailed descrip-
tion of new FAs, exceeding several times the number of FAs identified previously in
oligotrophic bacteria. No significant differences in either the separation or the pro-
portion of the compounds were observed on comparing the chromatographic proper-
ties of FAMEs and oxazolines.
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Characterization of nitrogen-containing aromatic compounds
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ABSTRACT

Nitrogen—containing aromatic compounds (NCACs) are characterized in soil and sediment by full-
scan capillary gas chromatography-mass spectrometry under electron ionization. The approach makes use
of fractionation of methylene chloride extracts based first on partitioning of the basic compounds into acid.
The neutral NCACs are then isolated by preparative thin-layer chromatography which serves to separate
them from the bulk of the polynuclear aromatic hydrocarbons. NCACs can then be determined using
deuterated internal standards to 100 ug/kg or below. Examples of determinations in sediment and creosote-
contaminated soil are given. An advantage of the two-step fractionation scheme is the chemical separation
of azaarenes and cyanoazaarenes of the same elemental composition which facilitates identification of
compound class and simplifies chromatographic separations.

INTRODUCTION

The occurrence of nitrogen-containing aromatic compounds (NCAC:s) as envi-
ronmental pollutants has been the subject of growing concern [1-3]. Interest in
NCAC:s parallels interest in polynuclear aromatic hydrocarbons (PNAs) [4-6] be-
cause many of these compounds are mutagenic, carcinogenic [7] and toxic, especially
to marine biota [8].

The presence of NCACs in sediments and soils can often be attributed to creo-
sote contamination [3]. Indeed, many designated Superfund sites are a result of wood
treatment activities involving creosote [9]. Of 1207 recent sites listed by category,
about 5% were concerned with wood preservation. Creosote itself has been the sub-
ject of analytical investigation by several workers [1,3,6]. In the context of determin-
ing NCAG:s in sediments of Eagle Harbor, Puget Sound, Krone e al. [3] compared
analyses of sediment directly to analyses of creosote extracts. Wright et al. [1] com-
pared NCAG:s in synthetic fuels to those found in creosote. Nestler [10] characterized
the major compounds of creosote, a coal tar distillate, which included PNAs,
NCAG s, and oxygen-containing and sulfur-containing aromatic compounds.

Sediments have been the focus of investigation in the U.S. and in Canada {2,3].
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The analytical problem presented by NCACs is their determination in the presence of
hunderds of other compounds including PNAs and alkyl hydrocarbons. This prob-
lem has been approached by using column chromatography to produce fractions
enriched in the NCACs [11]. Thus, Wright et al. [1] and Krone et al. [3] have employ-
ed silica and alumina columns to afford enriched fractions. The disadvantage of
column chromatography is the time-consuming need to standardize the column and
the large volume of solvents used [12]. Onuska and Terry [2] employed a simple
chemical separation based on partitioning of the basic compounds into acid.

Identification and quantitation usually rely on capillary gas chromatography-
mass spectrometry (GC-MS) with appropriate internal standards. Levels of NCACs
in the range of 10 ug/kg to 20 mg/kg have been reported for sediments [2,3] with levels
102-10° times greater in creosote itself [3]. Typically, three classes of functional
groups are found among NCACs in the environment: (a) tertiary nitrogen in the
aromatic ring (e.g., acridine); (b) secondary nitrogen derived from indole/carbazole;
and (¢) nitrile-containing aromatics (e.g., cyanonaphthalene). Primary amines such as
anilines do not occur appreciably in the context of these investigations, and this is
possibly due to their appreciable water solubility and to their low initial concentra-
tion in sources of contamination such as creosote.

Other instrumental and chromatographic methods have been applied to the
determination of NCACs. GC-nitrogen-phosphorous detection has been effectively
employed as a screening tool [2]. An alternative element-specific detection can be used
that is based on atomic emission spectroscopy with a microwave-induced plasma
(GC-AES or GC-MIP, respectively) [13]. High-performance liquid chromatography
with UV-visible or fluorescent detection can also serve to quantitate PNAs and
NCAC s [14]. Thin-layer chromatography (TLC) has long been employed in monitor-
ing PNAs and NCACs [15-17], and Snook et al. [18] have isolated NCACs from
tobacco smoke using silicic acid and gel chromatographies.

Current methods promulgated in the US Environmental Protection Agency
(EPA) SW-846 manual [14] do not address most of the NCACs routinely encountered
in contaminated sediments and soils. In order to address this need, development and
evaluation of methodology to determine NCAC:s is needed [9].

In this paper we present the results of the analyses of sediments and soils for
NCACs. After Soxhlet or sonication extraction, a separation scheme yielding two
fractions is used. The basic fraction (class a) is prepared by extraction of the methy-
lene chloride extract with HCI and subsequent repartitioning into methylene chloride
after adjusting to a basic pH. The remaining neutral fraction (classes b and c) is
isolated by preparative TLC and recovered into methylene chloride. The choice of
internal standards is presented as well as compound structures likely to be encoun-
tered.

EXPERIMENTAL

Sample preparation

Sediments. Sediment samples from Eagle Harbor, Puget Sound, WA, were sub-
jected to standard US EPA methodology, i.e., SW-846 [14]. Briefly, this involves a
hexane—acetone Soxhlet extraction and a gel permeation chromatography cleanup
step. Final concentration of extracts of 20-100 g samples was to 0.5 ml methylene
chloride.
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Soils. Soil samples from Spotsylvania, VA (L. A. Clark site) were subjected to
standard US EPA methodogy, i.e., SW-846 [14]. Briefly, 2-g samples were extracted
using either Soxhlet or sonication methods. Final concentration of methylene chlo-
ride extracts was to 5.0 ml.

Fractionation

Methylene chloride extracts (0.5 ml) were extracted three times with 0.5 ml of 6
M HCI. The HCI fraction was taken to pH 14 with 6 M NaOH and extracted three
times with methylene chloride. This methylene chloride fraction was dried by passing
it through a column of Na,SO, and was then concentrated to 100 ul using nitrogen,
and was fortified with internal standards. The neutral fraction was applied to a pre-
parative TLC plate (1-mm film thickness, 20 x 20 cm, E. Merck) with preconcentra-
tion layer. Developing solvent was methylene chloride—hexane (30:70) after pre-equil-
ibrating the tank. The appropriate Rj range was defined by standards of
1,4-dicyanobenzene and 9-methylcarbazole as Ry = 0.05-0.32 and scraped after
evaporation of solvent. The scrapings were extracted with methylene chloride, fil-
tered, and concentrated to 100 pl under a nitrogen steam. Internal standards were
added to the final extract.

Internal standards and response factors

A spiking solution of nominally 20-40 ng/ul consisted of [*H,] 3-picoline,
[*H]quinoline, ['3C,Jindole, [*Hslacridine, [*Hglnaphthalene and [*H,o]phenan-
threne. Response factors for available standards were determined using a series of
standard solutions versus a spiking solution. Response factors for tentatively identi-
fied compounds not confirmed by standards were estimated using the available data
and chemical reasoning based on similar structures.

Chemicals

[*H)3-Picoline, [*H,]quinoline, [**C,lindole and [*Ho]acridine were obtained
from Cambridge Isotope Laboratories. [*Hg]Naphthalene, [2H roJphenanthrene were
obtained from the US EPA repository. The following compounds were obtained
from Aldrich: quinoline, isoquinoline, 2-methylquinoline, benzonitrile, indole, 3-pi-
coline, 2,4,6-collidine, 8-methylquinoline, 4-methylquinoline, 6-methylquinoline, 2,4-
dimethylquinoline, 2,8-dimethylquinoline, l-methylisoquinoline, 2-phenylpyridine,
3-methyl-2-phenylpyridine, 7,8-benzoquinoline, phenanthridine, carbazole, 9-cyano-
phenanthene, 2-phenylquinoline 2,4-lutidine, 2,6-lutidine, l-cyanonaphthalene and
1,4-dicyanobenzene.

GC-MS

Electron impact mass spectra were obtained on a F innigan-MAT 4023 repeti-
tively scanned from m/z 50 to 450 in 1 s under data system control of a INCOS 2300
(Nova 4X, software Rev. 6.1). Gas chromatography was accomplished with a DB-5 J
& W) column (30 m x 0.32 mm 1.D)) programmed from 60 to 300°C at 20°C/min
using splitless injection at 220°C. Emission current was 0.50 mA at 70 eV, temper-
ature of the source was 270°C, while that of the transfer line and separator was 250°C;
conversion dynode voltage was 3 kV, multiplier was set at 1000 V and preamplifier set
at 1078 A/V. Flow-rate was 38 cm/s He at 60°C oven temperature.
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Accurate mass measurements

A 1.0-ul sample was introduced by capillary GC-MS using a 30 m x 0.25 mm
I.D. SPB-5 Supelco column with 0.25 pum film thickness operated at 60°C for 3 min
followed by temperature programming at 20°C/min to 300°C; flow-rate was 40 cm/s
He at 60°C; sample was injected on column using a deactivated 1 m x 0.53 mm [.D.
column as a retention gap. Accurate mass measurements were made on a VG 7070
EQ operated at 3000 resolution (15% valley) scanned from 250 to 150 at 3 s/dec under
data system control (11-250, 11/24 based system, version 3.0, B22 tasks) and the
following conditions: emission current, 0.1 mA; electron energy, 70 €V; source tem-
perature, 180°C.

RESULTS AND DISCUSSION

GC-MS

Fig. 1 and 2 illustrate the chromatograms of total-ion current for the HC] and
neutral fractions of NCACs from a soil heavily contaminated by creosote. Selected
compound classes are labeled in order to facilitate comparison of retention behavior
and relative amounts of NCACs present. The major components of the HCI fraction
are benzoquinoline, acridine, 2-methylquinoline, azapyrenes or isomers, methyl acri-
dines or isomers and azachrysenes or isomers. The major component of the neutral
fraction is carbazole with lesser amounts of 1-cyanonaphthalene, methylcarbazoles
and cyanophenanthrenes or isomers.
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Fig. 1. GC-MS total-ion current chromatogram of the HCI fraction from a creosote-contaminated soil.
Retention time in min:s.
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Fig. 2. CG-MS total-ion current chromatogram of the neutral fraction of a creosote-contaminated soil.
Retention time in min:s.

A broad spectrum of NCACs was considered in characterizing samples. Table I
summarizes compound classes divided into the HCI fraction and the neutral fraction.
A minor number of NCACs containing sulfur or oxygen are included. One advantage
of the fractionation is the ability to chemically separate isobaric and isotopic ions
such as cyanophenanthene and azapyrene (molecular mass, M, = 203). Not all of
these classes are found as significant components in samples. A routine monitoring
program will likely be limited to representative compounds or to those that are of
special interest because of their extreme toxicity.

Quantitative results

Table II presents quantitative results for the compounds monitored using a
contaminated soil sample as an example. These data are again divided into the HCI
and neutral fractions.

In the HCl fraction quinoline and isoquinoline (M, = 129) were found. About
eight isomers of methylquinolines, six isomers of dimethylquinolines and eight iso-
mers of trimethylquinolines (M, = 171) were observed. Four compounds of M, =
179 were observed including 7,8-benzoquinoline, acridine, phenanthridine, and pre-
sumably, another benzoquinoline. Usually, three isomers of M, = 203 and two iso-
mers of M, = 229 were observed in sample extracts. Azafluorene, azabenzofluorenes,
phenylpyridine and methylphenylpyridines, and phenylquinolines were found. Qui-
nolinol and methylquinolinol were oxygen-containing NCACs discovered.

In the neutral fraction, 1-cyanonaphthalene and 2-cyanonaphthalene were
found. Benzothiazole was observed in this fraction as well. Usually, three isomers of
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TABLE 1
KINDS OF NCACs CONSIDERED FOR TARGETS OF GC-MS

Representative compounds are given. Other isomers are implicit.

HCI fraction M_ (with alky! derivatives) Neutral fraction
Pyridine 79 (93, 107, 121)
Quinoline 129 (143, 157, 171)
Benzoquinoline, acridine,
phenanthridine, 179 (193, 207) Cyanobipheny!
Azapyrene, :
azafluoranthene 203 (217) Cyanophenanthrene
Azachrysene 229 (243) Cyanophenylnaphthalene
Phenylpyridine 155 (169)
Phenylquinoline 205 (219)
Diphenylpyridine 231
Azafluorene 167 (181, 195) Carbazole
Dibenzoacridine 279
Quinolinol 145 (159)
Acridone 195
103 (117, 131) Benzonitrile
153 (167) Cyanonaphthalene
227 Cyanopyrene
253 " Cyanochrysene
117 (131) Indole
217 (231) Benzocarbazole
267 Dibenzocarbazole
135 Benzothiazole
185 Dibenzothiazole
235 Naphthobenzothiazole
191 Benzo[deflcarbazole, cyanofiuorene

methylcarbazole were present in sample extracts but no 9-methylcarbazole. In addi-
tion, cyanophenanthrene/anthracenes, cyanopyrenes and cyanofluorene compounds
were observed. Benzocarbazole responses were noted as well as a M, = 229 com-
pound of unknown structure not expected in this fraction (i.e., an azachrysene would
be in the HCl fraction). This M, could represent a cyanophenylnaphthalene for exam-
ple. On a weight basis, these responses are individually about 1-10% relative to
carbazole.

The retention time and internal standard reference are also included in Table 11.
In general, response factors for available standards exhibited relative standard devia-
tions of less than 15%. A typical response factor plot of analyte versus internal
standard is shown in Fig. 3 for acridine [2HoJacridine. In all cases, the area of the
molecular ion was used for quantitation. Additional internal standards would be
useful for late-eluting NCACs as additional analyte standards become available for
further study. For example, an azachrysene standard and labeled compound would
be expected to improve quantitation of similar compounds.

NCACs with similar chemical structures were found in some sediment samples
from Eagle Harbor. Levels were generally 10-100 times lower than those in the con-
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TABLE II

THE GC-MS DETERMINATION OF NCACs IN A CREOSOTE-CONTAMINATED SOIL

Compound M, Retention time (min:s) Amount detected IS

(1g/e)

HCI fraction
3-Picoline 93 3:40 - 1
2,4-Lutidine 107 5:09 0.603 1
2,6-Lutidine 107 5:17 0.296 1
2,4,6-Collidine 121° 5:48 0.149 I
Quinoline 129 8:10 0.624 2
Isoquinoline 129 8:22 0.699 2
Methylquinoline 143 8:39 2.30 2
2-Methylquinoline 143¢ 8:44 13.3 2
Methylquinoline 143 8:48 1.74 2
8-Methylquinoline 143° 8:54 0.262 2
[-Methylisoquinoline 143% 9:00 0.816 2
6-Methylquinoline 143% 9:06 0.212 2
2,8-Dimethylquinole 157° 9:17 1.71 2
Dimethylquinoline 157 9:29 1.27 2
2,6-Dimethylquinoline 157* 9:37 4.43 2
2,4-Dimethylquinoline 157° 9:48 3.83 2
Dimethylquinoline 157 9.52 1.66 2
Dimethylquinoline 157 9:57 0.595 2
Trimethylquinoline 171 10:06 0.622 2
Trimethylquinoline 171 10:18 1.06 2
Trimethylquinoline 171 10:23 0.399 2
Trimethylquinoline 171 10:27 0.201 2
Trimethylquinoline 171 10:38 0.634 2
Trimethylquinoline 171 10:44 0.548 2
Trimethylquinoline 171 10:52 0.106 2
Trimethylquinoline 171 10:58 0.313 2
2-Phenylpyridine 155° 9:55 2.25 2
Methylphenylpyridine 169 10:21 2.16 2
Methylphenylpyridine 169 10:48 1.22 2
Methylphenylpyridine 169 11:11 2.19 2
Quinolinol 145 11:40 1.49 4
Methylquinolinol 159 11:58 0.307 4
7,8-Benzoquinoline 179 12:32 20.5 4
Acridine 179 12:37 30.8 4
Phenanthridine 179 12:48 1.94 4
Benzoquinoline/isomer 179 13:04 2.49 4
Methylacridine/isomer 193 12:59 4.67 4
Methylacridine/isomer 193 13:07 1.49 4
Methylacridine/isomer 193 13:18 9.63 4
Methylacridine/isomer 193 13:32 6.14 4
Methylacridine/isomer 193 13:42 3.57 4
Azafluorene 167 11:22 6.84 4
Azapyrene/isomer 203 14:46 3.11 4
Azapyrene/isomer 203 14:55 2.23 4
Azapyrene/isomer 203 15:24 10.8 4
Phenylquinoline 205 13:51 0.387 4
2-Phenylquinoline 205° 14:07 0.497 4
Azachrysene/isomer 229 17:16 7.53 4
Azachrysene/isomer 229 17:38 6.36 4

( Continued on p. 230)
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TABLE I (continued)

Compound M, Retention time (min:s) Amount detected 1.5«
(ug/g)
Benzoazafluorene/isomer 217 15:51 1.96 4
Benzoazafluorene/isomer 217 15:59 2.66 4
Acridone 195 - - 4
Diphenylpyridine 231 - - 4
Renzothiazole 135 8:04 0.119 3
Dibenzothiazole 185 12:24 1.04 4
Neutral fraction
Benzonitrile 103 5:53 - 1
Methylbenzonitrile 117 7:06 - 1
Benzothiazole 135 8:05 0.079 3
l-cyanonaphthalene 153 10:15 3.54 2
2-Cyanonaphthalene 153 10:28 1.51 2
Carbazole 167 12:52 348 6
Methylcarbazole 181 13:28 0.924 6
Methylcarbazole 181 13:44 2.02 6
Methylcarbazole 181 13:51 0.433 6
Cyanophenanthrene/isomer 203 15:00 0.404 4
Cyanophenanthrene/isomer 203 15:05 0.402 4
Cyanopyrene/isomer 227 17:00 0.567 4
Cyanopyrenefisomer 227 17:05 0.790 4
Cyanobiphenyl 179 12:44 0.182 4
Dibenzothiazole 185 12:24 1.01 4
Benzo[def]carbazole, 191 15:40 1.63 6
cyanofluorene
Benzocarbazole 217 15:53 0.117 6
Benzocarbazole 217 16:02 0.184 6
Cyanophenylnaphthalene 229 17:23 2.81 4

Internal standards (1.S.): 1 = [*H,]3-picoline; 2 = [*H,]quinoline; 3 = ['*C,Jindole; 4 = [*H,Jacridine;
5 = [*Hg]naphthalene; 6 = [2H, ,Jphenanthrene.

Since not all isomers were available to us for investigation, the possibility exists that another isomer could
coelute with the assigned compound. These identifications, therefore, must be considered tentative.
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Fig. 3. Calibration plot of acridine response versus response of its internal standard ([*H,Jacridine). Rela-
tive standard deviation = 11.9%. Amt/Ref Amt = ng of analyte/ng of 1.S. @ and M are duplicate
mjections of the same solution.
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taminated soils. As a typical example of contamination levels in one of these sedi-
ments, the following major components are reported in ug/kg: acridine (43.7),
methylacridine (6.0), azapyrene (12.0), carbazole (463.0) and methylcarbazole (61.5).
Other compounds were often below 5 ug/kg. Results varied depending on sampling
site.

Interferences

The removal of PNAs is complete enough to allow concentration of fractions to
below 100 ul. In heavily contaminated samples, the methylene chloride solution af-
forded by the HCl fractionation procedure (with subsequent repartitioning to organic
phase) may be taken through a second round of HCI fractionation to remove any
PNAs that had appreciable aqueous solubility in 6M HCI due to their initial high
concentration.

The neutral fraction afforded by preparative TLC is satisfactorily free of in-
terfering PNAs. Most PNAs and alkyl hydrocarbons had an R greater than 0.32. The
TLC isolate does contain several oxygenated compounds along with NCACs. These
are listed in Table III for reference purposes, and are tentatively identified as 9,10-
anthraquinone (M, = 208), a 4,5-carbonylphenanthrene (M, = 204), two aceanthre-
nones (M, = 218), and benzoanthrone (M, = 230). To further characterize these
compounds, accurate mass measurements were obtained by capillary GC-MS at 3000
resolution. The elemental compositions thus inferred were consistent with the pro-
posed strutures. In addition, the loss of CO or CHO" from M ** was also confirmed in
each case by accurate mass measurement.

TABLE III

OXYGEN-CONTAINING AROMATIC COMPOUNDS FOUND IN THE PREPARATIVE TLC
SEPARATION

Compound M, Retention time  Confirmed elemental
(min:s) composition
9,10-Anthraquinone or isomer 208 14:01 C,H 0,
Cyclopentanone{def]phenanthrene or isomer 204 14:39 C,sH,O
(4,5-carbonylphenantrene)

Aceanthrenone or isomer 218 15:35; 15:44 C,,H,,0
Benzofluorenone, benzanthrone, or isomer 230 17:03 C,,H,,0
Recovery

Recovery studies of the common extraction techniques used for these samples
have been published [14]. Recovery of analytes using the HCl fractionation has been
shown to be variable but usually within the 50-90% range [2]. Initial experiments
within our laboratory indicate that recovery of analytes in both the HCI and neutral
fractions can be quantitative (50-90%). Further studies of analyte recovery and of
potential surrogates will be published separately.

CONCLUSIONS

NCAGCs can be isolated and quantitated in soils and sediments using a two-step
fractionation scheme based on acid-base partition of basic compounds and prepara-
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tive TLC isolation of neutral compounds followed by capillary GC-MS. Co-extrac-
tives such as alkyl hydrocarbons and PNAs and effectively removed as interferences
from both fractions. Major percentage contribution of reported compounds in the
HCl fraction include 7,8-benzoquinoline (12%), acridine (18%), 2-methylquinoline
(8%), and azapyrene (6%). With the reported compounds found in the neutral frac-
tion, carbazole constituted 68%; 1-cyanonaphthalene, 7%; and a methylcarbazole,
4%. These compounds are implicated in toxic, teratogenic and carcinogenic effects in
fish and mammals.

Future work could be addressed to a more complete investigation of various
isomers of azaarenes. The application of solid-phase extraction to simplifying clean-
up is also of interest. The use of TLC as a screening method for NCACs is an area
largely neglected in environmental analysis. Automated sample appplication and
quantitation in TLC are attractive capabilities. Finally, the information provided in
this paper should help to define monitoring needed during the cleanup of designated
sites by supplying the identities and the quantitative levels of compounds found in
creosote-contaminated soil and sediment.
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ABSTRACT

The primary hydrolysate of the toxic military agent lewisite (2-chlorovinylarsonous acid, or CVA)
can be determined in trace concentrations by gas chromatography with flame-photometric detection after
the CVA has been derivatized with 1,2-ethanedithiol to form a stable cyclic disulfide. The method has been
shown to be applicable to the analysis of water samples that contain CVA in low ppb (10°) concentrations.
In addition, the method was demonstrated to be at least potentially useful for lewisite vapor determina-
tions in air at sub-ppb levels in situations where any CVA found in the sampler can be assumed to have
been formed from lewisite. Relative to the other procedures that are available for determining lewisite or
CVA, this procedure is more sensitive, more specific for the analyte or simpler to perform.

INTRODUCTION

The high toxicity of lewisite (2-chlorovinyldichloroarsine) and its potential for
use as a military chemical agent have prompted numerous attempts to develop
analytical methods for determining this compound at trace levels in environmental
matrices. However, lewisite’s thermal lability and its nearly instant hydrolysis to the
non-volatile 2-chlorovinylarsonous acid (CVA) on contact with moisture virtually
preclude the use of gas chromatography for the direct determination of the agent [1].

The hydrolysis of lewisite is complex, involving several products that are in
equilibrium with one another [2]. But CVA is always formed rapidly in the first step at
pH levels above I: :

(fast)
Cl-CH =CH-AsCl; 4+ 2H,0 =—= CI-CH=CH-As(OH), + 2HCI (N
(lewisite) (CVA)

Cl-CH =CH-As(OH), == H,0 + CI-CH = CH-AsO = (Cl-CH = CH-As0).
(slow) (slow)

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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CVA is essentially non-volatile, and its occurrence has never been reported
except as a hydrolysis product of lewisite. Indeed, lewisite almost certainly hydrolyzes
to CVA rapidly after contract with the human body, so that many (if not most) of the
toxic properties associated with lewisite can be presumed to be, in reality, those of
CVA. Accordingly, efforts to develop analytical methods for determining “lewisite”
are typically based on the detection of either intact lewisite or CVA, whichever is most
appropriate to the circumstances at hand.

Waters and Williams [2] found that CVA would decompose in cold caustic alkali
as follows:

CI-CH = CH-As(OH), + OH~ — As(OH), + CI~ + C,H, Q)

In cold solution (16°C), only alkaline conditions of pH 10.5 or greater would bring
about this decomposition, but at 50°C, solutions of pH 9 or greater were effective.
Prolonged boiling with water alone brings about some decomposition [2].

Thus, one of the most sensitive and specific methods now available for
determining lewisite is an indirect approach based on the gas chromatographic (GC)
determination of the acetylene that forms during the alkaline decomposition of CVA
[1,3]. However, we have found that quantitative recovery and introduction of the
liberated acetylene into a gas chromatograph is difficult. Moreover, the method is not
useful for any samples that contain acetylene as a background constituent.

A more rugged and reliable method for determining lewisite is based on the
reversed-phase high-performance liquid chromatographic (HPLC) determination of
CVA with either electrochemical or ultraviolet (UV) spectrometric detection at 225 nm
[4]. The detection limit of this method for CVA, based on a signal-to-noise ratio of
3 (S/N = 3), is approximately 2 ng in an injected 100-ul water sample (20 ng/ml) when
UV detection is used.

Other less specific methods have been used to determine lewisite and CVA. For
example, graphite-furnace atomic absorption spectrometry (GFAAS) provides a
sensitive response to decomposed CVA [5], and molybdenum-blue spectrophotometry
accurately quantifies the arsenite ion (as arsenate) that is released in the alkaline
decomposition of CVA according to reaction 2 above [6]. But these techniques are not
applicable to trace determinations when interfering substances are present.

Eagle and Doak {7] reviewed the large amount of work on thioarsenites derived
from the reaction of alkyl arsonous oxides and alkyl mercaptan. This reaction is given
by reaction 3:

RAsO + 2R’'SH<=RAs(SR’), + H,0 3)
The analytical method reported here is an indirect GC determination of CVA based on
its reaction with 1,2-ethanedithiol (EDT) to form the more stable and volatile cyclic

disulfide, 2-(2-chlorovinyl)-1,3,2-dithiarsenoline (CDA) [8]:

CI-CH = CH-As(OH), + HS-CH,~CH,-SH —
(CVA) (EDT)

I . B
Cl-CH = CH-As-S-CH,-CH,-S + 2H,0 @)
(CDA)
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A sulfur-specific flame-photometric detector (FPD) is used to provide a sensitive and
selective response to CDA. The detection limit of the method —about 5.5 ng of CVA
per milliliter of aqueous sample (based on S/N = 3)— is about fourfold lower than
that given for the HPLC method. However, the detection limit undoubtedly could be
lowered significantly in situations where some loss of precision and accuracy can be
tolerated.

EXPERIMENTAL

Neat liquid lewisite was supplied by the US Army as Lot No. L-U-6206-CTF-N;
the purity of this material was given as 95.5 wt%. A stock standard solution of lewisite
in cyclohexane or isopropanol was prepared by weighing to the nearest 0.1 mg about
40 mg of lewisite in a tared 50-ml volumetric flask and diluting to the mark with the
appropriate solvent. Working standard solutions were then prepared as needed by
serial dilution from the stock standard solution.

A water sample containing CVA to be used either for calibration of the GC
instrument or for test purposes was prepared by injecting a few microliters of
a cyclohexane or isopropanol solution of lewisite into a 5.0-ml aliquot of deionized
water and agitating the resulting mixture for 15 s on a vortex mixer. During this
operation, the mixture was contained in a 125 x 16 mm LD. glass screw-capped
culture tube with a PTFE liner in the cap.

A typical 5.0-ml water sample in a culture tube, fabrlcated as described above,
was treated for analysis as follows. A 0.8-ul aliquot of neat liquid EDT (Aldrich,
Milwakee, WI, USA), the purity of which was stated as 99 wt%, was first added to the
sample in a fume hood, and the solution was then agitated for 15 s on a vortex mixer.
After a 1.0-min waiting period. to ensure that the EDT-CVA reaction had gone to
completion, a 1.0-ml portion of a 2.0-mg/ml aqueous soltion of AgNO; (Morton
Thiokol, Danvers, MA, USA) was pipetted into the sample solution to precipitate
most of the remaining excess EDT. This was followed by another 15-s vortex-mixing
step.

Next, a 1.0-ml aliquot of toluene was added to the sample for extraction of the
CDA. This mixture was vortex-mixed for 30 s and allowed to equilibrate for an
additional 1 min. It was then centrifuged for 2 min in a desk-top centrifuge to separate
the aqueous and toluene layers and to settle out a greenish precipitate formed by the
reaction between AgNO; and EDT. Amounts (ul) of the toluene layer were withdrawn
by syringe and injected into the GC instrument to carry out the analysis step. The GC
conditions are summarized in Table L

A sample extract prepared in the above manner was analyzed for CDA by
injection into a VG 70S GC-mass spectrometry (MS) system. The Hewlett-Packard
5890 GC that was interfaced to the mass spectrometer was equipped with a 25
m x 0.32mm I.D. DB-5 fused-silica capillary column bearing a 0.52-um-thick coating
of the stationary phase. The injection port and transfer line were both maintained at
150°C. The column temperature was held at 45°C for 3 min, then programmed at

8°C/min to 300°C, where it was held for up to 30 min. The carrier gas (helium)
flow-rate was approximately 1 ml/min.

The mass spectrometer was operated in the electron-impact mode at 30 eV. The
ion source was maintained at 200°C, and the instrument was set to provide a resolution
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TABLE 1

GAS CHROMATOGRAPHIC INSTRUMENTAL CONDITIONS FOR DETERMINATION OF
LEWISITE AFTER ITS CONVERSION TO CDA

Instrument Hewlett-Packard Model 5890, series 11
Detector Flame-photometric detector in the sulfur-specific mode
Column 30 m x 0.53 mm 1.D. DB-5 fused-silica capillary column with
a [.5-um-thick coating of the stationary phase
Temperatures
Column oven 150°C for 6 min, then ramp at 60°C/min to 300°C, then hold for 3 min
Injection port 225°C
Detector 225°C
Gas flow-rates
Carrier gas (He) 17 ml/min
Air 97 ml/min
Hydrogen 74 ml/min
Integrator/recorder chart speed 0.5, 1.0 cm/min

of 5000 (based on a 2% valley), although a problem with instrument stability precluded
the full attainment of this resolution. Mass spectra were obtained by scanning from
mfz 700 to m/z 35 at 1 s/decade with a 0.30-s interscan time. Sample injection volume
was 0.3 pl. The original 5-ml water sample had been fortified with 455 ug of lewisite.

To test the proposed method for possible use in determining lewisite vapor
collected from air, a four-day test was conducted involving the use of glass impingers
(i.e., bubblers) as sampling devices. The reservoir of each bubbler was filled with
5-mm-0.D. glass beads to facilitate mixing of the entrained air with the liquid
sample-collection medium. With the glass beads in place, each bubbler reservoir held
15 ml of liquid collection medium.

On each of four days, therefore, each of twelve glass bubblers was charged with
15 ml of deionized water containing 100 mg of ascorbic acid to neutralize any oxidative
species that could otherwise interfere with the analyses. The water aliquots had
previously been fortified with lewisite to produce duplicate test solutions containing
CVA at each of the following six concentrations: 0 (blank), 11.8, 59.1, 89.5, 119 and
178 ng/ml. '

Each day, the charged bubblers were immersed in an aqueous ice bath,
connected to a suction sampling pump, and permitted to sample room air (free of
lewisite) for 12 h at a rate of 1.0 1/min, for a total of 720 1 of air. After the sampling
period, the bubblers were removed from the ice bath and allowed to equilibrate to
room temperature before proceeding with the analysis step. Where necessary, aliquots
of bubbler fluid were diluted back to their original volume with deionized water to
compensate for evaporative losses during sampling; such corrections were invariably
less than 1 ml per bubbler. A 5.0-ml portion of each bubbler aliquot was then taken for
analysis by the procedure déscribed above.

During this test, the GC was calibrated daily by analyzing one aqueous lewisite
solution at each of the six test concentrations given above and by then performing
a linear-regression analysis of the resulting response data. A 2.0-ul sample-injection
volume was used throughout the test.

In all of the work reported here, all reagents and solvents were of reagent grade
except as otherwise noted.
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RESULTS AND DISCUSSION

One of the first tasks in the development of this method was to confirm the
presence, identity and elution time of CDA in an extract of a typical lewisite-
containing sample that had been treated with EDT as described here. This was
accomplished by analyzing a sample extract by GC/MS. The resulting total-ion
chromatogram is shown in Fig. 1, where the peaks that appear to bé due to the cis and
trans isomers of CDA are identified. The peak at scan No. 541 appears to be the cyclic
dimer of EDT (C4HS,).
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Fig. 1. Total-ion chromatogram for a water-sample extract containing CDA. Ordinate: instrumental
response (arbitrary units). Abscissa: upper scale, scan No.; lower scale, tinte in min:s.

The mass spectra recorded at scan Nos. 440 and 477 (in Fig. 1) are presented in
Fig. 2. It is to be noted that the major mass fragments in these spectra are consistent
with the postulated fragmentation pattern of Fig. 3. (Although Fig. 3 depicts the cis
isomer, essentially the same pattern is predicted for either isomer, and there appears to
be no basis for identifying the isomers unambiguously from these data.) Further
support for the assignments was obtained by checking the isotope peak ratios for
conformity with the proposed elemental compositions of the principal ions, as
synopsized in Table II.

The GC-MS retention times for the CDA isomers (ca. 19-21 min) were much
too long for routine GC analyses; accordingly, GC conditions (Table T) were chosen to
reduce the CDA retention times to less than about 5 min. This approach also had the
desirable effect of merging the cis and trans isomers into a single peak so that both
forms were quantified together. A typical chromatogram from the GC analysis of
a lewisite-fortified water sample under the conditions of Table I is shown in Fig. 4. All
of the peaks in Fig. 4 except the CDA peak were present in chromatograms obtained
from blank (i.e., lewisite-free) water samples. None of these extraneous peaks were
identified.

The chromatographic response to residual EDT reagent (Fig. 4) was always very
broad, so that the tail of the EDT peak tended to run under the CDA peak. That is, the
chromatographic base line beneath the CDA peak was significantly elevated by the tail
of the EDT peak. Because the sulfur-specific FPD does not respond linearly to sulfur
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Fig. 2. Mass spectra of sample components corresponding to (A) scan No. 440 and (B) scan No. 477 in the
chromatogram of Fig. 1.

compounds, the deconvolution of the CDA response from the EDT response is not

a simple subtraction, as would be the case for a linear detector.

Consequently, the CDA peaks must be quantified by computing, for each CDA
peak, the quantity Z = (H,)* — (H.,)*, where H, is the height of the response or upward
baseline displacement due to EDT at the retention time of CDA and H, is the sum of H,
and the height of the CDA peak above the EDT peak tail. Thus, the analyst must
estimate the location of the true chromatographic baseline beneath the CDA peak in
each chromatogram. Values of Z are directly proportional to the CDA concentrations
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Fig. 3. Mass-spectral fragmentation of CDA. MW = Molecular weight.



GC OF LEWISITE HYDROLYSATE 241

TABLE 1I
ISOTOPE RATIO MEASUREMENTS FOR CDA*

Nominal mass  Proposed formulation  Relative intensity

Calculated Found

228 C,HeAsCIS, 100.00 100.00
229 4.94 5.80
230 40.92 41.5
231 1.83 2.55
232 3.06 3.09
233 0.14 0.092
200 C,H,AsCIS, 100.00 100.00
201 2.24 3.67
202 40.85 46.6
203 0.92 0.787
204 3.04 5.83
167 C,H,4ASS, 100.00 100.00
168 2.24 5.16
169 8.87 9.52
170 0.20 0.21
165 C,H,AsS, 100.00 100.00
166 2.24 3.94
167 8.87 (102)%

“ These measurements were taken from the chromatographic peak appearing at scan No. 477 in Fig. 1.
” The value in parentheses is high because of interference from other ions.

in the solutions from which they are derived, and only when this procedure is used are
data linearity and reproducibility likely to be acceptable at low CVA concentrations.
Note also that the tail of the EDT peak probably enhances the instrumental detection
limit for CDA to some degree because of the non-linear detector response.

The reaction times for the CVA-EDT reaction and the EDT-AgNO; reaction
were experimentally optimized. For the CVA-EDT reaction, a reaction period of
1 min yielded essentially the same response to spiked lewisite as did reaction periods of
7, 15 and 30 min. Thus, the time allotted for this reaction need not exceed 1 min. The
EDT-AgNOj; reaction was optimized by visual observation, since this reaction
produces a visible precipitate. Because no further precipitation was observed after the
addition of the AgNO; and the completion of the ensuing 15-s vortex-mixing step
(described above), no additional reaction time beyond the mixing step is required.

We found that if a precipitate was not formed on addition of AgNO; to the
sample mixture, then there was not enough EDT in the solution, and neat liquid EDT
was therefore added in 0.2-ul increments (with vortex-mixing between increments)
until the precipitate was observed. Only when a net stoichiometric excess of EDT was
carried into the extraction step was a linear response to the CDA obtained from GC.
Furthermore, the precipitate had to be carefully excluded from the syringe whenever
analiquot of the toluene layer was taken for analysis. Otherwise, the resulting response
to CDA was found to be excessively variable. This operation was greatly facilitated by
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Fig. 4. Typical chromatogram {rom the GC-FPD analysis of the extract of a lewisite-fortified water sample
after conversion of the lewisite to CDA. The lewisite concentration in the water sample was 726 ng/ml.
Retention times (in min) are displayed in the chromatogram.

the prior centrifuging step, although the precipitate eventually settled spontaneously if
allowed to stand for a day or so.
The efficiency with which the CDA is extracted by toluene was also estimated.
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Thus, three 5.0-ml water samples were each spiked with 3.63 ug of lewisite, treated with
EDT and AgNOs; as detailed above, combined with 3.0 ml of toluene, and analyzed in
the usual way. At the same time, another set of three water samples was treated
identically except the volume of toluene was only 1.0 ml. An algebraic evaluation of the
resulting GC responses indicated CDA recoveries of 96% for 3.0 ml of toluene and
90% for 1.0 ml of toluene. That the CDA extraction efficiency obtainable with 1.0 ml
of toluene is at least 90% was also confirmed by extracting a spiked water sample with
two successive 1.0-ml aliquots of toluene and analyzing both extracts for CDA.

In another test, we injected 1-, 2-, 3-, and 4-ul amounts of a CDA-containing
toluene extract into the GC system to ascertain the effect of injection volume on the
response to CDA. The CDA response per unit volume of injected sample extract was
essentially constant over this volume range. Hence, a volume of at least 4 ul could be
used if necessary to enhance the method detection limit.

A set of water samples that had been fortified with lewisite at different levels was
analyzed by the method, and the resulting response data (Z values) were subjected to
linear-regression analysis to obtain an expression for response as a function of CVA
concentration. These data were produced by fortifying 5.0-ml aliquots of distilled
water with varying amounts of lewisite (including zero lewisite, for use as a blank) in
the manner detailed previously. The resulting samples were then analyzed by the
recommended procedure. A 1.4-ul injection volume into the GC instrument was used,
and all Z values were normalized to a single GC attenuation setting. The non-zero
CVA solution concentrations were 28.4, 58.3, 75.6, 89.5, 120, 150 and 298 ng/ml.
Moreover, the toluene extract of the sample with a CVA concentration of 120 ng/ml
was analyzed eight times over a 3-h period.

The resulting least-squares slope, Y-intercept, and correlation coefficient of the
curve were, respectively, 0.0202 mm*ml/ng, —0.083 mm?* and 0.99586, where Y was
the corrected instrument response (Z value) in units of mm?. The regression analysis
included all eight measurements at 120 ng/ml; the relative standard deviation (R.S.D.)
of these replicate measurements was 6.2%. In addition, the sample with the lowest
non-zero CVA concentration in the group, ie., 28.4 ng/ml, yiclded an S/N of
approximately 10. From this information, the detection limit for CVA in water was
computed by extrapolation to S/N = 3 (assuming a qadratic response characteristic
for the FPD) and found to be 15.6 ng/ml for a 1.4-ul injection volume, or 5.5 ng/ml for
a4.0-ulinjection volume. The latter detection limit, when expressed in terms of lewisite
rather than CVA, is 6.7 ng/ml.

Fig. 5 displays a chromatogram from the analysis of a water sample that had
been spiked with lewisite to produce a 12.3-ng/ml aqueous CVA solution. The analysis
was conducted under the conditions of Table I, and a 2.4-ul injection volume was
employed. This figure illustrates the low detection limit of the method, as well as the
need for correction of the signal for baseline displacement by EDT when the CVA
concentration is low.

The results of simulating four days of air sampling with lewisite-fortified bubbler
samplers are summarized in Table III. The lewisite recoveries at the lowest non-zero
concentration exhibited a consistent positive bias of from 20 to 60%, whereas
a generally smaller negative bias occurred at the other non-zero concentrations. The
cause of the positive bias at low levels is not known; perhaps the ascorbic acid (which
was present in the bubbler fluid but not in the calibration standards) played a role. But
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Fig. 5. Chromatogram from the analysis of a water sample that had been fortified with lewisite to produce
a CVA concentration of 12.3 ng/ml. The response to the EDT derivative of CVA (i.e., CDA) is indicated in
the figure.

note that, because an air volume of 720 1 was sampled through each bubbler, the lowest
non-zero CVA concentration corresponded to the sampling of lewisite vapor at an
average concentration of 0.3 ng/l, or about 35 ppt (10*?). For most applications at this
rather low concentration level, the observed biases, although quite significant, are
likely to be acceptable. Hence, the method appears to have the potential for use in the
determination of lewisite vapor at trace concentration levels in air.
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TABLE III

RECOVERIES OF ADDED LEWISITE FROM BUBBLERS AFTER DRAWING AIR THROUGH
THE BUBBLERS

CVA solution concentration® Lewisite vapor concentration® Lewisite recovery (%)
(ng/ml) (ng/l)

Day

0 0 — - - —
0 0 — - - —°
11.8 0.30 160 130 140 130
11.8 0.30 150 150 130 120
59.1 1.50 102 82 76 94
59.1 1.50 94 80 80 94
89.5 2.28 100 83 71 97
89.5 2.28 99 92 86 96
119 3.03 105 94 89 91
119 3.03 93 76 85 90
178 4.53 94 95 81 97
178 4.53 93 94 81 93

“ CVA concentrations in the sample-collection media of the various bubblers.

Lewisite vapor concentrations in air that would have been required in order to have collected the amounts
of CVA that were actually present in the bubblers.

The second blank determination on day 4 yielded a very slight non-zero response that corresponded to
a CVA solution concentration of about 3 ng/ml. Note, however, that this is well below the estimated
detection limit of the method.

-

-

The above study was first attempted without the use of ascorbic acid in the
bubblers. But the lewisite recoveries in this case were exceedingly low (ca. 50%) and
variable (ca. 25% R.S.D.). Thus, the data demonstrate that the presence of ascorbic
acid in the sample-collection fluid does, indeed, improve the recovery of lewisite under
these conditions, ostensibly by neutralizing an oxidizing interferant in the atmosphere.

Finally, it should be noted that the excess EDT that remains unneutralized by
AgNO; going into the toluene extraction step eventually fouls the GC syringe after
several hours of continuous use, causing a decrease in the GC response to CDA. But
the effectiveness of the syringe can be restored by cleaning it thoroughly in
a commercial acidic syringe-cleaning solution.

CONCLUSIONS

It was concluded that the method reported here is capable of determining CVA
in water with high sensitivity, high specificity and adequate accuracy for most
applications. An additional benefit of the method is the relatively low level of operator
expertise required to use it effectively. Moreover, because of the facile hydrolysis of
lewisite to the non-volatile CVA, air sampling and analysis for lewisite vapor should be
possible with the use of an impinger sampler (or bubbler) charged with an aqueous
sampling medium.
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ABSTRACT

Two methods for the determination of hexahydrophthalic anhydride (HHPA) in air were developed.
In a solid sorbent method, HHPA was sampled in Amberlite XAD-2 tubes, eluted in toluene and analysed
by gas chromatography with flame ionization detection. The sampling rates were 0.2 and 1.0 I/min. At 15
pg/m® (relative humidity <2%) and 27 ug/m® (relative humidity 70%) no breakthrough was observed.
However, at 160 ug/m? (relative humidity <2%), 6% breakthrough was found. The sampling efficiency of
the sampling rates 0.2 and 1.0 I/min did not differ. In a bubbler method, HHPA was sampled in bubblers
filled with 0.1 M sodium hydroxide solution. The sodium salt of hexahydrophthalic acid was formed. No
breakthrough was observed using a sampling rate of 1.0 1/min. The samples were stable during storage for
eight weeks in a refrigerator. The HHP acid was esterified with methanol-boron trifluoride and analysed
by gas chromatography-flame ionization detection. Apparatus for the generation of standard atmospheres
of HHPA, in the range of 10-3000 ug/m?, was developed using the diffusion principle. For the solid sorbent
method the precision (coefficient of variation) of the overall method was 2-7%, and for the bubbler
method 3-19% (range 15-160 ug HHPA/m?; relative humidity = <2-70%). A comparison between the
two methods was performed using the standard atmosphere. The concentrations found by the solid sorbent
method were 86-98% of those found by the bubbler method (range 15-160 ug HHPA per m3; relative
humidity = <2-70%). In work environment air, 93% was found using the solid sorbent method relative
to the bubbler method at a mean concentration of 330 ug/m® (coefficient of variation = 39%; range

200-540 pg/m*). For both methods, concentrations >3 ug/m? could be quantified at 60 min sampling with
a sampling rate of 1.0 I/min.

INTRODUCTION

Hexahydrophthalic anhydride (HHPA), the saturated analogue of phthalic an-
hydride (PA), is used as a hardener in epoxy resins. HHPA expoxy resins have good
mechanical and electronical insulation properties. Typical products made from
HHPA epoxy resins are electrical capacitors and ignition systems.

It has been known for a long time that organic acid anhydrided are irritant to
the eyes and to the mucous membranes in the respiratory tract [1). HHPA has also
like several other dicarboxylic anhydrides, been demonstrated to induce allergic rhin-
itis and asthma [2]. Studies on the chemically related methyltetrahydrophthalic an-
hydride [3,4] indicate that HHPA may be a sensitizing agent at low concentrations in
air.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Organic anhydrides are reactive compounds. Free acids are formed by hydroly-
sis. The reaction with alcohols and primary and secondary amines results in the
formation of esters and amides, respectively. Water is expected to be present in all
work environment air. Alcohols and primary and secondary amines may also be
present. The reactivity is expected to be strongly influenced by the presence of cata-
lysts such as tertiary amines, which are also expected in the work environment. The
toxicity of hexahydrophthalic acid (HHP acid) can be assumed to be low.

Some methods for the determination of acid anhydrides in air have been de-
scribed in the literature. Most of them describe filter sampling methods of PA [35,6]
and trimellitic anhydride [7-9]. The analyses are performed by gas chromatography
(GC) or high-performance liquid chromatography (HPLC). PA has been sampled
with Tenax as sorbent and analysed by GC with electron-capture detection [10].
Maleic anhydride has been sampled on XAD-2 Amberlite sorbent tubes treated with
p-anisidine and analysed by HPLC [11].

Methyltetrahydrophthalic anhydride (MTHPA) has been sampled by two dif-
ferent methods [12]. In the first method, MTHPA was collected on XAD-2 tubes and
the anhydride was analysed by GC with flame ionization detection (FID). In the
second method, the anhydride was sampled in sodium hydroxide by bubblers and the
corresponding acid was analysed by GC-FID, after derivatization with methanol-
boron trifluoride.

The serious effects of HHPA generate a requirement for good methods of con-
trolling the work environment. However, to our knowledge no methods of monitor-
ing HHPA in air have been described in the literature. Moller ez al. [2] repoited that
they have measured the concentration of HHPA in air by an impinger method from
US National Institute of Occupational Safety and Health, but this method was not
described. Pfiffli et al. [13] have monitored HHPA in air by a method used for the
determination of PA.

In the present study two methods for the determination of HHPA in air are
described and evaluated.

EXPERIMENTAL

Apparatus

For analysis of standard atmosphere samples, a Varian 3500 GC system (Var-
ian, Palo Alto, CA, USA) equipped with a Varian FID system (time constant 50 ms),
a Varian 8035 automatic on-column auto-sampler and a temperature-programmable
capillary injector was used.The chromatograms obtained were evaluated with a Shi-
madzu C-R3A integrator (Shimadzu, Kyoto, Japan).

For analysis of work environment samples, a Carlo Erba GC system, Fracto-
vap, Series 4160 (Carlo Erba, Milan, Italy), equipped with an FID system and on-
column injector was used. The chromatograms were recorded on a BBS Goerz, Ser-
vogor 310 linear recorder.

For identification of hexahydrophthalic acid dimethylester (HHP acid-DME) a
Shimadzu GC-MS QP1000 EI/CI quadropole mass spectrometer connected to a
Shimadzu GC 9A GC system was used.

Sampling rates were maintained by portable pumps: GilAir (1.0 1/min; Gilian
Instrument, Wayne, NJ, USA) and MSA Model C-210 (0.2 |/min; Mine Safety Appli-
cations, Pittsburgh, PA, USA).
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Relative humidity (RH) was measured by hygrometer from Solomat (MPM
2000/2013 Thermo Hygro Anemo Tachometer; Solomat, Rowayton, USA). Phase
separations were achieved with a Sigma 3E-1 centrifuge (Sigma, Harz, Germany).

Sample tubes and bubblers

For sampling in the solid sorbent method, Amberlite XAD-2 tubes (cat. No.
226-30, SKC, Eigthy Four, PA, USA), and for sampling in the bubbler method 5-ml
bubblers equipped with sintered glass filters (cat. No. L.9-751-1, Labglas Service,
Stockholm, Sweden), were used.

Columns

Fused-silica capillary columns with chemically bonded stationary phases were
used: for standard atmosphere sampling, CP-sil 8 CB (Chrompack, Middelburg,
Netherlands) 25 m x 0.25 mm I.D. with a film thickness of 0.25 ym and, for work
environment sampling, DB-5 (J & W Scientific, Folsom, CA, USA) 30 m x 0.32 mm
L.D. with a film thickness of 1.0 ym.

Chemicals

Ethylacetate, methanol and toluene were from LabScan (Dublin, Ireland). Bo-
ron trifluoride, 14% in methanol, was from Sigma (St. Louis, MO, USA). HHPA
(>98%), sodium bicarbonate, sulphuric acid, sodium hydroxide and sodium sul-

phate were from Merck (Darmstadt, Germany). HHP acid-DME was from SyntElec
(Lund, Sweden).

Generation of standard atmosphere

HHPA in air was generated by the dynamic generation equipment shown in
Fig. 1. Into a 250-ml vessel, placed in a water bath, two 4-ml test tubes containing
HHPA were inserted. A stream of HHPA vapour was generated by blowing 2 1/min
dried air into the vessel. The outlet was connected to a mixing chamber where the
HHPA atmosphere was further diluted with air with a controlled RH. The humid air
was generated by mixing dry air with air bubbled through deionized water. The outlet
from the mixing chamber was connected to an all-glas 15-1 cylinder which then con-
tained the controlled atmosphere of HHPA. The RH was measured by a hygrometer.
The cylinder had two outlets for simultaneous sampling. Excess air was removed
through a third outlet. All connection tubes were made of PFTE (3.5-7mm 1.D.). All
other equipment was glass. _

Concentrations in the range 10-3000 pug/m> (monitored by the solid sorbent
method) were generated by the equipment. The different concentrations were ob-
tained by varying the temperature in the water bath between 35 and 90°C and the flow
of dilution air between 0 and 30 I/min. Relative humidity between <2 and 90% could
be generated.

Work environment atmosphere

Air samples of HHPA were collected in a plant manufacturing electrical capac-
itors. Except for HHPA, the plant handled MTHPA, benzyldimethylamine, epoxy
resins (epichlorhydrin and bisphenol Alaniline). The RH was 16-44%.
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Fig. 1. Equipment for the generation of vaporous HHPA in air.

Procedure in the solid sorbent method

Sampling of HHPA was performed with XAD-2 tubes with one sampling layer
and one control layer. The sampling rate was 0.2 1/min or 1.0 I/min.

After sampling, the XAD-2 tubes were sealed with plastic plugs and put into a
sealed plastic vessel with a layer of dry silica gel on the bottom. The tubes were stored
at —20°C. :

Each XAD-2 layer was eluted in 1.0 ml of toluene for 8 min. Thereafter, the
toluene was transferred into glass tubes with PFTE screw caps. The solution was
analysed immediately after elution.

Procedure in the bubbler method

HHPA was sampled with midget bubblers containing 5 ml of 0.1 M sodium
hydroxide absorption solution in which HHP acid was formed. The sampling rate
was 1.0 1/min.

After sampling, the bubblers were filled with 0.1 M sodium hydroxide to the
original volume. All solutions were quantitatively transferred into glass tubes with
PFTE screw caps and stored at 4°C.
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The absorption solutions were acidified with 0.5 ml of 5 M sulphuric acid and
extracted with 25 ml (15 ml + 10 ml) of ethylacetate. The ethylacetate was dried
overnight with anhydrous sodium sulphate and evaporated to dryness in a stream of
dry nitrogen. After evaporation, the residue was dissolved in 1.2 ml of methanol to
which 2.0 ml of 14% boron trifluoride in methanol was added. Esterification was
performed overnight in glass tubes with PFTE screw caps at 70°C. When the tubes
had cooled, 4 ml of saturated sodium bicarbonate was added and the mixtures were
extracted with 2 ml of toluene. After centrifugation, the toluene solutions were trans-
ferred to glass tubes and dried over anhydrous sodium sulphate. The samples were
kept at —20°C until analysis.

Preparations of standard solutions

Standard solutions of HHPA were prepared by dissolving 100 mg of HHPA in
25 ml of toluene. This solution was then further diluted in toluene to appropriate
concentrations.

Standard solutions of HHP acid-DME were prepared by reacting 100 mg of
HHPA with 25 ml of aqueous 0.1 M sodium hydroxide. The HHP acid was then
further diluted in the aqueous sodium hydroxide to appropriate concentrations. The
standard solutions were worked up and analysed together with the samples as de-
scribed above.

To determine the recovery of the work-up procedure of HHP acid-DME, stan-
dard solutions of HHP acid-DME were prepared in toluene. A 100-mg aliquot of
HHP acid-DME was dissolved in 25 ml of toluene. The solution was then further
diluted in toluene to appropriate concentrations.

Analysis

On the Varian equipment, 1.0 ul of the toluene solutions was injected at a rate
of 5 ul/s into the column. The injector starting temperature was 100°C for 0.2 min,
and thereafter the temperature was increased by 50°C/min to a final temperature of
160°C, where it was maintained for 8 min.

The column initial temperature was 100°C for | min. Thereafter the temper-
ature was increased by 8°C/min until a final temperature of 135°C, which was main-
tained for 2 min. When analysing HHP acid-DME, an additional column program-
ming step was added with an increase of the temperature of 40°C/min to a final
temperature of 250°C, which was maintained for 2 min.

The detector temperature was 260°C, and the supply of hydrogen and air for the
detector was 2 and 280 ml/min, respectively. As make-up gas, helium at a flow-rate of
40 ml/min was used. The gas flow of helium through the column was 2.0 ml/min.

On the Carlo Erba equipment, 1.0 ul of the toluene solution was injected using
the cold on-column technique. The column initial temperature was 122°C for 1 min
and thereafter the temperature was increased by 10°C/min to the final temperature of
230°C, where it was maintained for 5 min.

The temperature of the detector was 260°C, the supply of hydrogen 12 ml/min
and of air 280 ml/min. The flow of helium through the column was 3.0 ml/min.
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RESULTS AND DISCUSSION

Standards
The identity of HHP acid-DME was confirmed by GC-mass spectrometry [14].
The purity of HHP acid-DME was checked using GC-FID and found to be ca. 97%.

Sampling considerations

Sampling using bubbler has been used for the determination of other anhy-
drides. The absorbing liquid used was an augeous solution of sodium hydroxide. In
the case of HHPA, the free sodium HHP acid is formed. Sodium HHP acid is expect-
ed to be stable in the sampling solution. The relatively fast hydrolysis of HHPA in the
bubbler solution minimizes the possible interfering reactions by other co-occurring
compounds present. However, a method based on the sampling in alkaline aqueous
solutions can not separate HHPA and HHP acid in air. The amounts of HHPA and
HHP acid are determined by the subsequent analysis.

Sampling of organic acid anhydrides has also been performed with sorbent
tubes containing solid sorbents. With this procedure, the determination of anhydrides
is feasible without interference from the possible presence of HHP acid. However,
sample losses cannot be disregarded, as HHPA may react with other compounds also
present in the sample. HHPA is sampled in a reactive form which may cause sample
losses during storage. The subsequent determination ought therefore to be performed
reasonably soon after sampling. The method is favoured by the simplicity of sam-
pling, analysis and evaluation of the results.

Procedure in the solid sorbent method

Sampling efficiency. The sampling efficiency for different concentrations of
HHPA and different RH in the air was determined by the analysis of the control
layer. The results are summarized in Table I. Neither the concentration nor the RH
seems seriously to affect the sampling efficiency. The sampling efficiency of the sam-
pling rates 0.2 and 1.0 I/min was investigated. Seven parallel samplings with the
different sampling rates were performed. The sampling time was 95 min and RH was
<2%. The estimated concentrations found by the different sampling rates were equal
(18 ug/m?) within the experimental errors.

- TABLEI

SAMPLING EFFICIENCY OF THE SOLID SORBENT METHOD FOR DIFFERENT CONCEN-
TRATIONS OF HHPA AND RELATIVE HUMIDITY IN AIR

The sampling rate was 1.0 1/min.

Concentration Relative Sampling Sampling Number of
of HHPA in air  humidity volumes efficiency® determinations
(ug/m?) (%) U] (%)
15 <2 63 >80 7
27 70 59 >90 7
160 <2 51 94 7

“ Percentage of HHPA in the sampling layer compared with the totally sampled amount.
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Recovery. The recovery of HHPA sampled on solid sorbent tubes was initially
investigated by the application of 30 ul of a toluene solution containing 0.44 ug/ul on
loosely packed Pyrex glass wool. The glass wool was placed in a glass tube in glass to
glass connection with a sorbent tube connected to a pump. HHPA was immediately
transferred from the glass wool by suction of 6.01 of air for 30 min. Of the anhydride
applied to the glass wool 76% was recovered from the XAD-2. When the glass tube
containing the glass wool was shaken in toluene, no HHPA was found. However,
when it was instead shaken in sodium hydroxide solution, 9% of the HHPA was
found as HHP acid. The recovery was therefore found to be 85% [coefficient of
variation (C.V.) 1%; n = 5; RH 40%)].

Storage. The stability of HHPA on XAD-2 tubes was studied by the simultane-
ous sampling of pairs of sorbent tubes in the standard atmosphere. On tube of each
pair was immediately analysed while the other tubes were kept in a freezer for 20 days
until analysis. Ca. 10% of the sampled HHPA was lost, and the losses during storage
were not influenced by the relative humidity in the sampled air. The RH was < 2%
(n = 5; sampling volume 58 1) and 70% (n = 6; sampling volume 60 1). The sampling
rate was 1.0 l/min and the concentration ca. 20 pg/m®. When storing HHPA in
toluene at microgram per millilitre concentrations degradation of sample was found.
At sub-pug/ml concentrations up to 2%/h was lost when kept at room temperature.
The loss was influenced by, for example, the condition of the toluene. Samples must
therefore be analysed immediately after elution of the solid sorbent tube. When kept
in a freezer, standard solutions could be stored up to ten days without noticeable
degradation of the sample.

Procedure in the bubbler method

Sampling efficiency. The sampling efficiency was studied by sampling HHPA in
the standard atmosphere with two bubblers, containing the alkaline-absorbing solu-
tion, coupled in series. All connections were glass to glass. Two different concentra-
tions of HHPA were studied, 21 and 220 ug/m? (n = § for each; sampling volume 120
I, RH<2%). No HHP acid was found in any of the second bubblers.

Storage. No degradation of HHP acid in the absorption solution was found
when stored in a refrigerator for eight weeks at concentrations of 0.16 ug/ml (n = 5)
and 2.5 pg/ml (n = 5). Standard solutions of HHP acid-DME in toluene, containing
0.18 pug/ml (n = 5) and 2.9 pg/ml (n = 5), kept in a freezer were also stable.

Work-up procedure. The recovery for the work-up of absorbing solution spiked
with 1.4 ug of HHPA was 88% (C.V. 4%) and 79% (C.V. 3%) when spiked with 22
ug of HHPA (n = 10).

Chromatography

Symmetrical peaks were obtained for HHPA as well as HHP acid-DME in the
chromatographic system. No adsorption or decomposition was observed. When ana-
lysing the anhydride, no interfering peaks disturbed the evaluation of the chroma-
tograms. When analysing the HHP acid-DME, on peak originating from the esterfi-
cation step was eluted with the same retention time; this reduced the detection limit
slightly (Fig. 2). A comparison between apolar columns of internal diameter 0.25 mm
and a film thickness of 0.25 um and internal diameter 0.32 mm and a film thickness of
1.0 um was done. Significantly better resolution relative to the matrix was obtained
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Fig. 2. Chromatograms of (A) 0.1 ug HHPA per millilitre of toluene and (B) blank sample of the solid
sorbent method. (C) shows a chromatogram of HHPA-DME (about 0.1 ug/ml in toluene) and (D) a blank
sample of the bubbler method. '

for the column with the internal diameter of (.25 mm, which was also the minimal
internal diameter of a capillary column that it was possible to use for automatic
on-column injections. The on-column injection technique was chosen for the excellent
repeatability achieved. At least 1000 injections were possibile without noticeable deg-
radation of the column. The chromatograms were hence easy to evaluate with the
integrator.

Detection

Detection of HHPA was performed with FID, photoionization detection (PID)
and electron-capture detection (ECD). PID was more than 10 times less sensitive than
FID. ECD was much more sensititive than FID. However, ECD is complicated to
use, unstable and sensitive to impurites. FID, which is easy to use, relatively sensitive
and stable, was therefore chosen. The detection limits for HHPA in toluene using
FID and calculated as three times the noise was ca. 0.1 ug/ml (Fig. 2). However,
owing to the instability of HHPA, concentrations lower than 0.2 ug/ml were not
quantified. The practical detection limit is defined by the sampling and the work-up
conditions. The detection limit (three times the noise) for HHP acid-DME in toluene
is about 0.1 ug of HHPA per millitre (Fig. 2). Short time sampling (15 min) can be
performed down to air concentrations of 13 ug/m? with both the bubbler and the
solid sorbent methods. With 1 h sampling, concentrations >3 ug/m? can be detected
with both methods. For 8 h sampling it is advisable to use the low sampling rate for
the solid sorbent method and to change the bubbler or XAD-2 tube at least once
during the day.

Quantitative analysis
Calibration graph. Different amounts of HHPA were added to 5 ml of 0.1 M
aqueous sodium hydroxide and the work-up procedure described above was used.
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TABLE II

PRECISION AT DIFFERENT CONCENTRATIONS OF HHPA AND RELATIVE HUMIDITY IN
AIR

The sampling rate was 1.01 1/min.

Concentration Relative Sampling Precision of Precision of Number of
of HHPA in air  humidity volumes XAD-2 bubbler determina-
(ng/m3) (%) 0] (%) (%) tions

15 <2 63 2 12 7

27 70 59 7 19 7
160 <2 51 2 3 7

“ The precision of the bubbler method was calculated from six determinations.

Single samples at each concentration (n = 7) with duplicate injections were made. A
linear relation passing through the origin was achieved at the investigated range of
0.6-320 ug of HHPA per sample. The correlation coefficient was 0.9996. HHPA was
added to toluene to concentrations in the range of 0.44-440 ug of HHPA per millitre.
A linear calibration curve, passing through the origin, was found. The correlation
coefficient was 0.9999.

Precision. HHPA was collected in solid sorbent tubes and bubblers for the
estimation of the concentration in the standard concentration chamber. The precision
of the determinations is presented in Table II. The result at RH = 70% indicates the
minor influence of the relative humidity on the precision.

Comparison between the methods. Parallel samples were taken in the standard
atmosphere on XAD-2 tubes and bubblers and the work-up procedures were then
performed. The correspondence between the results obtained by the two methods was
then compared. The low RH (<2%) was chosen to minimize the amount of HHP
acid possibly present in the air. With a higher RH, a difference in the concentrations
found by the two methods could demonstrate the presence of HHP acid in the air
rather than a difference in determination of the anhydride. At 15 ug/m? (n = 7;
sampling volume 63 1; RH <2%) the concentrations found by the solid sorbent
method were 93% of those with the bubbler method, and at 160 pg/m? (n = 7,
sampling volume 51 1; RH <2%) 98% and at 27 ug/m? (n = 6; sampling volume 59 I,
RH 70%) 86%. This indicates decreasing recovery with the relative humidity for the
solid sorbent method. However, the difference was not statistically significant. A
comparison of samples taken simultaneously, by the two methods, in the work envi-
ronment air was performed. The sampling rate for the solid sorbent tubes was 0.2
mi/min. No breakthrough was observed at any concentration monitored. The con-
centrations found by the solid sorbent method were 93% of that found by the bubbler
method at a mean concentration of 330 ug/m® (C.V. = 39%; range 200-540 ug/m>;
sampling volume 19-46 I; n = 8). However, the possibility that other factories use
other chemicals which can possibly interfere with the HHPA determinations must be
considered. The results of the two methods were compared by the paired r-test (95%
confidence limits; two-tailed). At none of the four conditions was there a significant
difference between the methods.



256 B. JONSSON, H. WELINDER, G. SKARPING
CONCLUSIONS

The two methods for the monitoring of the HHPA in air were found to be
reliable with detection limits much below the expected average found in the work
environment. The methods were investigated for the concentration range 15-160
ug/m3. However the studies in the work environment indicate that they are applicable
at least up to 540 ug/m>. RH <70% did not seem to affect the sampling efficiency of
the solid sorbent method. The high sampling rate (1.0 I/min) makes it possible to
monitor the exposure for relatively short periods. For monitoring for a long time,
using the solid sorbent method, a sampling rate of 0.2 1/min is preferable to minimize
the breakthrough. The methods showed the same results (within the experimental
errors) for the monitoring of HHPA concentration both in the standard atmosphere
and when applied in the work environment. However, when both anhydride and acid
are present in the air the total is obtained with the bubbler method. The solid sorbent
method makes it possible to monitor HHPA as such and it has the advantages of
somewhat better precision and a less time-consuming work-up procedure. The sam-
pling solutions obtained for the bubbler method have the obvious advantage of being
stable during storage.
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ABSTRACT

The GC method developed for the stereoisomeric purity determination of captopril is based on the
combined information derived from the analyses of the captopril sample on two GC systems, one with a
chiral and the other with an achiral column. The limit of detection has been determined to be 0.02% (w/w)
for (R.S) or (S,R) and 0.03% for (R,R), with corresponding minimum quantifiable levels of 0.08% and
0.09%.

INTRODUCTION

Captopril, 1-[3-mercapto-2-(S)-methyl-1-oxopropyl]-(S)-proline (Fig. 1) is an
inhibitor of the angiotensin-converting enzyme and is widely used for the treatment of
hypertension and congestive heart failure [1]. Since the compound contains two
asymmetric centers, one associated with the proline and the other associated with the
3-mercapto-2-methylpropionic acid side chain, there are three other possible ster-
coisomers: 1-[3-mercapto-2-(S)-methyl-1-oxopropyl]-(R)-proline, 1-[3-mercapto-2-
(R)-methyl-1-oxopropyl]-(S)-proline and 1-[3-mercapto-2-(R)-methyl-1-oxopropyl]-
(R)-proline. The production of captopril (S,S) involves the coupling of L-proline with
the acid chloride of resolved 3-acetylmercapto-2-(S)-methylpropionic acid. Since
both the acid chloride and proline may contain traces of the respective enantiomers, it
is possible to form small amounts of each of the three stereoisomers, (R,R), (S,R) and
(R,S), which could theoretically be present in the final bulk captopril product. As-
suming the unlikely situation where both the proline and the acid chloride meet the

CH,

o COH

Fig. 1. Chemical structure of captopril.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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low end limit of the specifications, 99.5% and 96.0%, respectively, the theoretical
amounts of the stereoisomers that can be formed have been computed: 95.5% cap-
topril (S,S), 3.98% (R,S), 0.48% (S,R) and 0.02 (R,R). On the other hand, bulk
captopril, which is obtained after extensive purification during routine processing,
may not contain any of the stereoisomers. Thus, to ascertain the stereoisomeric purity
of captopril (8,S), it was required to develop a method which is capable of quantitat-
ing any trace amounts of (R,R), (R,S) and {S,R) in captopril.

Gas chromatography (GC) has been used to resolve enantiomers on chiral
columns [2,3] and diastereomers on achiral columns [4,5]. The GC method developed
for the stereoisomeric purity determination of captopril is based on the combined
information derived from the analyses of the captopril sample on two GC systems,
one with a chiral and the other with an achiral column. The limit of detection (LOD)
has been determined to be 0.02% (w/w) for (R,S) or (S,R) and 0.03% for (R,R), with
corresponding minimum quantifiable levels (MQL) of 0.08% and 0.09%.

EXPERIMENTAL

Reagents and chemicals

Captopril and the other three stereoisomers were characterized products ob-
tained from Bristol-Myers Squibb Pharmaceutical Research Institute (Chemical
Process Technology Department, New Brunswick, NJ, USA). Methanol-hydrogen
chloride solution (2 M) was prepared by adding dropwise 2.8 ml of acetyl chloride
(Applied Science) to 17.2 ml of cold anhydrous methanol (Applied Science) in an ice
bath. After removing from the ice bath, the solution is allowed to remain at room
temperature for at least 20 minutes prior to use. The reagent is stable for at least two
weeks when refrigerated. The other reagents used were pentafluoropropionic an-
hydride (Pierce), ethyl acetate (Burdick and Jackson, pesticide-residue grade) and
n-butyl acetate (Burdick and Jackson, pesticide-residue grade).

Sample preparation

Into an autosampler vial containing approximately 5 mg of captopril, 1.0 ml of
methanol-hydrogen chloride solution was added. After capping the vial and mixing
to aid in dissolution, the solution was heated at 60°C for 30 min. After the samples
had cooled, the reagents were removed by evaporation under nitrogen. To the dry
residue, 250 ul of ethyl acetate and 250 ul of pentafluoropropionic anhydride were
added and the resulting solution was heated at 60°C for 30 min. After cooling, the
reagents were removed by evaporation under nitrogen and the dry residue was recon-
stituted in 0.6 ml of n-butyl acetate. A 1.0-ul portion of this solution was then injected
into each of the two GC systems described below.

Gas chromatography

A Hewlett-Packard 5890 capillary gas chromatograph, equipped with a split/
splitless injection port, a flame ionization detector and 7673A autosampler injector,
was used. Injection was in the split mode, with a split flow of 50 ml/min. The split port
liner was an unpacked cup splitter (Restek No. 20710). The helium carrier gas head
pressure was maintained at 83 kPa (12 p.s.i.g.) and the flow-rate of the helium make-
up gas for the flame ionization detector was 30 ml/min. The GC sensitivity was set at
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arange of 2% and attenuation of 22. The analysis was carried out by injecting 1.0 ul of
the sample solution into each of the two chromatographic systems, one chiral and the
other achiral.

For the achiral column analysis, the column used was Rt,—1(100% dimethyl-
polysiloxane, Restek Corp.), 30 m x 0.32 mm [.D. and 1.0 um stationary phase film
thickness. The oven temperature was maintained at 170°C for 12 min. The injector
and detector temperatures were maintained at 250°C and 300°C, respectively.

For the chiral column analysis, the column used was XE-60-S-valine-S-phen-
ylethylamide (Chrompack), 25 m x 0.25 mm [.D.and 0.12 ym stationary phase film
thickness. The oven temperature was maintained at 160°C for 15 min. The injector
and detector temperatures were maintained at 250°C and 275°C, respectively,

Quantitation

Chiral column. The chiral column system resolves two of the three stereoiso-
mers, (S,R) and (R, R), from the main peak, which is due to captopril (S,S). Thus, this
system is used to determine the amounts of (S,R) and (R,R) in captopril according to
the following equations:

Asgr
% of (S,R) = - 100
Asp + Arg + Assqgs

ARR
% of (R,R) = - 100
ASR + ARR + ASS+RS

where Agp = area of the (S,R) peak; Apr = area of the (R,R) peak; Ass, ps = area of
the unresolved peak for captopril and (R,S).

The (R,S), which coelutes with captopril (S,5), is determined by the combina-
tion of the results derived from the chiral and achiral systems (see below).

Achiral column. On the achiral column, the four stereoisomers elute as two

peaks, composed of the co-elution of (R,S) and (S,R), and the co-elution of (S,S) and
(R,R). Thus, ,

ASR+RS

% of (S,R) + (R,S) = - 100

Asr+rs t Ass+rz

where Agg 4 rs = the area of the peak representing the co-elution of (S,R) and
(R,S); Ass+rr = the area of the peak representing the co-clution of the captopril
(5.S) and (R,R).

Using the % of (S,R) calculated from the chiral column data (see above), the %
of (R,S) can be determined:

% of (R,S) = [% of (S,R) + (R.S)] = [% of (S,R)]
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RESULTS AND DISCUSSION

The method developed for the determination of the three stereoisomers, (R,R),
(S,R) and (R,S), in captopril, (S,S), is based on a two-step achiral derivatization,
methylation of the carboxylic acid followed by the acylation of the sulfhydryl. The
resulting product is chromatographed on two separate chromatographic systems, one
using an achiral column and the other a chiral column. On the achiral column, the
four stereoisomers are resolved into two peaks (Fig. 2), each peak representing a
diastercomer and its enantiomer. Thus, (R,S) coelutes with (S,R) and (S,S) coelutes
with (R,R). The resolution between the two peaks is 1.8. The chiral column, on the
other hand, resolves the components into three peaks (Fig. 3) with the coelution of
(S,S) and (R,S). The resolution between the main peak and the (S,R) peak is 1.8,
whereas the resolution between the (S,R) and (R,R) peaks is 0.53, which was found to
be adequate. On both systems, the minor peaks elute before the main peak, which
makes integration of the minor peaks more reliable. The reagent blank chroma-
togram on each system (Figs. 4 and 5) showed that there were no interfering peaks in
the regions of interest. By the combination of the data from the runs obtained on the
two chromatographic systems, it is appropriate to determine the levels of the three
stereoisomers in captopril.

The accuracy of the method was established by analyzing captopril samples
spiked with varying amounts of each of the three stereoisomers. As shown in Table I,
added stereoisomer was quantitatively recovered. The table also shows that precision
of replicate injections is excellent. Excellent precision was also obtained for replicate
preparations of captopril spiked with the stereoisomers (Table II). The data in Table
IT were also used to estimate the LOD and MQL of the method, by utilizing the
formulae LOD = 3 x standard deviation of replicate sample preparations and
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Fig. 2. Achiral column chromatogram of a solution prepared from 5 mg of captopril, (S,S), spiked with 0.5
mg of each of the three stereoisomers, (R,R), (R,S) and (S,R). Peaks: 1 = (R,S) + (S,R) (7.55 min); 2 =
captopril + (R,R) (7.82 min). The resolution between the two peaks is 1.8.
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Fig. 3. Chiral column chromatogram of a solution prepared from 5 mg of captopril, (S,S), spiked with 0.5
mg of each of the three stereoisomers, (R,R), (R,S) and (S,R). Peaks: | = (S,R) (9.71 min); 2 = (R,R)(9.87
min); 3 = captopril -+ (R,S). The resolution between peaks 1 and 2 is 0.53; the resolution between peaks 1

and 3 is

1.8.

MQL = 10 x standard deviation of replicate sample preparations. Thus, the LOD is
estimated to be 0.02% for (R,S) or (S,R) and 0.03% for (R,R), with corresponding
MQL values of 0.08 and 0.09% (w/w).

Analyses of a large number of different batches of captopril showed that little
or no stereoisomers are present in captopril. The largest level found was for the (R,S)
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Fig. 4. Chromatogram of a reagent blank corresponding to Fig. 2.
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RECOVERY OF THE STEREOISOMERS ADDED TO CAPTOPRIL

The four values shown for each level of a stereoisomer represent replicate injections of the same solution.

Added
(%, wiw)

(R,S) Stereoisomer
recovered (%, w/w)

(S,R) Stereoisomer
recovered (%o, w/w)

(R,R) Stereoisomer
recovered (%, w/w)

44

0.97
0.49
0.20
0.10

49,49,49,49
LI, 1.1, L1, 1.0
0.54, 0.53, 0.52, 0.54
0.22, 0.23,0.25, 0.22
0.10, 0.10, 0.12, 0.10

43,44,44,44

0.99, 0.97, 0.95, 0.98
0.49, 0.52, 0.52, 0.52
0.22,0.24,0.22,0.24
0.13,0.12,0.13, 0.12

49,49,49,49
1.2,1.2,12,1.2

0.49, 0.57,0.54, 0.48
0.22,0.21,0.22, 0.16
0.10, 0.087, 0.082, 0.10

TABLE 11

REPRODUCIBILITY OF REPLICATE PREPARATIONS OF CAPTOPRIL SPIKED WITH 0.1%
(w/w) OF THE STEREOISOMERS

S.D. = Standard deviation; R.S.D. = Relative standard deviation.

Replicate No.

(R,S) Stereoisomer
recovered (%, w/w)

(S,R) Stereoisomer
recovered (Y, wiw)

(R,R) Stereoisomer
recovered (%o, w/w)

o0 ~3 N W BN —

0.11
0.11
0.11
0.11
0.12
0.12
0.11
0.13

0.12
0.0076
6.6

0.10
0.12
0.11
0.12
0.11
0.12
0.11
0.11

0.11
0.0071
6.3

0.084
0.081
0.094
0.076
0.10

0.083
0.095
0.081

0.086
0.0084
9.7
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stercoisomer as expected, but the level was lower than the MQL even for this ste-
reoisomer.

Before the adoption of the method described here, several different investiga-
tions were undertaken. The resolution obtained on the chiral column after just methyl-
ation, without subsequent acylation, was not satisfactory. The use of another amino
acid-based chiral column, Chiralsil-VALI I, did not give the resolution obtained on
the XE-60-S-valine-S-phenylethylamide column.

The method described above could be cleanly accomplished by mutidimension-
al GC. The sample would first be injected into the achiral column which separates the
four compounds into two components, (R,S) and (S,R) coeluting first, and (S,S) and
(R,R) coeluting next. The two peaks would then be directed separately to the chiral
column, with each producing two peaks on the chiral column. Thus, the first peak
from the achiral column will produce two peaks on the chiral column, that of (S,R)
eluting first and (R,S) eluting next, well separated from each other.
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ABSTRACT

Erythromycin A N-oxide and pseudoerythromycin A hemiketal, accompanying erythromycin A and
erythronolide B, were isolated from the fermentation broth of Saccharopolyspora erythraea by combina-
tion of thin-layer chromatography on sitica gel and reversed-phase high-performance liquid chromatogra-
phy. Their identification is based on the mass and 'H and '*C NMR spectrometric results.

INTRODUCTION

During the monitoring of erythromycin A (EA) production in a cultivation of
mixed culture of Saccharopolyspora erythraea mutants 5002 and 5005 blocked at
different steps of erythromycin biosynthesis, two biologically inactive substances
were produced in large amounts, simultaneously with the production of biologically
active EA and erythronolid B (ELB) [1]. Before suppressing their formation, it was
necessary to identify them. These substances were isolated from the liquid part of
fermentation broth separated by centrifugation. Extraction and a combination of
thin-layer chromatography (TLC) on silica gel and reversed-phase high-performance
liquid chromatography (HPLC) were used for their isolation (Fig. 1). The substances
were identified as erythromycin A N-oxide (EANO) and pseudoerythromycin A he-
miketal (psEAHK) by spectroscopic means. 'H and '*C NMR spectra of EANO and
psEAHK are reported here to facilitate the future identification of these compounds.
ELB and EA were also isolated from the same source. The structures are depicted in
Fig. 2.

EANO has already been isolated from commercial EA by classical column
chromatography on silica get with TLC monitoring [2] and psEAHK was described
as a product of the reaction of EA with diethylamine and glacial acetic acid [3]

0021-9673/91/%03.50 © 1991 Elsevier Science Publishers B.V.
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Fermentation broth (4200 ml)
(liquid part)

alkalinization with Na,CO; to pH 9.7
extraction with EtOAc (2x3000 ml)
evaporation to 500 ml

| 1
Aqueous Phase EtOAc Phase

extraction with H,0; pH 4.5
(1x400 ml)
1 i 1
Aqueous Phase EtOAc Phase
alkalinization with evaporation
Na CO3 to pH 9.7 prep. TLC
ex%ract. with EtOAc crystallization
(2x300 ml)
ELB (25 mg)
: | l
Aqueous Phase EtOAc Phase
evaporation
Light yellow residue
prep. TLC
i 1
Fraction 1 Fraction 2 Fraction 3
(92 mg) (15 mg) (73 mg)
HPLC HPLC HPLC
evaporation evaporation evaporation
crystallization crystallization crystalliz.
EA (44 mg) psEAHK (5.8 mg) EANO (19 mg)

Fig. 1. Isolation scheme. EtOAc = Ethyl acetate.

EXPERIMENTAL

Chemicals

Ethyl acetate, chloroform, methanol, ammonia solution and sodium carbonate
were of analytical-reagent grade (Lachema, Brno, Czechoslovakia). All solvents were
distilled before use. A standard of EA was obtained from Upjohn (Kalamazoo, M1,
USA).
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0 CHg

Fig. 2. Structure of isolated erythromycins: erythronolide B (ELB), erythromycin A (EA), erythromycin A
N-oxide (EANO) and pseudoerythromycin A hemiketal (psEAHK).

Compound Aglycone R, R, R,

ELB A H H H

EA A a b OH

EANO A c b OH

psEAHK B a b -
Samples

Samples suitable for TLC and HPLC analysis were prepared from fermentation
broth according to the procedure described in Fig. 1.

Preparative TLC
Preparative TLC was performed on DC-Alufolien Kieselgel 60 ready-made
silica gel plates (Merck, Darmstadt, Germany) without prior activation. The mobile
phase was chloroform-methanol-ammonia solution (90:10:1, v/v/v). The plates were
developed at room temperature over a distance of 17 cm in chromatographic tanks
lined with filterpaper, which had been saturated for at least 2 h. The plates were then
dried at room temperature. The left and right margins of the TLC plates were cut off
and sprayed with a solution of anisaldehyde-sulphuric acid—95% ethanol (1:1:9, v/v/
v) and heated in hot air (100°C). Positions of substances of interest were interpolated
in the middle part of the preparative TLC plates using marginal strips. Three fraction
(1,2, and 3, R ranges 0.1-0.2, 0.2-0.3 and 0.3-0.5, respectively) were obtained after
_scraping, eluting with chloroform—methanol (2:1, v/v), filtration and evaporation
(Fig. 1).
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TABLE 1
EXPERIMENTAL CONDITIONS FOR PREPARATIVE HPLC

Column . 250 x 8§ mm 1.D.

Stationary phase“ Separon SGX C,,, 7 um

Mobile phase Methanol—water-ammonia solution 850:150:0.6 (pH=10)
Flow-rate 3ml min~!

Injection volume 100 pl

Sample amount per run® 8 mg

Detection Refractive index

* Tessek, Prague, Czechoslovakia.
b Sample dissolved in methanol.

Preparative HPLC

A Model SP 8000B high-performance liquid chromatograph (Spectra-Physics,
Santa Clara, CA, USA) with an RIDK 101 differential refractometer (Laboratorni
piistroje, Prague, Czechoslovakia) was used. Chromatograms were recorded on a
strip-chart recorder at a chart speed of 0.25 cm min~' and a setting of 10 mV.
Experimental conditions described in ref. 4 were modified to suit our purpose using
EA standard and are summarized in Table I.

Nuclear magnetic resonance

'H and '3C NMR spectra (400 and 100 MHz, respectively) were measured in
deuterochloroform at 25°C with a Varian VXR-400 spectrometer. Reported assign-
ments are based on various two-dimensional NMR experiments.

Mass spectrometry

Mass spectral data were measured on a MAT 90 double-focusing mass spec-
trometer (Finnigan MAT). Samples were studied in the electron impact ionization
mode under the following conditions: direct inlet, 150-250°C; electron energy, 70 eV;
ion-source temperature, 225°C; total pressure, 2 - 10~ 7 Torr; and emission current, 1
mA. Raw spectral data were recorded with a scan speed of 10 s per decade.

fraction 1 fraction 2 fraction 3
8 8 8
ER EANO
RI RI
RI psEAHK
4 4 4
4] a ]
5} 8 . 16 2} 8 . 16 2] 8 . 16
min min min

Fig. 3. Typical chromatograms of fractions 1-3 obtained by preparative HPLC. EA = erythromycin A;
EANO = erythromycin A N-oxide; psEAHK = pseudoerythromycin A hemiketal. RI = Refractive
index.
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RESULTS AND DISCUSSION

Extraction, preparative TLC and HPLC
Fermentation broth was separated into liquid and mycelium part by centrifu-
gation. Mycelium was discarded and the fermentation broth filtrate (liquid part) was

TABLE II

13C NMR DATA (CHEMICAL SHIFT, ppm) FOR ERYTHROMYCIN A (EA), ERYTHROMYCIN
A N-OXIDE (EANO) AND PSEUDOERTHROMYCIN A HEMIKETAL (psEAHK)

Carbon EA [7] EANO psEAHK [3] psEAHK
Aglycone
| 176.30 175.87 176.70 176.95
2 45.02 45.19 46.90 47.04
3 80.30 80.02 80.30 80.94
4 39.50 3943 39.90 38.33
5 84.00 83.85 85.90 85.78
6 - 74.78 74.78 84.10 84.39
7 38.54 38.54 40.90 41.09
8 4493 4481 37.50 37.76
9 221.90 222.09 106.60 106.84
10 38.10 37.33 38.10 38.31
{1 68.76 68.92 72.90 72.92
12 74.45 74.62 76.50 77.20
13 77.10 76.82 77.70 78.00
14 21.16 21.06 22.90 23.03
15 10.70 10.63 11.60 11.90
16 15.90 15.97 14.00 14.22
17 9.20 9.05 10.30 10.50
18 26.50 26.92 29.70 29.95
19 18.40 18.28 11.90 11.90
20 12.00 12.03 10.00 10.25
21 16.20 16.14 17.10 17.09
Desosamine
I 103.30 102.68 105.35
2 71.10 72.62 70.30
3 65.30 67.08 65.20
4 29.20 34.80 28.93
5 68.81 76.20 69.26
6 21.35 2017 21.10
7 40.30° 52,134 40.38¢
8 40.30° 58.54¢ 40.38¢
Cladinose
1 96.50 96.25 96.69
2" 35.00 34.99 35.32
3" 72.70 76.62 7242
4" 77.90 77.95 78.21
5" 65.70 65.64 65.56
6" 18.46 18.64 17.49
7" 21.43 21.84 21.46
8" 49.50 45.59 49.15

¢ Signals in the same column can be interchanged.
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TABLE 111

'H NMR DATA FOR ERYTHROMYCIN A (EA), ERYTHROMYCIN A N-OXIDE (EANO) AND
PSEUDOERYTHROMYCIN A HEMIKETAL (psEAHK)*

Atom Multiplicity? Chemical shift (ppm) Coupling constant (Hz)
EA [7] EANO psEAHK EA (7] EANO psEAHK
Aglycone
H-2 dg 2.87 2900 2.734 9.5,7.1 9.3,7.1 10.1,6.3
H-3 dd 3.99 3.988  3.950 9.4,1.4 9.3,1.5 10.1,0.7
H-4 ddq 1.97 1.914  2.180 7.5,1.5,7.5 n.d. 10.7,11.1,1.7
OH-5 d 3.56 3.559 3472 7.8 7.8 11.1
H-7* dd 1.93 1.957 2310 14.9,11.9 n.d. n.d
H-7¢  ddd 1.74 1.654  2.383 149,84,1.0 14.8,2.0,0.6 n.d.
H-8 ddq 2.68 2.684 2289 11.423,70 11.5227.1 nd.
H-10 dq 3.08 3.087  2.044 1.4,6.9 1.4,6.9 2.3,7.0
H-11  dbr 3.82 3842  5.863 1.2 1.4 2.3
11-OH sbr 3.95 1.281 - - -
12-OH sbr 3.13 n.o. n.o. - - -
H-13 dd 5.03 5.026 2376 11.0,2.3 10.0,2.3 n.d:
H-14%¢ ddq 1.91 1.910 1.683 1422475 1422374 nd.
H-14* ddq 1.475 1.478 1.356 14.3,11.0,7.3 14.2,11.2,74 n.d.
H-15 t 0.84 0.841 0.995 7.4 7.4 7.3
H-16  dbr 1.175 1.192 1.216 7.8 7.1 6.3
H-17 d 1.10 1.108 1.092 7.4 7.4 7.0
H-18  sbr 1.46 1.129 1.378 - - —
H-19 d I.15 1.170  0.952 7.1 7.1 6.3
H-20 d 1.13 1.147 1.146 6.9 6.9 7.0
H-21  sbr 1.12 1.453 1.224 - - -
Desosamine
H-1’ d 4.40 4.531 4173 7.2 7.0 73
H-2' dq 3.21 3752 3.304 10.3,7.3 10.1,7.0 10.3,7.3
H-3 ddd 2.43 3.462  2.545 12.3,10.2,3.9 10.1,12.7,7.4 12.2,10.3,3.7
H-4'%  ddd 1.66 2.010 1.661 2239 n.d. n.d
H-4> ddd 1.22 1.573 1.278 n.d. n.d. n.d.
H-5 ddq 348 3.630 3482 10.8,2.1,6.1 104,1.7,6.3 10.8,2.1,6.2
H-6 d 1.22 1.267 1.210 6.1 6.2 6.2
H-7 s 2.29 3213 2.306 - - -
H-8 s 2.29 3.347 2306 - - -
Cladinose
H-1"  dbr 4.88 4888  4.765 4.5 49,08 42
H-2'"¢9 dd 2.35 2375 2354 15.2,0.8 15.0,0.8 15.4,0.7
H-2"* dd 1.56 1.567 1.531 15.1,5.0 15.0,4.9 15.4,4.6
4"-OH d 2.23 n.0. - - - -
H-4" dd 3.00 3.025¢  3.002¢ 9.7,9.7 9.3 9.4
H-5" dq 3.99 4.012  4.061 9.7,6.2 9.3,6.6 9.4,6.3
H-6" d 1.27 1.282 1.260 6.2 6.6 6.3
H-7" s 1.23 1.247 1.155 - - -
H-8" s 3.31 3213 3.239 - - -
“ n.o. = Not observed: n.d. = not determined.

b Multiplicity of 'H resonance. s = Singlet; d = doublet; t = triplet; ¢ = quartet; br = broad.
¢ Additional signal: 10-OH,3.168.
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made alkaline (pH 9.7) with sodium carbonate and extracted with ethyl acetate. The
extract was reduced in volume and washed with acidified water (pH 4.5). After evap-
oration of the ethyl acetate ELB was isolated by preparative TLC. The aqueous phase
was made alkaline (pH 9.7) with sodium carbonate and again extracted with ethyl
acetate. The solvent was evaporated in vacuo and the light-yellow residue was separat-
ed by preparative TLC.

The three fractions obtained were further purified by preparative HPLC. The
respective chromatograms are shown in Fig. 3. Peaks were collected according to the
detector response, the solvent was evaporated and the compounds were crystallized.
The yields are given in Fig. 1.

Mass spectrometry and nuclear magnetic resonance

ELB, isolated by preparative TLC, was identified using mass and NMR spectra
(Tables I1-1V). Later we found that fractions 1, 2 and 3 contained as the major
components EA, EANO and psEAHK, respectively. Other peaks were not identified
owing to the lack of sufficient material or its insufficient purity.

The mass spectrum of EANO closely resembles that of EA, and it was identical
with that of authentic EANO prepared as described [5]. The absence of a molecular
peak in the mass spectrum agrees with the known behaviour of N-oxides [6]. The
similarity of the '*C and 'H NMR spectra (Tables Il and III) confirms the presence of
erythronolide A and cladinose in the molecule. The 4,6-dideoxyhexose attached to
C-5 of the aglycone has the same configuration at C-2’ and C-3' as desosamine (Table
IIT), but is clearly different. The six-proton singlet of the NMe, group is replaced by

TABLE IV

MASS SPECTROMETRIC DATA FOR ERYTHROMYCIN A (EA), ERYTHROMYCIN A N-OX-
IDE (EANO) AND PSEUDOERYTHROMYCIN A HEMIKETAL (psEAHK)

mjz Relative intensity (%)
EA EANO  psEAHK

733 1.5 0.3 0.4
716 9.6 - -
715 1.8 5.1 7.2
657 - - 1.8
656 - - 1.8
559 3.6 - -
558 11.9 1.3 1.1
557 - - 1.0
382 - - 1.7
365 1.3 - -
175 3.0 12.0 15.2
174 3.8 4.0 6.6
159 219 26.5 28.8
158 100.0 100.0 100.0
127 113 10.7 11.5
15 34.9 25.6 21.0
109 33 5.7 5.0

100 33 6.6 9.8
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two methyls (oy 3.213, 3.347; 6¢ 52.13, 58.54 ppm). These signals deceptively suggest
the presence of the methoxyl groups, but this hypothesis has to be rejected on the
basis of results of elemental analysis (1.82% N) and high-resolution measurement of
the m/z 158 ion (CgH;sNO,). Another explanation of these signals requires a charge
on the nitrogen atom. NMR spectra of both canditates, EA hydrochloride and
EANO, were compared with those of our compound and the latter was found to be
identical with EANO.

Comparison of the NMR spectra of psEAHK and EA confirms the presence of
desosamine and cladinose in the molecule. The most downfield proton in *H NMR
spectrum belongs to an OCHCH(CH3) spin system and was therefore assigned to
H-11. This finding, together with chemical shifts of H-13 and -14 (Table III), indicates
a lactone ring closed to C-11. The signal of the C-9 carbonyl in the }3C NMR
spectrum is missing and a new signal appearing at 106.81 ppm points to ketal forma-
tion. As the distribution of methyl types is unchanged, the ketal is formed between
C-6 and C-9. The '*C NMR (Table IT) and mass spectrometric data (Table IV) agree
well with those published for psEAHK [3].
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ABSTRACT

High-resolution separations of polynucleotides were performed using capillary gel electrophoresis
(¢cGE) and high-performance liquid chromatography (HPLC) with reversed-phase, ion-exchange and
mixed-mode columns. Electropherograms showing cGE separations of single-stranded homopolynucleo-
tides were presented and compared with HPLC separations according to the chain length of the polynucle-
otides. The resolving power of ¢cGE is much higher than that of any HPLC mode. The chain length limits
for complete separation within 60 min by ¢GE, reversed-phase, ion-exchange and mixed-mode HPLC are
ca. 250, 30, 40 and 40 nucleotides, respectively. The plate number which is achieved for cGE of 3 - 10°=7 -
10° plates/m is about ten times larger than those of all HPLC modes of 4 - 10-8 - 105 plates/m. The

reproducibility of the migration time in cGE (2-4%) is comparable to those of retention times in HPLC in
several separation modes (1-3%).

INTRODUCTION

Analytical biotechnology [1,2] is an expanding field covering in the analytical
chemistry of biopolymers such as peptides, proteins, oligonucleotides, RNA and
DNA. Rapid analytical techniques with high resolution and sensitivity are required for
biopolymer analysis [3]. The largest biological project, the human genome project [4,5],
and RNA engineering initiated after Cech’s discovery of ribozyme [6] have also led to
the investigation of more rapid DNA and RNA analyses. These projects all require the
achievement of single-base resolution of polynucleotides from both analytical and
preparative points of views.

Chromatography [7] and electrophoresis [8] have both been recognized as the
main techniques for the analysis of polynucleotides, RNA and DNA in analytical
biotechnology. More recently, high-performance liquid chromatography (HPLC)
[9-11] and capillary electrophoresis [12] have been developing rapidly. In HPLC
separations, several novel packing materials have been developed for the separation of
oligonucleotides and polynucleotides [13-31]. The packing materials developed for
HPLC can be classified into four groups: ion-exchange [13-25], reversed-phase
[13,26,27], mixed-mode [28-30] and hydroxyapatite [31]. Microparticulate ( <5 wm)

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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ion exchangers based on polymers [21-25] and mixed-mode packing materials [28-30]
have led to high resolving powers of polynucleotides for single-base resolution.
Reversed-phase packing materials [13,26,27] have provided an excellent means of
rapidly and efficiently purifying synthetic oligonucleotides from crude reaction
mixtures. In capillary electrophoretic separations, Karger and co-workers [32,33] first
demonstrated the ultra-high resolving power of capillary gel electrophoresis (¢GE)
using polyacrylamide gel-filled capillaries for the separation of polynucleotides.
Several research groups have also been investigating cGE for the single-base resolution
of polynucleotides [34-40] and applied it to rapid DNA sequencing [34-36].

In this paper, HPLC and ¢GE are compared with respect to their performance in
the single-base resolution of polynucleotides. First, we examined critically the
resolving power of HPLC and ¢GE, ie., how wide a range of chain length of
polynucleotides can be separated with high resolution. For this purpose, we
investigated the suitability of a laboratory-made polyacrylamide gel-filled capillary
[40] for cGE and four commercially available columns for HPLC, namely (1) a TSK gel
OligoDNA RP conventional silica-based ODS reversed-phase column [27], (2) a
TSKgel DEAE-NPR novel microparticulate non-porous polymer-based ion-exchange
column [23,24], (3) a Shim-pack WAX-1 silica-based ion-exchange column [20] and (4)
a Neosorb-LC-N-7R RPC-5 type column [30]. Binary gradient elution was used for
HPLC separations of polynucleotides and the gradient was optimized by using
computer-assisted retention prediction and the HPLC computer simulation system
reported previously {41-43]. We used commercial homooligodeoxynucleotides of
specified chain length an polyadenylic acids digested enzymatically to study the limits
of resolution for these systems. In addition, the reproducibility of both techniques was
studied. The advantages and limitations of each technique are discussed on the basis of
our own experience in the laboratory. The resolving powers of HPLC columns that
have been reported previously [13-31] were also compared with that of ¢cGE.

EXPERIMENTAL

Chemicals -

Polyadenylic acid [poly(A)] was obtained from Yamasa Shoyu (Chiba, Japan),
polydeoxyadenylic acid [poly(dA)] from Sigma (St. Louis, MO, USA) and Pharmacia
LKB (Uppsala, Sweden), polydeoxyadenylic acids of chain length from the 12mer to
18mer [poly(dA);,_;s] and from the 40mer to 60mer [poly(dA)4o_¢o] and polyadenylic
acids of chain length from the 12mer to 18mer [poly(A);,_15] from Pharmacia and
nuclease P1 from Yamasa Shoyu. All other chemicals were of analytical-reagent or
electrophoretic grade from Wako (Osaka, Japan). The concentrations of samples were
2.5 units per 100 ul for poly(dA);,_;s, 5 units per 100 ul for poly(dA)4o_so and 5 units
per 100 ul for poly(A);,_1s. These polynucleotide samples were stored at — 18°C until
used.

Preparation of poly(A) and poly(dA) enzymatic partial hydrolysates
Oligoadenylate fragments from poly(A) were prepared by enzymatic hydrolysis
of poly(A) with nuclease P1 [44]. An aliquot (200 ul) of an aqueous solution of poly(A)
(15 mg/ml) was mixed with 200 ul of 0.3 M citrate buffer solution (pH 6). An aliquot
(2 ub) of an aqueous solution of nuclease P1 (50 ug/ml) was added to the buffered
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solution of poly(A) and the resulting solution was allowed to react at 40°C for 20 min.
Oligodeoxyadenylate fragments from poly(dA) were prepared in the similar manner
by using nuclease P1. A 20-ul volume of an aqueous solution of poly(dA) (5 units per
20 ) was mixed with 20 ul of 0.3 M citrate buffer (pH 5.3), 3 ul of an aqueous solution
of nuclease Pl (50 ug/ml) was added to the buffered solution of poly(dA) and the
resulting solution was allowed to react at 40°C for 40 min. These polynucleotide
samples were stored at — 18°C until used.

HPLC equipment

A Tri-Rotar VI HPLC system (Jasco, Tokyo, Japan) and an LC-800 HPLC
system (Jasco) were used for the separation of oligonucleotides. Both HPLC systems
were equipped with a microcomputer-based gradient controller. All gradients were
performed with a binary gradient elution technique. Sample solution (5-20 ul) was
injected into the column and chromatographed at a flow-rate of 1.0 ml/min. The
column temperature was kept at 40°C. Oligonucleotides were detected at 260 nm.

Columns and eluents

Four different types of columns were used: (1) TSK gel OligoDNA RP (TOSOH,
Tokyo, Japan)[27], (2) TSK gel DEAE-NPR (TOSOH) [23,24], (3) Shim-pack WA X-1
(Shimadzu, Kyoto, Japan) [20] and (4) Neosorb-LC-N-7R (Nishio, Tokyo, Japan)
[30].

The TSKgel OligoDNA RP column (150 mm x 4.6 mm 1.D.)is a reversed-phase
column based on a silica support, having a particle diameter of 5 um and a pore size of
250 A. Octadecyl groups were chemically bonded to the silica support. Eluents for this
column were (A) 5% acetonitrile containing 0.1 A ammonium acetate and (B) 25%
acetonitrile containing 0.1 M ammonium acetate.

The TSKgel DEAE-NPR column (35 mm x 4.6 mm I.D.) is an anion-exchange
column based on a non-porous polymer support, having a particle diameter of 2.5 um.
Diethylaminoethyl groups were chemically bonded to the non-porous polymer
support. Eluents for this column were (A) 0, 0.1 or 0.25 M sodium chloride in 20 mM
tris(hydroxymethyl)aminomethane (Tris)-HCI buffer (pH 9.0) and (B) | M sodium
chloride in 20 mM Tris—HCI buffer (pH 9.0).

The Shim-pack WAX-1 column (50 mm x 4 mm L.D.) is an anion-exchange
column based on a spherical silica support, having a particle diameter of 3 ym and
a pore size of 100 A. Tertiary amino groups were chemically bonded to the silica
support. Eluents for this column were (A) 0.0 M phosphate buffer (pH 6.8)
containing 20% of acetonitrile and (B) 0.3 M phosphate buffer (pH 6.8) containing
20% of acetonitrile.

The Neosorb-LC-N-7R column (250 mm x 4 mm [.D.) is a mixed-mode column
(RPC-5 type) based on a polychlorotrifluoroethylene support, having a particle
diameter of 7 um. The support was coated with trioctylmethylammonium chloride.
Eluents for this column were (A) 0.0l M sodium perchlorate-Tris-acetate buffer
(pH 7.5)~1 mM EDTA and (B) 0.15 M sodium perchlorate-Tris-acetate buffer
(pH 7.5)-1 mM EDTA.

Capillary electrophoresis
¢GE separations were carried out by using an Applied Biosystems (ABI, Foster
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City, CA, USA) Model 270A capillary electrophoresis system. Polyimide-coated
fused-silica capillaries (375 um O.D., 100 um 1.D.) (GL Sciences, Tokyo, Japan) of
effective length 30 cm and total length 50 ¢cm were used without pretreatment.
Polyacrylamide gel-filled capillaries were prepared according to the method reported
previously [40] as follows: (1) a buffered solution of acrylamide is prepared, (2) cat-
alysts [N,N,N’,N'-tetramethylethylenediamine (TEMED) and ammonium peroxodi-
sulphate] are added to the solution of acrylamide, (3) polymerizing solution is quickly
injected into the capillary by means of a vacuum injection system and (4) acrylamide is
polymerized in the capillary for 1 h at room temperature. The reproducibility and
stability of gel-filled capillaries were discussed in a previous paper [40]; the gel-filled
capillaries typically gave only a 10% decrease in the number of theoretical plates after
50 injections. The buffer solution was a mixture of 0.1 M Trisand 0.1 M boric acid with
7 M urea (pH 8.8). The sample solution was introduced into the capillary
electrophoretically (1 s at 5 kV). Gel-filled capillaries were run with buffer solution at
10 kV (200 V/cm, 9-11 pA) at 30°C. Polynucleotides were detected at 260 nm.

RESULTS AND DISCUSSION

Enzymatic digestion of poly(A) described under Experimental gave a mixture of
polyadenylates containing 5'-terminal phosphate in their chain from the monomer to
300mer [40]. Poly(A) enzymatic partial hydrolysate is advantageous as a model
substrate to demonstrate the resolving power of HPLC and ¢cGE compared with
poly(A) alkaline partial hydrolysate and poly(dA)4o_s0, Which are widely used as
model substrates for HPLC and ¢GE. The reason is that enzymatic digestion of
poly(A) produced a poly(A) mixture containing a wide chain length range in addition
to single species in each chain length. In contrast, poly(dA),o_¢o has a narrow chain
length range and alkaline hydrolysis of poly(A) gave double poly(A) containing 2'- or
3'-terminal phosphate in each chain length [15]. HPLC separation of poly(A) alkaline
partial hydrolysate, therefore, gave a doublet peak in each chain length for small-size
poly(A) and, further, high-molecular-weight poly(A) became poorer resolved [15,42].
We first examined the resolving power of ¢cGE and HPLC with several types of
columns by separating poly(A) enzymatic partial hydrolysate. In order to compare
¢GE and HPLC directly, identical samples were analysed.

¢GE separation of poly(A) digested by nuclease Pl

Fig. 1 shows an electropherogram for mixtures of poly(A) separated by cGE
with a polyacrylamide gel (5% T and 5% C)“filled capillary at 200 V/cm. To
determine the chain length of poly(A) for each band, poly(A),,_, s was co-injected with
poly(A) mixtures. Consequently, peaks with a migration time of ca. 20 min are
assigned to poly(A) from the 12mer to 18mer. The large peak at 17 min would
correspond to unseparated oligoadenylates from the monomer to 5mer. Fig. I,
therefore, clearly demonstrates that polynucleotides of different chain length are
baseline resolved within the poly(A) series in the chain length range from the 6mer to
255mer under the conditions given, and yet the separation was completed in less than
62 min. The resolution, Ry, of each band pair was more than 1.5.

“ C = g N,N'-methylenebisacrylamide (Bis)/%T; T = g acrylamide + g Bis per 100 ml of solution.
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Fig. 1. ¢cGE separation of poly(A) enzymatic partial hydrolysate. Capillary, 100 gm [.D., 375 yum O.D,
length 50 cm, effective length 30 cm; running buffer, 0.1 M Tris-0.1 M boric acid-7 M urea (pH 8.8); gel
matrix. 5% T and 5% C: field. 200 V/cm: current, 10 pA: injection, S kV for 1 s: detection. 260 nm.

The plate number of each peak was estimated to be 2.3 - 10° (7 - 10°/m) for
peak 30, 1.5 - 10° (5 - 105/m) for peak 50 and 9.6 - 10° (3 - 10°/m) for peak 100. The
run-to-run reproducibility of the migration time was in the range 2-4% relative
standard deviation (R.S.D.) (n = 3).

HPLC separations of poly(A) digested by nuclease Pl

Figs. 2-5 demonstrate the separations of poly(A) enzymatic partldl hydrolysate
by HPLC in the reversed-phase (Fig. 2), ion-exchange (Figs. 3 and 4) and mixed modes
(Fig. 5). All separations were performed by utilizing gradient elution techniques, the
gradients being optimized by HPLC computer simulations [41-43]. The chain length of
poly(A) was determined by co-elution of poly(A);,_;s.

Fig. 2 shows the chromatogram of mixtures of poly(A) separated by reversed-
phase HPLC (TSKgel OligoDNA RP column). Poly(A) up to the 30mer were

10

1L K

.
0 20 40 60 min 0 10 20 30 min

Fig. 2. Reversed-phase HPLC separation of poly(A) enzymatic partial hydrolysate. Column, TSKgel
OligoDNA RP (150 mm x 4.6 mm .D.); eluent, (A) 5% acetonitrile containing 0.1 M ammonium acetate
and (B) 25% acetonitrile containing 0.1 M ammonium acetate; gradient programme, 0-10 min from 0 to
18% B, 10-30 min from 18 to 26% B. 30100 min from 26 to 45% B at 40°C; flow-rate, 1.0 ml/min.

Fig. 3. Anion-exchange HPLC scparation of poly(A) enzymatic partial hydrolysate. Column, TSKgel
DEAE-NPR (35 mm x 4.6 mm [.D.). Eluent, (A) 0.25 M sodium chloride in 20 mM Tris—HCI buffer
(pH 9.0) and (B) | M sodium chloride in 20 mM Tris-HCI buffer (pH 9.0); linear gradient from 0 to 100%
B in 60 min at 40°C, flow-rate, 1.0 ml/min.
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Fig. 4. Anion-exchange HPLC separation of poly(A) enzymatic partial hydrolysate. Column, Shim-pack
WAX-1(50mm x 4 mm [.D.); eluent, (A) 0.01 M phosphate buffer (H 6.8) containing 20% of acetonitrile
and (B) 0.3 M phosphate buffer (pH 6.8) containing 20% of acetonitrile; the convex gradient described
previously [42] was used, from 0 to 100% B in 240 min; flow-rate, 1.0 ml/min.

Fig. 5. Mixed-mode HPLC separation of poly(A) enzymatic partial hydrolysate. Column, Neosorb-LC-
N-7R (250 mm x 4 mm 1.D.); eluent, (A) 0.01 M sodium perchlorate-Tris—acetate buffer (pH 7.5)—1 mM
EDTA and (B) 0.15 M sodium perchlorate-Tris—acetate buffer (pH 7.5)-1 mM EDTA; linear gradient from
0 to 100% B in 150 min; flow-rate, 1.0 ml/min.

successfully separated in less than 60 min. The resolution was in the range R, = 1.0-
1.5. Such HPLC separations exhibited plate numbers of 80 000 which, with a column
length of 15 cm, corresponds to 5 - 10° plates/m. The reproducibility of the retention
time was in the range 1-2% R.S.D. (n = 3).

Figs. 3 and 4 show the separations of a mixture of poly(A) oligonucleotides
by ion-exchange chromatography. The non-porous polymer-based ion exchanger
TSKgel DEAE-NPR was used in Fig. 3 and the porous silica-based ion exchanger
Shim-pack WAX-1 in Fig. 4. Baseline resolutions were obtained for up to the 20mer,
and peaks appeared for up to about the 40mer (Fig. 3) and 35mer (Fig. 4). The
chromatographic pattern in Fig. 4 is similar to that in Fig. 3, although the separation
time in Fig. 4 was much longer than that in Fig. 3.

The plate numbers were 28 000 (8 - 10° plates/m) with the TSK ge]l DEAE-NPR
column and 13 000 (3 - 10° plates/m) with the Shim-pack WAX-1 column. The
resolutions for both columns were calculated to be in the range R, = 0.8-1.5. The
reproducibility of the retention time for each oligonucleotide was 1-3% R.S.D. (n = 5)
for both columns.

The chromatogram shown in Fig. 5 was obtained with a mixed-mode column in
which the matrix contains sites for both ionic and hydrophobic interactions [28-30].
The resolution possible using this mixed-mode matrix is illustrated by the resolution of
a poly(A) enzymatic hydrolysate, which could be separated up to at least the 70mer
in less than 150 min. The plate number estimated for each peak was 10 000 (4 -
10* plates/m) and the resolution for each band pair was in the range R, = 0.6-1.5. The
reproducibility of the retention time was 1-2% R.S.D. (n = 5).

The performances of ¢cGE and HPLC in the various separation modes as
described above are summarized in Table I. Comparison of the resolving powers and
analysis time of the four HPLC columns confirms that within a series of poly(A) the
TSKgel DEAE-NPR column is the most suitable for the complete and rapid
separation of polynucleotides according to chain length.
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TABLE I
PERFORMANCE OF ¢cGE AND HPLC IN THE SEPARATION OF POLYNUCLEOTIDES

Method Plate number (V) Separated  Analysis Resolution, R.S.D.
poly(A) time (min) R, (%)
¢GE
100 um 1.D;
5% T and 5% C* 2 300 000 (7 - 10%/m) 6—255mer 62 1.5-1.7 2-4
HPLC
TSKgel OligoDNA RP® 80 000 (5 - 10°/m) 1-30mer 60 1.0-1.5 1-2
TSKge! DEAE-NPR* 28 000 (8 * 10%/m) [-40mer 27 0.8-1.5 1-3
Shim-pack WAX-1¢ 13 000 (3 - 105/m) 1-30mer 160 0.8-1.5 1-3
Neosorb-LC-N-7R# 10 000 (4 - 10*/m) 1-70mer 150 0.6-1.5 -2

a

b

Gel-filled capillary as in Fig. 1.
Reversed-phase column as in Fig. 2.
¢ Ton-exchange colomn as in Fig. 3.
lon-exchange column as in Fig. 4.
Mixed-mode column as in Fig. §.

¢GE and HPLC separations of poly(dA) standards and poly(dA ) digested by nuclease
Pl

We next examined the resolving power of ¢GE and HPLC in the separation of
polydeoxyadenylates, poly(dA). The model solutes used were commercially available
homooligodeoxyadenylates of specified chain length and poly(dA) enzymatic partial
hydrolysate obtained by the method described under Experimental. The electro-
phoretic conditions were almost the same as described in the previous section. For the
HPLC separation of poly(dA), a TSKgel DEAE-NPR column was selected because of
its superior resolving power and speed compared with the other columns described.
Poly(dA) was separated by gradient-elution chromatography, the gradients being
optimized by HPLC computer simulations [41-43].

Fig. 6 shows separations of a mixture of poly(dA) oligonucleotides which

e
14 15 min

M

F R S N B

0 10 20 min

Fig. 6. (a) cGE and (b) anion-exchange HPLC separations of poly(dA),,_,g. Gel electrophoretic conditions
as in Fig. 1. Chromatographic conditions as in Fig. 3 except for eluent and gradient programme. Eluent, (A)
0.1 M sodium chloride in 20 mM Tris—HCl buffer (pH 9.0) and (B) asin Fig. 3; gradient programme, 0-3 min
from 0 to 8% B, 3-15 min from 8 to 18% B, 15-50 min from 18 to 35% B at 40°C.
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a
116 1‘8 l 20 I 22 min
b
12 20 28 min

Fig. 7. (a) cGE and (b) anion-exchange HPLC separations of poly(dA).e_so. Gel electrophoretic conditions
asin Fig. I except for gel matrix (7% T and 5% C). Chromatographic conditions as in Fig. 3 except for eluent
and gradient programme. Eluent, (A) 0.1 M sodium chloride ip 20 mM Tris-HCI buffer (pH 9.0) and (B)as
in Fig. 3; gradient programme, 0—4 min from 0 (0 20% B, 4-12 min from 20 to 40% B, 12-55 min from 40 to
55% B at 40°C. ’

40
2030 &
10 P

0 8 6 24 min
Fig. 8. (a) cGE and (b) anion-exchange HPLC separations of poly(dA) enzymatic partial hydrolysate. Gel
electrophoretic conditions as in Fig. 1. Chromatographic conditions as in Fig. 3.
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contains 12-18 bases [poly(dA),,_;s] according to the supplier. All components were
completely separated in the cGE separation (Fig. 6a) and HPLC separation (Fig. 6b)
illustrated that poly(dA),, ;3 was well resolved. The analysis time of cGE was shorter
than that of HPLC.

Fig. 7shows separations of poly(dA)4o_go by cGE (Fig. 7a) and HPLC (Fig. 7b).
In the ¢GE separation, all poly(dA) polynucleotides were baseline resolved within only
22 min. On the other hand, HPLC failed to resolve each component of poly(dA). We
tried to improve the resolution of poly(dA)4e_so by changing the HPLC separation
conditions, but dit not achieve a better resolution. These results clearly illustrate that
the resolving power of ¢GE is much hihger than that of HPLC in the separation of
relatively high-molecular-weight poly(dA), whereas the difference in the resolving
powers of the two techniques is not obviously distinguishable in the separation of
relatively shorter poly(dA), as shown in Fig. 6.

Separations of poly(dA) enzymatic partial hydrolysate were performed by use of
¢GE (Fig. 8a) and HPLC (Fig. 8b). Fig. 8a clearly demonstrates that ultra-high
resolution of poly(dA) is achieved by using ¢GE; 180 bands of poly(dA) were
completely resolved within only 42 min, whereas baseline resolution was obtained for
up to only the 20mer by HPLC as shown in Fig. 8b and peaks appeared for up to about
the 40mer. Comparison of the results shows that cGE gave a superior resolution to
HPLC. The number of poly(dA) bands that appeared in the cGE separation (Fig. 8a)is
smaller than that of poly(A) bands in Fig. 1, because the poly(dA) sample prior to
digestion has an approximate average chain length of 290 according to the supplier but
the chain length of poly(A) prior to digestion is much larger than that of poly(dA).

Comparison of resolving power and reproducibility of the two techniques

We compared with the utility of cGE and HPLC with four different columns for
the separation of homopolynucleotides according to their chain length. The results
show that within a series of homopolynucleotides all systems lead to the reliable
separation of small-sized poly(A) according to chain length but only the ¢GE system
makes it possible to separate completely higher polynucleotides such as the 250mer.

To evaluate the potential of cGE for single-base resolution of polynucleotides,
the performance of cGE was compared with that of HPLC as indicated in Table L.
Table I shows a ten times higher plate number for cGE of 7 10 plates/m than those
for all modes of HPLC of 4 10*-8 - 10° plates/m. The chain length limit by ¢cGE, which
is 255 nucleotides, is 4-8 times larger than those given by reversed-phase, non-porous
polymer-based ion-exchange, porous silica-based ion-exchange and mixed mode
HPLC, which are 30, 40, 30 and 70 nucleotides, respectively. cGE separated 40 bands
of poly(A) in 10 min, whereas HPLC separated only fifteen bands (TSKgel
DEAE-NPR) or two bands (Shim-pack WAX-1) in 10 min. Additionally, each
component was resolved completely in ¢cGE but later eluted components in HPLC
showed poorer resolution. The resolution values obtained for cGE ranged from R, =
1.5-1.7, which compare favourably with those for HPLC of R, = 0.6-1.5. The
reproducibility (2-4% R.S.D.) of the migration time in ¢cGE is comparable to those of
the retention times in HPLC in the various modes (1-3% R.S.D.). These results show
that the cGE technique gave a superior performance to the HPLC techniques.

To examine the performance of ¢cGE in more detail, we selected high-resolution
HPLC and ¢GE separations of polynucleotides reported in the literature, as listed in
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TABLE 11
PERFORMANCE OF HPLC AND ¢GE REPORTED IN THE LITERATURE

Method Separated Analysis time
polynucleotides  (min)

ITon-exchange HPLC

Partisil SAX [13] 1-30mer 50
Laboratory-made column {15] 4-35mer 300
Nucleogen-DMA-60 18] 1-37mer 110
MonoQ [19] [-27mer 15
Gen-Pak FAX {22] 40-60mer 39
TSKgel DEAE-NPR [23] 20-70mer 17
Laboratory-made column [25] 1-18mer 4
Reversed-phase HPLC
Zorbax ODS [13] 2-10mer 25
uBondapak C;; [26] 1-19mer 60
Mixed-mode HPLC
Laboratory-made column {28,29] 4-90mer 1140
Neosorb-LC-N-7R [30] [-75mer 95
¢GE
cGE {33] 20-160mer 25
¢GE {34] 19-330mer 70
cGE {35] 19-300mer 115
cGE {36] 19-340mer 70
c¢GE [38] 1-430mer 130

Table II. The results obtained by HPLC given in Table 1l show that mixed-mode
HPLC [28-30] can separate polynucleotide mixtures containing a wide range of chain
length and HPLC with a non-porous polymer-based ion-exchange column [23,25]
achieved a high-speed analysis of polynucleotides. However, the resolving power and
separation speed of cGE as presented here is much better than those of the HPLC
techniques listed in Table I1. For example, Kato et al. [23] reported a rapid separation
in less than 20 min of oligodeoxyadenylic acids from the 17mer to 70mer by use of
a non-porous polymer-based ion-exchange column. Later eluted bands, however,
represented a poor resolution, in contrast to the achievement of baseline separations
for up to the 32mer as shown in Fig. 3. Other groups [28-30] have demonstrated high
resolutions of polynucleotides with relative wide ranges of chain length by use of
mixed-mode separation columns, but their separations required long analysis times.

Table II also shows the cGE separations of polynucleotides reported in the
literature. These results demonstrate the ultra-high efficiency of cGE in the single-base
resolution of polynucleotides and in DNA sequencing. The cGE separation presented
in Fig. 1 gave almost the same efficiency with the respect to resolution and speed as
those listed in Table II. »

In conclusion, our results suggest that cGE and HPLC are equally effective for
the separation of small-sized polynucleotides, whereas for longer polynucleotides cGE
is superior to HPLC with respect to resolving power, speed and efficiency. The only
disadvantage is that ¢cGE is not suitable for large-scale preparative separations of



HPLC AND ¢GE OF POLYNUCLEOTIDES ‘ 283

polynucleotides. Therefore, for preparative work with small-sized polynucleotides,

HPLC s the only choice. Micropreparative analysis of large polynucleotides, however,

is realized only by cGE [33]. For high-speed separations of larger polynucleotides there
‘is as yet no alternative to cGE.
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ABSTRACT

By reacting acryloyl chloride with histamine a weakly basic acrylamido buffer for use in isoelectric
focusing in immobilized pH gradients, acryloylhistamine [2-(4-imidazolyl)ethylamine-2-acrylamide], with a
pK of 7.0 (25°C) was synthesized. Even though this compound has the same pK value as the commercially
available pK 7.0 Immobiline, it has some interesting features: (a) it is strongly resistant to hydrolysis, in
contrast to the pK 7.0 and 6.2 species; (b) it is hydrophilic; and (c) owing to its heteroaromatic ring, its
amino groups are resistant to oxidation. The above properties (degradation kinetics, hydrophilicity, prone-
ness to oxidation) were established in a quantitative manner by capillary zone electrophoresis analysis.

INTRODUCTION

Isoelectric focusing (IEF) in immobilized pH gradients (IPG) represents perhaps
the most powerful development in electrokinetic separations, with an unrivalled
resolving power and a very high load ability in preparative runs [1]. The power and the
precision of [PG rely on the quality of the buffers used to generate and maintain the pH
gradient in the electric field. Unlike conventional IEF, where the pH gradient is
obtained by electrophoretic sorting of a vast number of soluble amphoteric buffers,
called carrier ampholytes [2], the IPG technique uses a set of a few, well defined
chemicals available commercially as crystalline powders or liquids, under the trade
name Immobiline. We have recently described the structure and given the formulae of
the acidic [3] and basic [4] Immobiline chemicals. In addition, we have proposed over
the years a number of additional compounds for expanding the fractionation ability of
IPGs: both more acidic [5,6] and more alkaline [7] compounds have been produced in
our laboratory. We have also synthesized analogues of the weakest Immobiline bases
(the morpholino derivatives, with pK values of 6.2 and 7.0): by introducing
a thiomorpholino ring, the pK values of these compounds have been increased to 6.6
and 7.4, respectively, thus offering additional species buffering around neutrality, i.e.,

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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in a region which normally lacks suitable buffering groups and where the bulk water
conductivity reaches a minimum [8]. A new, hydrophilic Immobiline with a pK 8.05
has also been synthesized recently, in order to close the gap in the pH 7.0-8.5 region [9].
Thus, the family of acrylamido buffers is expanding: we have described now a total of
fourteen monoprotic compounds and there is a report on a biprotic species, itaconic
acid [10]. Nevertheless, we have continued the search for new chemicals, especially for
compounds buffering around neutrality, so as to increase the versatility and flexibility
of the IPG technique.

We report here the synthesis of a new, weakly basic acrylamido buffer,
acryloylhistamine [2-(4-imidazolyl)ethylamine-2-acrylamide], having pK = 7.0. Al-
though this compound has the same pK as the commercially available species
(3-morpholinopropylacrylamide, pK 7.0), nevertheless it exhibits some interesting
properties: (a) it is strongly resistant to hydrolysis, (b) it is as hydrophilic as the pK 7
Immobiline and (c) owing to the presence of an imidazole moiety. it is resistant to
oxidation by peroxodisulphate.

EXPERIMENTAL

Commercial Immobilines, Repel- and Bind-silane, Gel Bond PAG, the Multi-
phor II chamber, Multitemp thermostat, the Macrodrive power supply and Pharma-
lyte carrier ampholytes of pH 4-6 and 6-8 were purchased from Pharmacia-LKB
Biotechnology (Bromma, Sweden). Non-commercial acrylamide weak acids and bases
were synthesized in our laboratory as reported [5-9]. Acrylamide, N,N’-methylenebis-
acrylamide (Bis), TEMED, ammonium peroxodisulphate and Coomassie Brilliant
Blue R-250 were obtained from Bio-Rad Labs. (Richmond, CA, USA). Acryloyl
chloride and histamine were from Fluka (Buchs, Switzerland); the former was distilled
just prior to use. Control and oxidized bovine serum albumin (BSA) were a gift from
Professor Colonna, University of Milan. Mandelic acid, used as an internal standard
in capillary zone electrophoresis (CZE) runs, was purchased from Aldrich (Steinheim,
Germany).

Alkaline hydrolysis

All Immmobiline buffers were dissolved (20 mM each) in 0.1 M sodium
hydroxide solution and incubated at 70°C, under a nitrogen atmosphere, for up to 6 h.
At 30-min intervals aliquots were collected and diluted in 0.1 M borate buffer (pH 9.0)
to 2.5 mM. After adding mandelic acid (2.50 mM) as an internal standard, the samples
were analysed by CZE.

Capillary zone electrophoresis

CZE was performed in a Beckman (Palo Alto, CA, USA) instrument (P/ACE
System 2000) equipped with a 50 cm x 50 um L.D. capillary. Runs were performed at
25°Cin a thermostated environment in 0.1 M borate (pH 9.0), except for the oxidation
products (see Fig. 7), which were analysed in 50 mM phosphate (pH 7.0). In all
instances the migration direction was toward the negative electrode, which means that
the acidic species (mandelic acid) is transported there by electroosmosis, as it migrates
electrophoretically toward the positive electrode. The samples were injected into the
capillary by pressure (800 kPa), usually for 10 s. A calibration graph for each
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acrylamido derivative analysed was costructed with a Beckman integration system
Gold, with concentration points 0.25, 0.50, 1.00, 1.25, 2.00, 2.50 and 3.50 mA. In each
run mandelic acid (2.50 mM') was used as an internal standard.

Thin-layer chromatography (TLC)

TLC was performed on silica gel 60F,s, plates from Merck (Darmstadt,
Germany), using chloroform—methanol (7:3, v/v) as eluent. The spots were revealed
either with 3.5% molybdophosphoric acid in ethanol or with ninhydrin.

Nuclear magnetic resonance (NMR) spectroscopy

NMR analyses were carried out for solutions in deuterated methanol, using
tetramethylsilane (TMS) as internal standard, with a Model EM-360 L 60-MHz
spectrometer from Varian (Palo Alto, CA, USA).

Isoelectric focusing (IEF) in immobilized pH gradients (IPG)

IEF in IPG was performed in a 4% T, 4% C° polyacrylamide gel, in the pH range
4-8. The recipe for this IPG interval, utilizing both the commercially available
Immobilines or the new species (acryloylhistamine), was as described previously [11].
The gel, after polymerization, washing and drying [1], was reswollen in 0.5%
Pharmalyte (pH 4-8). Protein samples (20 ug each) were applied at the anodic gel side.
Each run was for 2h at 400 V, followed by 4 h at 2000 V, at 10°C. The gels were stained
with Coomassie Brilliant Blue R-250 in Cu?~.

Synthesis of acryloylhistamine

Histamine (3 g; 0.016 mol) was dissolved into 12 ml of 4 M sodium hydroxide
solution and acryloyl chloride (700 gl, 0.008 mol) was added dropwise at 0°C. After -
stirring for 1 h, the solution was titrated to pH 8.5 and then extracted three times with
chloroform. The organic phase was dried with sodium sulphate. After removing the
organic solvent in vacuo, 250 mg of product were recovered. The material was
subsequenty purified by silica gel chromatography (product-to-silica ratio 1:60, w/w)
and eluted with chloroform-methanol (8:2). The recovery of the purified product was
198 mg (15% yield). "H NMR (CH;0°H): § 2.8 (2H, =C-CH,-, t), 3.6 2H,
~CH,-NH, m), 5.6 (1H, -CH=, m), 6.35 (2H, =CH,, d), 6.9 (1H, NH-CH-CH, s),
7.6 ppm (1H, HN-CH=N, s). The structure of the novel acrylamido buffering
compound is thus

CH2 =CHCONHCH2CH,— ﬁ—Nl
HG /J:H
N
H

Synthesis of Immobiline analogues

In order to study the proneness of the acrylamido buffers to peroxodisulphate
oxidation, analogues lacking the double bond were prepared, so that exposure to
peroxodisulphate would not produce concomitantly a gel phase. Two such analogues
were prepared: acetylhistamine [a saturated analogue of the pK 7. (see below) species)
and acetylmorpholine (morpholinopropylacetamide, a saturated analogue of the pK 7
species). Both species were prepared essentially as described previously [12], except

? C = g N,N'-methylenebisacrylamide (Bis)/% T, T = g acrylamide + g Bis per 100 ml of solution.
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that acetic anhydride (in pyridine as solvent) was used for the synthesis instead of
acryloyl chloride.

Spectrophotometric analyses

In order to study the potential formation of N-oxides on exposure to
peroxodisulphate, the two Immobiline analogues described above were subjected to
UV-VIS spectrophotometry with a Cary 219 instrument (Varian). Solutions of 10 mM
of each analogue were prepared in 100 mM borate buffer (pH 9) and brought to a 2%
final concentration of ammonium peroxodisulphate from a stock 40% solution.
Formation of N-oxides was monitored by both the spectra in the 250—-450-nm range
and by following the absorbance increments with time at a fixed wavelength (280 nm).

Potentiometric titration

The new acrylamido buffer was titrated manually under nitrogen at 25°C.
A 10-ml volume of a 10 mM acryloylhistamine solution was titrated with 10 m} of
10 mM hydrochloric acid. The pK value was independently assessed also by measuring
the pH of a 2:1 molar solution of buffer/titrant, which, by definition, should
correspond to its pK value.

Partition coefficient

In order to establish a hydrophobicity scale, the new compound (acryloyl-
histamine, referred to as pK 7,n) and Immobilines of pK 6.2, 7.0, 7.4, 8.5 and 9.3 were
subjected to partitioning in 1-octanol-water as described by Purcell et al. [13]. The
partition coefficient, P, is defined as the ratio of the molarity of a given compound in
the organic phase to that in the aqueous phase. Partitioning is performed under
conditions in which the alkaline Immobilines are fully deprotonated.

RESULTS

Fig. 1 shows the titration curve of the new, weakly basic acrylamido buffer: as
the precursor was histamine, we had hoped to obtain a weakly basic buffer. The aim

o 1 2 3 4 5 6 7 8 9 10
ml 10 mM HCI
Fig. 1. Titration curve of acryloylhistamine. A 10-ml aliquot of a 10 mA/ solution of the acrylamido buffer

was titrated with 10 m! of 10 mM HCl at 25°C under a nitrogen atmosphere. The pK value was determined to
be 7.0.
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o ' 60 120 180 240 300 = 360
Time (minutes)

Fig. 3. CZE analysis of Immobiline hydrolytic products. CZE run in a Beckman P/ACE 2000 with a 50 cm x
50 um 1.D. capillary. Run at 15kV, 25°C in 0.1 M borate buffer (pH 9). All migrations toward the cathode.
Detection at 214 nm. Mandelic acid (2.5 mM) was used in all runs as an internal standard. Degradation
kinetics of the pK 7.0 and 6.2 commercial Immobilines as compared with the new pK 7,y species. The
quantitative data were obtained by integrating the CZE peaks with the Beckman system Gold.

was in fact to close the gap between the weakest of the acidic (pK 4.6) and the weakest
of the basic (pK 6.2) Immobilines. In reality, we obtained a new species having a pK
essentially identical with that of the commercially available pK 7 compound
(3-morpholinopropylacrylamide). This is also confirmed by Fig. 2: in a pH 4-8 IPG
range, obtained either with the pK 7 or with the pK 7,4 compounds, identical pH
ranges and protein patterns were obtained. The good alignment of the protein bands in
the two gels suggests also that the two pK 7 compounds should have very similar
incorporation efficiencies in the polyacrylamide gel.

One of the main problems with the alkaline Immobilines is their proneness to
hydrolysis when stored in aqueous solutions. This hydrolysis is an autocatalytic event,
because these chemicals are supplied as free bases. One remedy recently proposed is to
store them in n-propanol [14]. Over the years, we have been searching for structures
that would be more resistant to hydrolysis, so as to improve the reproducibility of the

4.

SO =m=mDd T
+30 =0 =—=-4000
N
+

o-
pK6.2 pK7.0 pK8.5 pPK7, PK9.3 pK7.4

Fig. 4. Partition coefficients (P) of different alkaline Immobilines in [-octanol-water. The P values were
assessed by partitioning the different bases in the fully deprotonated form. The molarity ratios in the two
phases were measured by absorbance readings at 214 nm in a spectrophotometer.
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Fig. 5. UV-VIS spectrophotometry with a Cary 219 instrument of peroxodisulphate oxidation of
Immobiline analogues. Solutions of 10 mM of each analogue were prepared in 100 mM borate buffer (pH 9)
and with 40% ammonium peroxodisulphate added to a 2% final concentration. Note the strong

chromophore at 280 nm for the acetylmorpholine derivative. — = pK 7.0, morpholine; — — - = pK 7y,
histamine.
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Fig. 6. Kinetics of Immobiline oxidation. Experimental conditions as in Fig. 5, except that the appearance of
the chromophore was monitored at a constant wavelength (280 nm).
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IPG technique. We therefore subjected the pK 7,4 compound and commercial
Immobilines with neighbouring pK values (the pK 7.0 and 6.2 species) to forced ageing
and measured the extent of hydrolysis by CZE. As shown in Fig. 3, the new pK 74u
compound exhibits much better resistance to hydrolysis than the other two species.

Another desirable property of the Immobiline buffers is their hydrophilicity:
hydrophobic interactions are usually deleterious during electrophoresis, as the analyte
proteins could bind to the grafted buffers and give pronounced smearing. We have
thus created a hydrophobicity scale of several of the basic acrylamido buffers that we
had available by partitioning them in 1-octanol-water. The results are shown in Fig. 4:
it is seen that most Immobilines are hydrophilic, the hydrophobicity increasing with
increasing chain length (thus reaching a higher value with the pK 9.3 buffer). However,
a huge hydrophobicity increment is obtained when the oxygen of the morpholino ring
in the pK 7 buffer (3-morpholinopropylacrylamide) is replaced with a sulphur atom
(pK 7.4, 3-thiomorpholinopropylacrylamide).

A third problem with the Immobiline buffers is their proneness to oxidation
during the peroxodisulphate-induced polymerization process [14-16]. In order to
quantify this phenomenon, two analogues (acetylmorpholine and acetylhistamine of
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Fig. 7. CZE analysis of Immobiline oxidation by peroxodisulphate. The two Immobiline analogues
[acetylhistamine (B) and acetylmorpholine (A)] were incubated with 2% peroxodisulphate at room
temperature for 1 h and then analysed by CZE in 50 mM phosphate buffer (pH 7). CZE run in a Beckman
P/ACE 2000 with a 50 cm x 50 um L.D. capillary at 15 kV, 25°C. All migrations toward the cathode.
Detection at 280 nm. Mandelic acid (2.5 mM) was used in all runs as an internal standard. The quantitative
data were obtained by integrating the CZE peaks with the Beckman system Gold. The slow-migrating peak
with acétylmorpholine is assumed to be the N-oxide, as such a species can no longer be protonated. Time in
min.

the two pK 7 buffers) were incubated in a spectrophotometric cell with 2%
peroxodisulphate and spectra recorded at different time intervals up to 2 h. As shown
in Fig. 5, while the commercial pK 7 Immobiline is strongly oxidized, with the
appearance of a marked chromophore at 280 nm, little modification is seen with the
acetylhistamine derivative. The kinetics of such an oxidative process (followed on the
280-nm chromophore) is shown in Fig. 6: at the end of a 2-h period, it is seen that the
pK 7an species has undergone only a very modest oxidation in comparison with the
commercial derivative. These data, however, do not allow us to have a quantitative
picture of the phenomenon, as the molar absorptivity of the putative oxidation
product is not known. CZE has been instrumental in such an assessment: as shown in
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Fig. 7, when the analogue of the commercial pK 7 species is analysed at pH 7 (where it
would be 50% protonated), it is easily separated from the oxidized form, as the latter
cannot be protonated. After incubation for 1 hin peroxodisulphate, as much as 50% of
the acetylmorpholine appears to be oxidized. Note that, owing to its proneness to
oxidation, even the control contains a small amount (5%) of N-oxide. Conversely,
with the new compound proposed here, hardly any modification by peroxodisulphate
can be detected (Fig. 7B).

DISCUSSION

Starting from the original set of six acrylamido buffers, commercially available
as Immobilines (two acids, with pK 3.6 and 4.6, and four bases, with pK 6.2, 7.0, 8.5
and 9.3), we have developed, over the years, a considerable number of new acrylamido
buffers and titrants, covering the pH interval 1-12. With the experience we have
accumulated in this period, we are now able to define the desirable properties of ideal
buffers for use in the IPG technique. They are essentially three: (a) resistance to
chemical degradation (especially spontaneous hydrolysis in solution); (b) hydro-
philicity (so as to minimize hydrophobic interaction with proteins under analysis); and
() ivsistance to oxidation by peroxodisulphate.

The pK 7u species described here fulfils most of these requirements. It is clearly
more resistant to hydrolysis than the two Immobiline species with similar pK values.
At the end of the 6-h degradation period, the pK 6.2 has degraded as much as 35%, the
pK 7.0 30% and the pK 7,4 only 15%. As all three of them are monosubstituted
amides, this resistance to hydrolysis might not be due so much to steric protection of
the amido bond, but rather to electronic factors.

The pK 74 species is also hydrophilic: although, in the hydrophobicity scale of
Fig. 4, itislocated between the pK 8.5 and 9.3 derivatives, its partition coefficient 0.6)
is 50 close to that of the commercial pK 7.0 compound (0.4) that they can be considered
equivalent. In fact, it was surprising to us that the P value should be slightly higher,
considering that the substituent chain on the amido group is shorter by two carbon
atoms compared with the pK 7.0 compound. Conversely, a huge hydrophobicity
increment is noted when the oxygen in the morpholino ring of the pK 7.0 Immobiline is
replaced with a sulphur atom (pK 7.4 compound, 3-thiomorpholinopropylacryl-
amide).

Another desirable property of alkaline Immobilines is their resistance to
potential oxidation by peroxodisulphate during the polymerization process. We have
recently found that, by contact with peroxodisulphate, the alkaline Immobilines, when
deprotonated, are converted into N-oxide derivatives, which are then able to oxidize
SH groups in proteins during the focusing process [14-16]. With the pK 7,y species, the
fact that the protolytic nitrogen atom is part of a heteroaromatic ring should protect it
against potential oxidation processes, as reported in the literature. This appears in fact
to be so: as shown in Figs. 5 and 6, little oxidation is seen in the pK 7,54 compound on
exposure to 2% peroxodisulphate, whereas the corresponding pK 7 commercial
species (3-morpholinopropylacrylamide) seems to be substantially modified. Such
a phenomenon had been already reported for all Immobiline chemicals [15] and was
shown to apply also to the soluble carrier ampholytes used in conventional isoelectric
focusing. The presence of such amine oxides (R;N*O™) is deleterious to protein
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analysis: when focusing proteins in alkaline [PG ranges, free SH groups would be
oxidized to S-S bonds by the immobilized N-oxides, generating artefactual, higher p/
bands. In a model system, in which free cysteine was incubated anaerobically, at
pH 9.0, with a crushed IPG gel, 100% oxidation to cystine was found in a 12-h period
[15]. Such oxidation of free SH groups in proteins (e.g., globin a-chains) could be
demonstrated even in conventional IEF in the presence of soluble, amphoteric buffers,
as the latter also can be oxidized by excess of peroxodisulphate added during the
polymerization step. Hence, even when the peroxodisulphate is discharged at the
anode in a prefocusing step, a harmful oxidation power remains in the gel in the form
of N-oxides of carrier ampholytes {16]. Clearly, the availability of new Immobiline

chemicals resistant to peroxodisulphate oxidation would be greatly beneficial to the
IPG technique.
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ABSTRACT

Solidago virgaurea flavonols were separated by reversed-phase high-performance liquid chromato-
graphy (RPLC) on a C; column using 2-propanol-water (14:86) as eluent in the isocratic mode. The
presence of rutin, kaempferol-3-O-rutinoside, kaempferol-3-O-robinobioside and isorhamnetin-3-O-ruti-
noside was confirmed. The identity of kaempferol-3-O-robinobioside was proved by acid hydrolysis fol-
lowed by determination of kaempferol and rhamnose/galactose and mass spectrometry. A rapid isocratic
separation of the flavonol aglycones obtained by acid hydrolysis of the Solidago virgaurea extract is also
described.

INTRODUCTION

Solidago virgaurea herb is used in folk medicine for its diuretic [1] and hypoten-
sive [2] properties. It has been reported that chlorogenic acid, caffeic acid, rutin (I),
quercitrin (II), astragalin (IT), kaempferol-3-rutinoside (IV), kaempferol-3-O-rob-
inobioside (V) and isorhamnetin-3-O-rutinoside (VI) are the most representative phe-
nolic compounds [3,4] (Fig. 1). Although thin-layer chromatographic methods have
been described [5,6] for the identification of some of these substances, so far no
high-performance liquid chromatographic (HPLC) method has been applied to Sol-
idago virgaurea.

Owing to the great potential of reversed-phase HPLC in separating complex
mixtures of phenolic compounds, we applied a recently reported technique [7] based
on Cg columns coupled with aqueous 2-propanol to evaluate Solidago virgaurea ex-
tracts. By this approach a valuable HPLC “fingerprint” of Solidago virgaurea has
been obtained. In this paper we also describe an efficient HPLC procedure for the

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Rutin (1) R =rutincse ; R = OH
Quercitrin (11) R1=rhamnose H R2= OH
Astragalin (II1) R1=glucose R2= H
Kaempferol~3-O-rutinoside (IV) R1=rutinoae ; R2= H
Kaempferol-3-O-robinobioside V) R1=robinobioae ? R =H
Isorhamnetin-3-0-rutinoside (VI) Ri-rutinose : R2= OCH3

Fig. 1. Structures of Solidago virgaurea flavonol glycosides.

isolation of kaempferol-3-O-robinobioside (V), and its characterization by mass spec-
trometry and acid hydrolysis combined with chromatographic determination of the
resulting aglycone and sugars.

EXPERIMENTAL

Materials

Solidago virgaurea herb was obtained from different commercial sources (Mi-
lanfarma, Milan, Italy; Birkenweg, Kleinostheim/Main, Germany; Galke, Gittelde/
Harz, Germany). Quercetin-3-O-rhamnoglucoside (rutin, T), quercetin-3-O-rhamno-
side (quercitrin, ), kaempferol-3-O-rhamnoglucoside (kaempferol-3-O-rutinoside,
IV) and isorhamnetin-3-O-rhamnoglucoside (isorhamnetin-3-O-rutinoside, VI) were
purchased from Extrasynthese (Genay, France). Kaempferol-3-O-rhamnogalactoside
(kaempferol-3-O-robinobioside, V) was obtained in our laboratory from Solidago
virgaurea by semi-preparative HPLC. 2-Propanol and water were of HPLC grade
(Chromasolv; Riedel de Haén, Hannover, Germany).

Chromatographic conditions

Chromatographic analyses were performed on a system consisting of a Model
510 pump equipped with a Model U6K universal injector (Waters Assoc., Milford,
MA, USA) and a Model HP 1040 A photodiode-array detector (DAD) (Hewlett-
Packard, Waldbronn, Germany). Chromatographic runs were performed on a 7-pm
spherical Aquapore Cg column (250 x 4.6 mm L.D.) from Brownlee Labs. (Santa
Clara, CA, USA). A semi-preparative 7-um Cg column (250 x 7.0 mm [.D.) was also
supplied by Brownlee Labs. The eluent was 2-propanol-water (14:86) at a flow-rate
of 1.8 ml/min. The eluent™for the aglycones was 1-propanol-tetrahydrofuran—0.6%
citric acid (12.5:7.5:80) at a flow-rate of 2 ml/min. The peaks were monitored at 254
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nm and the UV spectra acquired for each peak were computer normalized and the
plots superimposed.

Sample preparation

Solidago virgaurea powdered samples (1 g) were treated with ethanol-water
(50:50) (50 ml) at 70°C for 60 min. After filtration, the solution was concentrated.
then extracted with ethyl acetate (3 x 20 ml). The combined extracts were dried over
sodium sulphate, filtered and evaporated to dryness in vacuo. The residue was dis-
solved in methanol (3 ml).

Acid hydrolysis

A 0.5-ml volume of the sample solution was refluxed with 5 ml of methanol and
10 mi of 2 M hydrochloric acid for 30 min. The reaction mixture was then diluted to
25 ml with methanol. A 10-ul aliquot of the filtered solution (Spartan 13 filters, 0.45
um; Schleicher and Schiill, Dassel, Germany) was injected into the HPLC system.

Isolation of kaempferol-3-O-rhamnogalactoside (V)

Aliquots of 50 ul of the sample solution were chromatographated on the semi-
preparative column using 2-propanol-water (14:86) at a flow-rate of 4 ml/min. Peak
V was collected by means of a Gilson Model 201 fraction (Biolabo Instruments,
Milan, Italy) and the combined fractions were freeze-dried. This compound was hy-
drolysed with 2 M hydrochloric acid-methanol, (1:1) at 100°C for 10 min. Galactose
and rhamnose were detected by gas chromatography as acetyl derivatives [8]. Kaemp-
ferol was detected by HPLC as described under Chromatographic conditions for agly-
cones.

Mass spectrometry

Fast atom bombardament (FAB) mass spectra were obtained on a VG Analyt-
ical Model 70-70 EQ instrument, employing argon atoms with kinetic energy 7 keV.
Recordings in the negative-ion mode were taken at a resolution of 3000, with a speed
of 20 s per decade. Data were processed with a Digital PDP 8/A computer system.

RESULTS AND DISCUSSION

Preliminary experiments using C;g columns showed that a methanol-water—
acetic acid mobile phase in the isocratic mode would not provide the optimum peak
shape and separation of Solidago virgaurea flavonols. On the other hand, a short
analysis time (14 min) with good peak resolution was obtained by isocratic elution on
a Cg column using 2-propanol-water (14:86) as the mobile phase (Fig. 2). Four major
flavonoids were present (peaks I, IV, VI and V), while the previously reported [2]
quercitrin (IT) was present only in a trace amount and astragalin (retention time ca. 25
min) was absent. Peaks I, I, IV and VI were identified by co-chromatography with
standards. In addition, the identity of peaks I, IV and VI was confirmed by compari-
ng their UV spectra with those of corresponding standards. Peak IT was small, and its
spectrum was not significant.

The spectrum of peak V with diode-array detection presented a slope of the
maximum in the short-wavelength region typical of kaempferol derivatives (Fig. 3).
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Fig. 2. (A) Typical chromatogram of a Sofidago virgaurea extract. Peak numbers correspond to compound
numbers in Fig. 1. Column, Cy Aquapore RP 300; eluent, 2-propanol-water (14:86); flow-rate, 1.8 ml/min;

UV detection at 254 nm. (B) Spectra obtained with diode-array detection. Numbers on lines correspond to
compound numbers in Fig, 1.
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Fig. 3. HPLC and spectrum obtained with diode-array detection of compound V purified from peak V.

On acid hydrolysis of the isolated compound, kaempferol was obtained from V; in
addition, galactose and rhamnose in the ratio 1:1 were detected. The negative-ion
mass spectrum (Fig. 4) of V showed a deprotonated molecular ion at m/z 593 and an
abundant fragment ion at m/z 285. The latter corresponds to the aglycone kaempferol
originating from the molecular ion by loss of a rhamnosylgalactose residue. These
data represent further positive evidence that peak V was the previously reported [4]
kaempferol-3-O-rhamnogalactoside (V).
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Fig. 5. Typical chromatogram of acid-hydrolysed Solidago virgaurea extract. Q = Quercetin; | = isorham-
netin; K = kaempferol.

During this study a rapid procedure for the determination of quercetin, isor-
hamnetin and kaempferol was also elaborated. Solidago virgaurea extract was hydro-
lysed under acid conditions, and the resulting aglycones were directly separated in the
isocratic mode (Fig. 5). This procedure represents an improvement over the gradient
approach [9], and it may be usefully applied to the determination of these widespread
flavonol aglycones.
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ABSTRACT

A reliable method for monitoring the mould citric acid production process is presented. The method
is based on in-line sample work-up and high-performance liquid chromatographic determination of citric
acid with ultraviolet detection. It provides good precision (better than 1% in the range of 0-150 g dm™?)
and requires no special equipment.

INTRODUCTION

Citric acid is today the most widely used organic acid in the food and pharma-
ceutical industries. All the commercial methods of production of citric acid involve
the conversion of inexpensive sources of glucose or sucrose, such as treated beet
molasses, by selected strings of Aspergillus niger. It is important to monitor the mould
process by determining the concentration of citric acid in the biosynthetic reaction
mixture. From among the several high-performance liquid chromatographic (HPLC)
methods of determination of carboxylic acids [1] we chose solvophobic chromatogra-
phy for its simplicity and for the durability of the octadecyl silica columns. In this
method the retention of carboxylic acids is the result of hydrophobic interactions of
the hydrocarbon moiety of the solute with the octadecyl chains of the stationary
phase, after suppression of ionization of the acidic functional groups by addition of
acids or acidic buffers to the mobile phase.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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EXPERIMENTAL

Instrumentation

An HP 1090 Hewlett-Packard liquid chromatograph equipped with a C,g
guard column (25 x 4.6 mm 1.D.), a column-switching valve, a Nucleosil ODS 100-5
analytical column (250 x 4.6 mm 1.D.) and a autosampler were used. UV-detection
at 210 nm was accomplished with the HP 1040 diode-array detector. The column was

operated at temperature of 55°C. The mobile phase flow-rate was maintained at 1.00
1

cm?® min~ 1.

Reagents
Water used as the mobile phase component and as a solvent was freshly redis-

tilled from glass apparatus. Methanol and ethanol (POCH, Poland) p.a. were used as

obtained. Orthophosphoric acid (0.1%) (POCH, Poland) p.a. in water was used as a
mobile phase for HPLC analysis.

Procedure

Samples taken from the the shell pan citric acid production process were stabi-
lized by the addition of 96% ethanol, in order to obtain a final concentration of 30%,
and stored refrigerated. They had a very complex matrix; besides citric acid there
were sugars, proteins and enzymes. To avoid the analytical column deterioration
caused by strongly retained substances, a sample clean-up step prior to the analysis
was necessary. It was done using solid-phase extraction. During off-line as well as
on-line work-up procedures the interfering substances were retained on a C,g car-
tridge or guard column, while citric acid was not retained.

Off-line work-up procedure. A solid-phase extraction C,5 column (SOPHEX,
DHN, Poland) was preconditioned by passing through it 2 - 1.0 cm® of methanol and
3 1.0 cm® of water. The sample (0.10 cm®) was subsequently introduced and the
carboxylic acid fraction was eluted with 3 - 1.0 cm? of water into a weighed poly-
ethylene vial. The vial was stoppered, weighed again and the content was analysed for
citric acid using an HPLC system analogous to that described above but without the
guard column in-line.

In-line work-up procedure. The sample (1 mm?®) was injected into the chroma-
tographic system. After the analysis was completed (10 min), the column-switching
valve was activated and the guard column was washed with methanol (5 min) to elute
substances which previously had been retained and then with the mobile phase (10
min). The column-switching valve was subsequently deactivated and the entire system
was washed with the mobile phase (2 min).

Precipitation method (standard industrial method for the determination of citric
acid). The sample (10 cm?) was neutralized with a 1 M solution of sodium hydroxide
in water and heated on a steam bath. Then a 10% (w/v) solution of calcium chloride
(15 cm®) was added and the precipitate was collected. The filter paper containing the
precipitate was ashed in an electric oven (800°C), and the residue was dissolved in 1 M

hydrochloric acid. The acid was back-titrated with a 1 M solution of sodium hydrox-
ide. :
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Fig. 1. Effect of temperature on the separation of components of sample taken from the shell pan citric acid
production process. For chromatographic conditions see the Experimental section.

RESULTS AND DISCUSSION

The applied chromatographic conditions provided good separation of citric
acid from substances eluting close to the void volume, but examination of the UV
spectrum of the citric acid peak revealed that an unknown substance present in the
sample co-eluted with citric acid. This can be easily avoided by raising the temper-
ature to 55°C (Fig. 1). Because of the very complex matrix, a sample clean-up step
prior to the analysis was necessary, otherwise the analytical column deteriorated and
interference with the analysis resulted. Usually this is done off-line using solid-phase
extraction cartridges. To override this time-consuming and potentially error-causing
step, we employed an in-line chromatographic system.

The precision of the in-line HPLC method was estimated to be + 1.1 mgcm ™3
(about £ 0.9% for the sample containing 100-150 mg cm 3 citric acid). The results
obtained using both the off-line and in-line work-up procedures were in a good agree-
ment with the results obtained using a standard precipitation method for citric acid
determination (within 1.2% at about the 100 mg cm ™2 level). The method proposed
can be a reliable analytical tool for monitoring the biosynthetic production of citric
acid.
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ABSTRACT

The effect of derivatization of steroids on their retention behaviour in high-performance liquid
chromatography using cyclodextrin as a mobile phase additive was examined by using as model com-
pounds four 17-ketosteroids and twenty derivatives substituted at the 3- or 17-position with p-nitrobenzoyl
chloride, p-nitrobenzoyl azide, 1-anthroyl azide, p-nitrophenylthydrazine and O-p-nitrobenzylhydroxyla-
mine. The results suggested that separation reflecting the chemical structures of the steroid moieties is
obtained by derivatizing a functional group which is located near the isomeric position, and derivatives
having more hydrogen-bonding sites show greatly changed chromatographic behaviour.

INTRODUCTION

In recent years, considerable attention has been focused on inclusion chromato-
graphy using cyclodextrin (CD) as a mobile phase additive or stationary phase in
high-performance liquid chromatography (HPLC)[1]. This type of chromatography is
often preferable to conventional techniques for the separation of optical, geometric
and structural isomers [2,3].

In previous papers we reported the use of CD as a mobile phase additive, which is
of great advantage in the separation of isomeric steroids (oestrogens [4], bile acids [5],
cardiac steroids [6,7]) in reversed-phase HPLC. The method was also applied to the
separation of fluorescent derivatives. Bile acids derivatized with 1-anthroyl cyanide [§]
or bromoacetylpyrene [9] showed a similar chromatographic behaviour to that of the
underivatized compounds and satisfactory separation was also obtained by this mode
of chromatography. However, the effect of the derivatization of steroids on their
retention behaviour in this type of chromatography has not been examined fully.

In this work, the retention behaviour of four 17-ketosteroids [androsterone (Ia),
epiandrosterone (Ib), etiocholanolone (Ic) and epietiocholanolone (Id)] and twenty

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Fig. 1. Structures of 17-ketosteroids and their derivatives.

derivatives substituted at the 3- or 17-position (Fig. 1) were examined from the
standpoints of structures of the steroids, derivatized position, derivatized form and
mobile phase additive in order to obtain information on the appropriate methods for
the derivatization of steroids in this type of chromatography.

EXPERIMENTAL

Materials

CDs and 17-ketosteroids were kindly supplied by Nihon Shokuhin Kako
(Tokyo, Japan) and Teikoku Hormone (Tokyo, Japan), respectively. p-Nitrophenyl-
hydrazine and O-p-nitrobenzylhydroxylamine - HCI were purchased from Nacalai
Tesque (Kyoto, Japan) and p-nitrobenzoyl chloride from Tokyo Kasei Kogyo (Tokyo,
Japan). p-Nitrobenzoyl azide was prepared from p-nitrobenzoyl chloride by a conven-
tional method with sodium azide, and 1-anthroyl azide was synthesized according to
the procedure described by Fujino et al. [10].

Apparatus

HPLC was carried out on a Shimadzu (Kyoto, Japan) LC-6A chromatograph
equipped with a Shimadzu SPD-6AV ultraviolet (UV) detector at a flow-rate of
1.0 ml/min. A YMC-GEL CN (5 um) column (15 cm x 0.4 cm L.D.) (YMC, Kyoto,
Japan) was used at ambient temperature. The void volume was determined by the use
of sodium nitrate. Proton nuclear magnetic resonance (*H NMR) spectra were
obtained with a JEOL (Tokyo, Japan) INM-FX 100S spectrometer at 100 MHz.

Derivatized 17-ketosteroids

The 17-ketosteroids 17-(p-nitrophenylhydrazone) (II), 17-(O-p-nitrobenzyl-
oxime) (III), 3-(p-nitrobenzoate) (IV), 3-(N-p-nitrophenylcarbamate) (V) and 3-(N-1-
anthrylcarbamate) (VI) were synthesized from the corresponding 17-ketosteroids (I)
by using p-nitrophenyhydrazine, O-p-nitrobenzylhydroxylamine - HCI, p-nitro-
benzoyl chloride, p-nitrobenzoyl azide and l-anthroyl azide, respectively, by conven-
tional methods. Although the syn and anti conformers were formed, the main product
was used as the authentic sample in the case of hydrazone (II) and oxime ()
derivatives, which were obtained by purification by recrystallization and preparative

thin-layer chromatography, respectively. All these structures were confirmed by the
'H NMR spectra.
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TABLE 1
THE CAPACITY FACTORS OF 17-KETOSTEROIDS AND THEIR DERIVATIVES

The numbering corresponds to that in Fig. 1. Mobile phase, methanol-water: I, 2:3, 5 0.82 min; I1-V, 3:2, ¢,
0.78 min; VI, 13:7; 15 0.80 min. Detection, UV: I, 210 nm; TI-1V, 254 nm; V, 280 nm: VI, 254 nm.

No. a b ¢ d

1 14.1 11.7 12.5 11.2
11 15.5 14.7 14.6 [3.5
I 9.6 8.9 8.6 9.3
v 11.7 16.9 12.3 16.0
\4 15.0 17.7 15.7 16.0
Vi 6.7 12.6 10.3 10.1

RESULTS AND DISCUSSION

It is necessary to use a mobile phase containing water in inclusion chromato-
graphy using CD as a mobile phase additive in reversed-phase HPLC[1]. Steroids were
eluted much earlier from a CN-coated than from an alkyl-coated column using the
same solvent system in reversed-phase HPLC. It is possible for a CN-coated column to
elute steroids with a mobile phase containing a large proportion of water [7].
According to these data, all the experiments were done witha YMC-GEL CN column.

The capacity factors (k') of all the compounds examined obtained without CD
are listed in Table I, in which more than 35% of water was used in the mobile phase.
The relative k' values obtained with the addition of 2 mM of - or y-CD are reported in
Fig. 2. Although the data are not shown, a-CD had little effect on the &’ values of any of
the compounds examined as reported previously for other steroids [4-9]. On the
contrary, the k' values of all these compounds decreased with increasing concentration
of - or y-CD in the mobile phase. This effect can be explained by the cavity size of the
CD, that of a-CD being too small to include these compounds.

a b ¢ #%d fl
et L)

By | 8/ | B8sY | B/ Y

IHO'CKSjﬁ 27706/ 25|%% 26 |2/ 1a
jg@mz 80/53 72/51 s 82/30
11 ﬁwf@rm 81 63 63 /60 82 n 77 oz
o ol [ 9285 | 266 | 2064 | ¥ a5
NoT@NHcooq} 85/ 75 16/ 63 22/ 38 82/ a1
el % 033577 |58 61 | %0

Fig. 2. Relative capacity {actors of 17-ketosteroids and their derivatives. * Added CD (2 mM). ** Relative
identification value (the identification value obtained without CD was taken as 100).
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Effect of CD on the retention of 17-ketosteroids

Regarding the S-position isomers, the k' value of the Sa-isomer (Ia, b) was
influenced more than that of the 58-isomer (Ic, d) with the addition of 2 mM B-CD.
Although the relative X values of Ia and Ic were the same (26), that (14) of the
5p-isomer (Id) was influenced more than that (25) of the Sx-isomer (Ib) with the
addition of 2 mM y-CD. The effect is more clearly observed with 3f-hydroxy
compounds (Ib, d) than the corresponding 3a-isomers (Ia, ¢) (Fig. 2). These findings
agree with our previous results obtained with cardiac steroids [6].

Effect of CD on the retention of derivatized 17-ketosteroids

The effect of derivatization at the 17-position on the retention behaviour was
examined as above and similar results were observed with both hydrazone (II) and
oxime (III) derivatives (Fig. 2), that is, the &’ values of all these derivatives decreased
more with the addition of y-CD than §-CD. In 3-hydroxy compounds, the k' value of
the Sa-isomer (Ilb, Ib) was influenced more than that of the 58-isomer (IId, ITId) with
the addition of -CD. In contrast, the relative k' value of the 5f-isomer (IId, IT1d)
became smaller than that of the Sa-isomer (Ilb, ITIb) with the addition of y-CD. This
effect was also observed with 3a-hydroxy compounds (ITa vs. Ilc; Illa vs. ITlc), except
for 1Ia (80) vs. IIc (71) with B-CD as mobile phase additive.

Next, the effect of derivatization at the 3-position was examined and the
following results reflecting the chemical structures of steroid moiety were obtained
(Fig. 2). The £’ values of the 3, 5a-series (IVa—V1Ia) are least influenced in each instance
moiety by either CD. In contrast, those of the 3o, 58-series (IVe-VIc) were substantially
decreased with the addition of either CD. The k' value of the S5a- (IVb-VIb) or
5B-isomer (IVd-VId) of the 3f-series was decreased more than that of the 58- or
Sa-isomer with the addition of - or y-CD, respectively. The addition of S-CD
decreased the k" values of compounds having a 3-equatorial substituent (IVb,c—VIb,c)
more than those of the corresponding isomer (IVa,d-VIa,d). On the other hand, y-CD
decreased the k' values of derivatives having an A/B cis ring junction (IVe,d—VIc,d)
more than those of the derivatives having an A/B trans ring junction (IVa,b-VIa,b).

These results indicate that f- and y-CD distinguish substituents at the 3-position
and the A/B ring junction, respectively. It may be difficult for the former host
compound to include an axial substituent [3«,5a (a); 38,58 (d) series]. Although a few
exceptions have been observed, with respect to the structures of the derivatizing
moiety, the £’ values of the derivatives having more hydrogen bonding sites (II, V) are
more influenced in most instances than the other derivatives (II, IV). Also, the k'
values of the derivative having a larger substituent (VI) are smaller than those of the
corresponding derivative having a smaller substituent (V).

CONCLUSIONS

The retention behaviour of four 17-ketosteroid isomers and twenty derivatives
was demonstrated by HPLC using CD as a mobile phase additive. Compounds
derivatized at the 3-position showed greater variations in chromatographic behaviour
reflecting their configurational changes at the 3- and 5-positions than compounds
derivatised at the 17-position. The results suggested that the separation reflecting the
chemical structures of steroid moieties is obtained by derivatizing the functional
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groups which are located near the isomeric position, and derivatives having more
hydrogen-bonding sites show greatly changed chromatographic behaviour in this type
of chromatography. These results should be helpful in choosing a derivatization
method for steroids in this type of chromatography, and in identifying the peaks in
chromatograms of biological samples.

Further investigations of the chromatographic behaviour of derivatized steroids
in inclusion chromatography are being made in comparison with the conventional
method [11].
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ABSTRACT

A series of thiosugars are described as the new pre-column derivatization agents for chiral resolution
of 2-amino-1-alcohols. The isoindole derivatives were formed by reaction of 2-amino-1-alcohols with
o-phthaldialdehyde and thiosugars in aqueous solution and at a mildly basic pH. The reaction was com-
plete within | min. The diastereomers formed can efficiently be resolved on conventional reversed-phase
cotumns and measured with a fluorescence detector which provides detection limits of less than 10 pmol per
10-u! injection.

INTRODUCTION

Amino alcohols are present as a terminal group in some fungal metabolites, e.g.
in peptide antibiotics (peptaibols) [1,2], as well as in various natural compounds
produced by other organisms [3]. Amino alcohols are also used as chiral synthones
for the preparation of a number of biologically active compounds, e.g. ergot alkaloids
such as ergometrin or methylergometrin [4,5], which are nowadays produced syn-
thetically. In both cases, an appropriate analytical method is necessary to identify or
to control the enantiomeric purity of either natural or synthetic compounds, as it is
well known that compounds constituted from different enantiomers usually possess
different biological activity.

Whereas a number of liquid chromatographic methods have been described for

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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the resolution of amino acid enantiomers, apparently little attention has been paid to
the resolution of amino alcohols. Resolution of some amino alcohols was recently
achieved after derivatization with various chiral isocyanates or isothiocyanates [6,7].
Another method, which was primarily developed for the analysis of amino acid
enantiomers, is based on the pre-column derivatization of amino groups with o-
phthaldialdehyde (OPA) and chiral thiols. Compared with other reagents, the analy-
sis of amino compounds after derivatization with the OPA—thiol reagents is quick,
convenient and relatively independent of the presence of impurities in the sample.
Diastereomeric isoindole derivatives thus formed are easily separable on a reversed-
phase high-performance liquid chromatographic (HPLC) column and can be easily
detected using fluorimetry. Boc-L-cysteine, N-acetyl-L-cysteine and N-acetyl-penicill-
amine were used also for the derivatization of amino alcohols, and good resolution
was obtained for all amino alcohols tested with at least one chiral reagent [8]. Since no
reagent has general applicability, we describe here an alternative method for the
resolution of amino alcohol enantiomers, which is based on their derivatization with
o-phthaldialdehyde and various thiosugars.

EXPERIMENTAL

Reagents and chemicals

The sodium salts of 1-thio-§-D-glucose [9], 1-thio-f-D-galactose [10] and 1-thio-
B-D-mannose [11] were prepared as described previously; OPA (Calbiochem, Los
Angeles, CA, USA), amino alcohol enantiomers (Fluka, Buchs, Switzerland and Sig-
ma, St. Louis, MO, USA), methanol, boric acid, potassium hydroxide and sodium
acetate (Lachema. Brno, Czechoslovakia) were used.

Chromatographic systems

A Varian Vista 5500 liquid chromatographic system equipped with a Fluori-
chrom filter fluorescence detector was used. The excitation wavelength has a maxi-
mum at 360 nm, while the emission wavelength has a bandpass above 420 nm. The
analytical column used was a Separon SGX Cyg, 7 um (250 X 4 mm 1.D.) from
Tessek (Prague, Czechoslovakia). Solvent A was 0.1 M sodium acetate (pH 7.3,
adjusted with dilute acetic acid) and solvent B was a 1:9 mixture of sodium acetate
(pH 7.3) and methanol, respectively. A linear gradient elution of 30-70% B over 40
min was used. A constant flow-rate of 1 ml/min was maintained during the analysis.
A back-pressure terminator (Varian, Sunnyvale, CA, USA), set at 0.6 MPa, was used
to prevent formation of bubbles. Stability studies were performed with a Bio-Rad
AS-100 HRLC automatic sampling system (Richmond, CA, USA) and a Hypersil
ODS, 3 um (60 X 4.6 mm I.D.) column from Hewlett Packard (Amstelveen, Nether-
lands) under isocratic elution with 0.1 M sodium acetate (pH 7.2)-methanol (6:4,
v/v); the flow-rate was 1.0 ml/min, and evaluation was based on comparison of peak
areas of baseline-separated peaks.

Derivatization procedure

Stock solutions were prepared weekly with 50 mg of sodium salts of thiosugars
in 1 ml of water, 50 mg of OPA in 1.25 ml of methanol and amino alcohols (4 mAf in
water). Borate buffer was prepared by dissolving 0.50 g of boric acid in 19 ml of water
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and adjusting the pH to 9.30 (8.20 or 10.00) with potassium hydroxide solution (45 g
of potassium hydroxide in 100 ml of water). A 10-ul sample of the amino alcohol
solution, 100 ul of the borate buffer 50 ul of the thiosugar solution and 50 ul of the
OPA solution (thiosugar/OPA ratio = 2.2) were introduced consecutively into a
small glass vessel, and the mixture was stirred. After 60 s, a 10-ul aliquot was ana-
lysed. For the studies of fluorescence response, both racemic mixtures and individual
enantiomers were used.

RESULTS AND DISCUSSION

We have recently shown that thiosugars can be employed for the chiral resolu-
tion of amino acids [12,13]. By analogy with the reactions of other thiols [14-16],
I-isoindolyl-(1-thio-f-p-glycosides) are assumed to be formed in the course of a reac-
tion of an amino acid with OPA and a thiosugar. This type of derivatization can
possibly be applied to all kinds of primary amines and to a wide range of mercaptans.
Accordingly, all amino alcohols reacted with OPA and thiosugars in alkaline condi-
tions yield highly fluorescent isoindole derivatives. The reactions occurred rapidly
and quantitatively at ambient temperature, reaching their maximum fluorescence
within 1 min (Fig. 1). In the course of the reaction, only one highly fluorescent
derivative was formed with each amino alcohol enentiomer. Similarly, as in the case
of OPA—-2-mercaptol derivatives [17-20], thiosugar-substituted isoindoles are unsta-
ble (Fig. 1). Their stability was found to decrease with decreasing pH. The stability of
OPA-~thiosugar mixtures themselves is also limited, hence the use of separate stock
solutions is recommended. Solutions of sodium salts of thiosugars are stable for
months with the exception of the sodium salt of 1-thio-$-D-mannose, a fresh solution
of which should be prepared every day.
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Fig. 1. Fluorescence response of the OPA-1-thio-f-D-galactose derivatization as a function of reaction
time and pH [(*) 8.2, (A) 9.3, (O) 10.0] and stability of the selected derivative in the borate buffer at 20°C
[mixture: 10 pl of 3 mM (S)-(+)-2-amino-1-butanol, 200 pl of borate buffer, 30 gl of thiosugar solution, 30
i1 of OPA solution]; relative percentages refer to the area of the chromatographic peak obtained by the
analysis of the reaction mixture injected after 60 s (100%). Conditions: Hypersil ODS, 3 ym (60 % 4.6 mm

LD.) column, isocratic elution with 0.1 M sodium acetate (pH 7.2)-methanol (6:4, v/v), flow-rate 1.0
ml/min.
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Fig. 2. Separation of amino alcohol enantiomers after pre-column derivatization with OPA-I-thio-g-»-
mannose. Column, Separon SGX C, 5, 7 um (250 x 4 mm LD.); mobile phase A, 0.1 M sodium acetate
(pH 7.3); mobile phase B, 0.1 M sodium acetate-methanol (1:9, v/v); gradient 30-70% B in 40 min;
flow-rate, 1.0 ml/min. Peaks: 1, 2 = (R)-, (S)-2-amino-1-propanol; 3, 4 = (R)-, (S)-2-amino-1-butanol;
5,6 = (R)-, (S)-2-amino-1-pentanol; 7,8 = (R)-, (S)-2-amino-[-hexanol.

Fig. 2 shows an example of the separation of four amino alcohols derivatized
with OPA~1-thio-f-D-mannose. Resolution and elution orders of other derivatives
are given in Table L. As for the role of individual thiosugars, elution orders obtained
with [-thio-f-D-mannose were mostly reversed compared with that of 1-thio-g-p-
glucose or I-thio-fi-D-galactose. This indicates that the configuration of the OH
group at the C-2 atom plays an important role in the interaction between the sugar
moiety and OH group of an amino alcohol. As is evident from Table I, as well as
from, for example, space models of the isoindole, the OH group at the C-4 atom
(glucose vs. galactose) could not participate in this case. However, this remote OH
group might participate in chiral recognition if suitable polar groups are present on
the side chain of an amino compound, as was documented, for example, in the differ-
ential resolution of Lys, Asp and Glu [21].

The relative sample standard deviations of retention times were 1.5% [1-thio-f3-
D-glucose-(S)-( +)-2-amino-1-pentanol, n = 6] for the gradient method (Fig. 2) or
1.4% [1-thio-fB-p-galactose-(R)-(—)-2-amino-1-butanol, n = 24, within 2 days] for
the isocratic method (Fig. 3). The average relative deviation of the peak area for
individual derivatives was less than 4% for between-day assays and less than 3% for
within-days assays, which shows that the present system is reproducible. The detec-
tion limit for (S)-(+)-2-amino-1-butanol, based on a signal-to-noise ratio of 2, was
less than 10 pmol. The analysis of amino alcohols after conversion to isoindoles is
relatively easy when large samples are available (> 100 pmol), which is the case for
most analysis of enantiomeric purity of synthetic chemicals. Problems associated with
the analysis increase with diminishing sample size and are largely due to impurities in
reagent and the inherent lack of chemical stability of the isoindoles examined in the
reaction. Much of this background interference was shown to derive from OPA con-
taminants and old samples of thiosugar solutions.

As in the case of other chiral thiols, individual enantiomers formed derivatives
having slightly different specific fluorescence intensity (Table I). In this particular
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Fig. 3. Separation of 2-amino-1-butanol derivatized with OPA~1-thio-B-p-glucose. Conditions: Hypersil
ODS, 3 um (60 x 4.6 mm 1.D.) column, isocratic elution with 0.1 M sodium acetate (pH 7.2)-methanol
(6:4, v/v), flow-rate 1.0 ml/min. (A) (S)-(+)-2-Amino-I-butanol (3 mM) with 1% (R)-(—)-2-amino-1-
butanol impurity; (B) (R)-(—)-2-amino-1-butanol (3 mM) with 1% (S)-(+)-2-amino-1-butanol impurity
Peaks: 1, 2 = (S)-, (R)-2-amino-1-butanol; column efficiency = 81 200 plates/m [plate number = 5.54
(t,,/m)?] for peak 2.

case, (S)-enantiomers formed derivatives whose chromatographic peaks had about
5-20% greater area regardless of whether they were eluted first or second in the
enantiomeric pair. Since derivatives of quite different amino compounds possess al-
most identical absorbance and fluorescence spectra and usually also exhibit compara-
tive fluorescence responses [14,15], differences in the fluorescence intensity of various
enantiomers seem likely to originate from the local arrangement of substituents
around the isoindole moiety.

Most of the amino alcohols showed sufficient resolution with each of the three
derivatization reagents. Baseline separation usually allowed simultaneous determina-
tion of trace impurities of one enantiomer in the other with one thiosugar (Fig. 3).
For a particular case, separation can alternatively be achieved using isocratic elution.
Resolution is fairly dependent on the quality of the column used; in our experience,
poorly end-capped or old columns usually suffer particularly from loss of resolution.
As the buffer-methanol mixture causes relatively high back-pressure on reversed-
phase columns, the use of short-length columns seems to be reasonable.
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ABSTRACT

DEAE cellulose column chromatography has been used for the purification of chloroplast DNA.
This technique is more time-efficient than the caesium chloride gradient method. It is a reliable tool and
yields a high concentration of double-stranded DNA molecules. The chloroplast DNA obtained after
DEAE cellulose chromatography is sensitive to different restriction endonucleases and can be used for
DNA fragment cloning and sequencing.

INTRODUCTION

Chloroplast DNA (cpDNA) has been purified on caesium chloride gradients
from a variety of plant species after RNase T1 treatment [1]. In general the caesium
chloride gradient technique is excellent for the preparation of small amounts of
DNA. However, this method is expensive, time-consuming and yields DNA contain-
ing considerable amounts of caesium chloride.

RNase T1 treatment is an important step in several methods used in DNA
preparation [1,2]. This treatment destroys RNA contaminants but often presents a
risk of DNase 1 contamination, which can digest the DNA molecules.

The diethylaminoethyl (DEAE) anion exchanger has been used in the nucleo-
gen-DEAE form as a column support for high-performance liquid chromatography
isolation of plasmid DNA [3]. DNA cellulose has also been used for isolating lambda
phage [4,5], proteins [6] and tRNA [7,8].

These carlier observations have been used to develop a procedure for purifying
chloroplast DNA by DEAE cellulose column chromatography. The chromatograph-
ic conditions used here make it possible to separate DNA from RNA in a given
chloroplast nucleic acid preparation. The DNA was analysed by endonuclease diges-
tion and agarose gel electrophoresis.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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EXPERIMENTAL

Materials

Bean culture was performed either outside or in a greenhouse. Young bean
leaves of Phaseolus vulgaris, variety Saxa, were harvested after 15 days for chloroplast
preparation and nucleic acid extraction.

Chemicals and reagents

DEAE cellulose, DNase 1, RNase T1, proteinase K and the restriction endonu-
cleases BamHI and Xhol were obtaiend from Sigma (St. Louis, MO, USA). All the
reagents used were of analytical-reagent grade and all solutions were made with
sterile distilled water.

Chromatographic conditions

The DEAE cellulose was pre-cycled before use according to the instructions of
the manufacturer [9]. Dried DEAE cellulose (10 g) was first suspended in 0.5 M
hydrochloric acid, for 30 min, then subjected to several washes with water, to adjust
the solution to pH 7.0 and to remove the fines by decanting. The DEAE cellulose was
treated with 0.5 M sodium hydroxide and again washed to pH 7.0. The DEAE
cellulose was stored in buffer A (0.2 M sodium chloride, 0.05 M Tris-HCI, pH 7.5) at
4°C. '

About 5 ml of the DEAE cellulose were packed into a 20-ml syringe plugged
with sterile glass wool and equilibrated with buffer A.

Preparation of chloroplasts

Chloroplasts and chloroplast nucleic acids were prepared by a previously de-
scribed procedure [10] with some modifications. The following steps were performed
at 4°C. Briefly, 1 kg of bean leaves was homogenised in a Waring blender with 2000 ml
of a solution containing 5 mM Tris-HCI (pH 8.0), 25 mM ethylenediaminetetraacetic
acid (EDTA), 1.25 M sodium chloride, 0.01% bovine serum albumin (BSA) and 7
mM 2-mercaptoethanol. The extract was first filtered through one layer of cheese-
cloth followed by a 50-um nylon mesh and finally through a 25-um nylon mesh
(Lockertex, Warrington, UK). After centrifuging for 1 min at 3000 g, the chloroplasts
were recovered in pellet form and stored at —20°C or used immediately for DNA
extraction,

Preparation of chloroplast nucleic acids

About 10 g of chloroplasts were suspended in 100 ml of a solution of 10 mM
Tris~HCI (pH 8.0), 10 mM sodium chloride, 1% sodium dodecyl sulphate and 5 mg
of proteinase K. The mixture was incubated at 37°C for 12 h.

The suspension was extracted with an equal volume of phenol saturated with
T1oE 1o buffer [10 mM Tris—-HCI (pH 8.0), 10 mM EDTA] and the nucleic acids were
recovered in the aqueous phase after centrifuging for 20 min at 12 000 g. A one tenth
volume of 3 M sodium acetate (pH 5.4) was added to the aqueous phase and the
nucleic acids were precipitated with two volumes of cold 95% ethanol.

The precipitated nucleic acids were recovered in pellet form after centrifuging
for 10 min at 10 000 g, resuspended in 2 ml of T, E, buffer [10 mM Tris-HCI (pH
7.5), | mM EDTA] and dialysed. '
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After dialysis against water for 24 h at 4°C, a one tenth volume of 3 M sodium
acetate (pH 5.4) was added to the nucleic acid solution and the nucleic acids were
reprecipitated with two volumes of ethanol. After centrifugation, the pellet was re-
suspended in 2 ml of buffer A.

Chromatography of chloroplast nucleic acids

The nucleic acid solution, containing 50 mg of nucleic acids, was loaded onto
the DEAE cellulose column and the column was washed with buffer A to remove
unbound material which was collected in 2-ml fractions. The UV absorption at 260
nm {(A4,¢0) of each fraction was measured; peak I was observed, and elution continued
until all 4,6 absorbing material had been removed from the column, which required
24 ml of buffer A.

The column-bound nucleic acids were eluted with buffer B [1.0 M sodium chlo-
ride, 0.05 M Tris=HCI (pH 7.5)]. A second A,40 peak (peak II) was obtained and
elution continued until all 4,40 absorbing material had been removed from the col-
umn.

The fractions under peaks I and II were pooled, giving volumes of 8 and 14 ml,
respectively. Each set of pooled fractions was precipitated with two volumes of etha-
nol. Each precipitate was washed twice with 70% ethanol to remove NaCl, and the
air-dried pellet was dissolved in 0.5 ml of T,(E, buffer (pH 7.5).

The nucleic acids recovered from the DEAE cellulose column were initially
characterised by recording the absorption spectrum in the range 220-300 nm on a
Shimadzu UV-VIS recording spectrophotometer (Model UV-160A).

Nucleic acid analysis

Both nucleic acids were treated with either DNase 1, RNase T1 or proteinase K.
To three Eppendorf tubes the following reagents were added: 10 ul of one of the
nucleic acid samples, 2 ul of a 10 x digestion buffer (100 mM Tris—HCI pH 7.5, 100
mM magnesium chloride, 100 ug/ml BSA, 1000 mM sodium chloride) and 6 ul of
sterile distilled water. Into tube 1 were added 2 ul of DNase 1 (0.1 ug/ul), tube 2 2 ul of
RNase T1 (1U/ul) and tube 3 2 ul of proteinase K (0.05 ug/ul). Tube 1 was incubated
at 0°C while tubes 2 and 3 were incubated at 37°C. The tubes were all incubated for 2
h.

DNA was digested with restriction endonucleases. The reaction medium con-
tained 10 ul of cpDNA (0.5 pg/ul), 5 ul of the 10 x digestion buffer, 1 U of either
BamHI or Xhol enzyme per ug of cpDNA and sterile distilled water to bring the
volume to 50 ul. After incubating the mixture for 3 h at 37°C the DNA fragments
were separated by gel electrophoresis in 1% agarose. The bands were visualised after
ethidium bromide staining.

RESULTS AND DISCUSSION

The chloroplast extract purified on a DEAE cellulose column contained two
different types of nucleic acids, as shown by their chromatographic migration (Fig. 1).
The identification of chloroplast nucleic acid components was obtained after
analysis of the nucleic acids peaks and their fractionation on agarose gel electropho-
resis. Upon electrophoresis, the large DNA molecules moved more slowly than the
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Fig. 1. Elution profile of chloroplast nucleic acids on DEAE cellulose column chromatography. Each
fraction has a volume of 2 ml. Peak I is DNA and peak II RNA.

smaller RNA molecules. This indicated that peak I contained only intact DNA while
peak IT contained RNA and degraded DNA. The RNA, which are tRNA molecules,
may be easily purified by polyacrylamide gel electrophoresis with the removal of the
degraded DNA fragments [7,8].

The DNA was not tightly bound to DEAE cellulose and was eluted with the 0.2
M sodium chioride buffer (Fig. 1, peak I). The more tightly bound RNA was eluted
with the 1.0 M sodium chloride buffer (Fig. 1, peak II). The DNA and RNA peaks
were confirmed by degradation with DNase 1 and RNase T1, respectively. They were
not affected by proteinase K treatment.

The sum of the molecular weights of the DNA fragments after Xhol digestion
was estimated to be 150 kbp. This value is identical to that reported for common bean
chloroplast DNA on a caesium chloride gradient [8,11].

In this work a yield of 50 mg of chloroplast nucleic acids was obtained from 1
kg of common bean leaves. The chloroplast nucleic acids were separated into their
two major types, DNA (5 mg) and RNA (30 mg), by DEAE celiulose column chro-
matography. In deriving these estimates of yield, the relationship whereby one absor-
bance unit at 260 nm is equivalent to 50 ug/ml DNA and 40 ug/ml RNA was used
[2,6]. The Az60/A 250 ratio was about 1.80. This indicates that the recovered DNA and
RNA are reasonably pure.

This separation technique has the advantages of being fast, cheap and easy to
perform. The DNA recovery is five times higher than that reported for the same
weight of higher plant leaves [10].
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ABSTRACT

A cross-linking co-agent was used in the immobilization of polyethylene glycol (PEG) 20M peroxide
to produce a capillary column for gas chromatography. The co-agent promoted the immobilization of
PEG 20M and the concentrations of peroxide necessary to achieve over 80% non-extractability decreased
from 15% for PEG 20M immobilization by the peroxide alone to 5 and 3% for PEG 20M immobilization
using 3 and 5% of the co-agent in PEG 20M, respectively. The use of the co-agent suppressed the decrease
in column efficiency and the increase in column polarity which occur in immobilization using the peroxide
alon. The co-agen also increased the thermostability of the column. The mechanism of the participation of
the co-agent in the immobilization of PEG 20M is discussed.

INTRODUCTION

The immobilization of the stationary phase is an important process in the prep-
aration of capillary columns for gas chromatography as it makes the stationary phase
film both stable and durable [1].

Methyl silicone stationary phases such as SE-30 can easily be immobilized by
cross-linking the methyl side-chains of the stationary phase with peroxides such as
dicumyl peroxide (DCUP). However, polyethylene glycol (PEG), which is an impor-
tant stationary phase owing to its unique separation characteristics, is not easy to
immobilize with peroxide alone [2-8).

Bystricky [8] reported that with 20% (w/w) of the DCUP of PEG 20M, only
65% of Carbowax 20M could be immobilized on a glass capillary column under
optimum conditions. Double the amount of peroxide and a 20°C higher temperature
are necessary to achieve immobilization greater than 90°C. Several alternative immo-
bilization methods specific to PEG have been developed [4,7].

In the peroxide cross-linking of rubber or plastics, a cross-linking co-agent is

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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used to enhance the extent of cross-linking and consequently to improve the phys-
icochemical properties, such as thermostability, of the rubber or plastics.

In this study, the use of a cross-linking co-agent in the immobilization of PEG
20M on a glass capillary column was investigated. Triallyl isocyanurate (TAIC) was
used as the cross-linking co-agent because it is typically used in the peroxide cross-
linking of rubber and plastics [10].

EXPERIMENTAL

PEG 20M was purchased from Gaskuro Kogyo. DCUP was kindly supplied by
Nippon Oil and Fats. TAIC of extra pure grade was purchased from Tokyo Kasei
Kogyo and used without further purification. All other chemicals were of guaranteed
reagent grade and were used without further purification.

Capillaries of 1.2 mm 1.D. were drawn from Pyrex glass tubes with a Shimadzu
GDM-18 glass drawing machine, which was partially modified. This inner diameter
was chosen as it allows the column to be easily attached to a conventional gas chro-
matograph for packed columns without any alterations.

After the capillary had been treated with 6 M hydrochloric acid for 1 h and
rinsed successively with water and methanol, it was statically coated with a solution
of PEG 20M in methylene chloride containing DCUP and TAIC in various amounts.
The column was flused with nitrogen gas for 1 h, sealed at both ends and was then
cured at 160°C for 1 h. After cutting both ends of the column to give a length of 40 m,
the fused-silica capillaries (30 cm X 250 um) were attached to both ends of the
column through stainless-sieel connectors and the column was mounted on a gas
chromatograph through the ends of other fused-silica capillaries. The column was
then conditioned at 180°C for 1 h and its performance was tested with standard
chemicals. The column was rinsed with methylene chloride and then the column
performance was tested again to determine the non-extractability of PEG 20M. The
column temperature was then raised to 250°C at a rate of 5°C/min and was held at
250°C for 84 h; the performance was tested to determine the thermostability of the
column.

The non-extractability and thermostability of the PEG-20M film were estimat-
ed from the changes in capacity factor of the naphthalene peak after rinsing with
methylene chloride and heating the column at 250°C for 84 h, respectively.

The Kovats retention indices for benzene, butan-1-o0l, pentan-2-one, nitropro-
pane and pyridine were measured at 80°C and were summed to estimate the polarity
of the column.

RESULTS AND DISCUSSION

Fig. 1 shows the variation in extraction with DCUP concentration for the
column immobilized with DCUP alone and with TAIC concentration for the col-
umns immobilized with both DCUP and TAIC. The non-extractability increased
with increasing concentration of DCUP, and a DCUP concentration greater than
15% of the weight of PEG 20M was required to achieve more than 80% immobil-
ization with DCUP alone.

The addition of TAIC greatly enhanced the immobilization of PEG 20M on the
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Fig. I. Variation of non-extractability (A) with DCUP concentration for the column immobilized with (A)
DCUP alone and (B) with TAIC concentration for the columns immobilized using both TAIC and DCUP.
Concentrations are expressed as percentage of weight of PEG 20M.

glass capillary. For example, the addition of only 1% (w/w) TAIC increased the
non-extractability from 49.4 to 67.1% with 3% (w/w) DCUP. The non-extractability
increased with increasing concentration of TAIC, but the addition of an excess of
TAIC (10% of the weight of PEG 20M) resulted in the tailing of all peaks tested. On
the addition of 3 and 5% TAIC, the DCUP concentration required to achieve more
than 80% immobilization was lowered from 15 to 5 and 3% of the weight of PEG
20M, respectively.

To examine the effect of the cross-linking co-agent on column performance,
coating efficiency and thermostability, the Kovats retention indices were measured
for columns with similar extractabilities prepared under three different conditions
and a column which had not been immobilized.

Fig. 2 shows the Van Deemter curves for the naphthalene peak of these col-
umns and Table I compares the performances of these columns. The optimum flow-

TABLE I

COMPARISON OF THE PERFORMANCES OF SIMILAR COLUMNS PREPARED UNDER VAR-
I0US CONDITIONS

Column  Curing conditions (%) Non- Coating AZRI® akb

No. extractability efficiency (%)
DCUP TAIC (%) (%)

1 - - - 82.8 - -

2 15 - 79.6 67.5 65 10.2

3 3 5 80.0 74.9 27 6.5

4 5 5 84.8 71.5 37 5.4

¢ AZRI = Deviation of the sum of the Kovats retention indices for five reference compounds from that of
a non-immobilized column.

® Ak = Percentage decrease of the capacity factor for naphthalene after heating at 250°C for 84 h.
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Fig. 2. Van Deemter curves of the naphthalene peak at 140°C for columns prepared under various condi-
tions. Film thickness = 1 um; length = 40 m. (O) Non-immobilized column; (@) column immobilized with
15% DCUP; (@) column immobilized with 3% DCUP and 5% TAIC.
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Fig. 3. Gas chromatogram of a test mixture on the column immobilized with 3% DCUP and 5% TAIC
(expressed as percentage of weight of PEG 20M). Film thickness = [ um; length = 40 m; column
temperature = 140°C; flow-rate = 20 ml/min. Peaks: 1 = pentadecane; 2 = octan-1-ol; 3 = methyl-
caprate; 4 = dicyclohexylamine; 5 = naphthalene; 6 = caproic acid; 7 = 2,6-dimethylaniline; 8§ =
2,6-dimethylphenol.



SHORT COMMUNICATIONS 327

rate was about 8 ml/min for the 1.2 mm L.D. column. The column efficiency at the
optimum flow-rate decreased with the immobilization of the stationary phase, but the
magnitude of the decrease was smaller for the columns immobilized using TAIC than
for those immobilized using DCUP alone.

The column was heated at 250°C for 84 h and the change in capacity factor for
the naphthalene peak was measured to evaluate the thermostability of the column.
For the non-immobilized column, the stationary phase formed droplets during heat-
ing and the column efficiency decreased significantly. For the immobilized columns,
no changes in the appearance of the stationary phase, peak shapes of standard chem-
icals nor column efficiency were observed, except for the decrease of the capacity
factor. The use of TAIC reduced the decrease in the capacity factor for the naph-
thalene peak on heating at 250°C for 84 h to about 60% of that for the column
immobilized with DCUP alone. This corresponds to the extension of the column
lifetime from 540 to 940 h during one half-life.

The use of TAIC also depressed the increase in column polarity, which was
frequently observed in the immobilization of PEG with peroxide and caused changes
in the separation pattern of complex mixtures such as polyunsaturated fatty acids
[4,5,9]. Table I shows the deviations of the sum of Kovats retention indices for five
reference compounds for columns with very similar non-extractabilities from that of a
non-immobilized column. The deviations for the columns immobilized using both
TAIC and DCUP were less than 50% of the value for the column immobilized with
DCUP alone.

Fig. 3 shows a chromatogram of the test mixture containing various types of
compounds. All the peaks were symmetrical and no tailing was observed for the
peaks of acidic or basic compounds, which indicates that the column was deactivated
satisfactorily.

In conclusion, the use of a cross-linking co-agent in the immobilization of PEG
20M increases the efficiency and thermostability of the column and decreases the
change in column polarity caused by the immobilization. The column is deactivated
satisfactorily and can be used for the determination of various types of compounds.
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ABSTRACT

An improved thin-layer chromatographic method has been established for the rapid identification of
microbial starch degradation products from a complex nutrient medium. The method is based on spotting
10 pl of a diluted liquid starch medium containing microorganism cells on high-performance liquid chro-
matography plates precoated with silica gel 60 with a concentration zone for nano-thin-layer chromatogra-
phy. The mobile phase is chloroform-glacial acetic acid—water (3:6:1, v/v/v). After the first development
the plates were dried and again developed. The separated carbohydrates were detected with a 50% (w/v)
solution of sulphuric acid in ethanol after heating at 150°C for 10 min. The duration of the assay was less
than 2 h.

INTRODUCTION

With the progress of biotechnology it becomes important to have an effective
method for screening strains of microorganisms with desired characteristics. Many of
the problems associated with these studies arise from the difficulty of obtaining rapid,
accurate and reproducible measurements, particularly from complex media. It is
known that nutrient media contain a large number of organic and inorganic
compounds of low, intermediate and high molecular mass that can interfere with each
other and mask the desired metabolite. In such circumstances a variety of methods
have been used for sample purification.

The microbiological problem of screening starch-positive strains of micro-
organisms requires the development of an adequate methodology, although numerous
assays for the measurement of starch degradation products exists and the modern
instrumental methods of chemical analysis are used. These methods are often
technically difficult, time-consuming and do not permit use of a small volume of
samples containing the microorganism cells.

The determination of products of metabolically degraded starch is of interest for

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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many reasons, especially in monitoring the action under usual and unusual conditions
of strains of microorganisms that can hydrolyse starch. A microbiological test for
starch hydrolysis is afforded by flooding the plate with dilute (Lugol’s) iodine after
inoculation and growth. Absence of the bluish-purple colour characteristic of the
starch-iodine complex indicates hydrolysis. For different microorganism strains the
area of hydrolysis is of different width and colour. Problems occur when it is necessary
to identify and determine the products of metabolically degraded starch and their
relative proportions. It is generally agreed that thin-layer chromatography (TLC)
offers the best potential for application in this microbiological analysis. Advantages
include easy manipulation, shorter analysis times and use of small volumes of sample.

Over the past years a very large number of articles have been published on the
chromatography of carbohydrates, among them two recent reviews [1,2]. However,
from the microbiological point of view there are more articles dealing with separation
of individual carbohydrates from model solutions than from complex culture media.

The method described in the present report is an adaptation of the procedure
previously described [3] for the chromatographic separation of carbohydrates as
possible products of starch metabolism. This paper [3] also describes the separation of
individual carbohydrates from model solution. The principal advantage of the present
procedure over those previously described is rapid identification of microbial starch
degradation products together with a complex nutrient medium containing the cells of
microorganisms. In addition, it is possible to obtain the spectra of carbohydrates after
enzymatic hydrolysis of starch.

EXPERIMENTAL

Chemicals

All chemicals were of analytical-reagent grade. Glucose, soluble starch, acetone,
chloroform and glacial acetic acid were purchased from Kemika (Zagreb, Yugoslavia)
and maltose, raffinose and trehalose from Merck (Darmstadt, Germany). «-Cyclo-
dextrin was acquired from Fluka (Buchs, Switzerland) and pB-cyclodextrin from
Chinoin (Budapest, Hungary).

Standards
The following standards were used: 1 mg/ml glucose, maltose, raffinose,

trehalose, o- and f-cyclodextrin and soluble starch, separately and in a mixture
containing 1 mg/ml of each.

Microorganisms
For this study four strains of bacteria were used as producers of various width

and colour of zone hydrolysis on starch agar media, independently of their taxonomic
status.

Medium and culture condition

One loopful of physiologically young cells was inoculated into a 100-ml
Erlenmeyer flask containing 30 ml of nutrient broth: peptone 1-Torlak, 15 g/I; meat
extract-Torlak, 3 g/l; sodium chloride, 5 g/I; dipotassium hydrogenphosphate 0.3 g/1
(Torlak, Belgrade, Yugoslavia) with 10 g/l soluble starch, cultured at 25°C for 2 days.
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Sample preparation

In the first experiment culture broth samples were deproteinized by adding 4 ml
of acetone to 2 ml of broth. The mixture was held in the cold (4 + 1°C) for 24 h, and
then centrifuged for 10 min (1600 g). The supernatant was evaporated in vacuo (27°C).
The remaining solid was redissolved in 2 ml of double-distilled water and applied as
sample. In the second experiment culture broth containing cells of microorganisms
was diluted with double-distilled water in the ratio 1:1.

Thin-layer chromatography

High-performance thin-layer chromatographic (HPTLC) plates precoated with
silica gel 60 (10 x 20 cm) with a concentration zone (2.5 x 20 cm) for nano-TLC
(Merck) were used. From the prepared samples and standards, 10 ul of each were
spotted onto the plate. After the samples had been added and dried, the plate was
placed onto a chromatographic chamber (Desaga, Heidelberg, Germany) with 70 ml
of chloroform-glacial acetic acid—water (3:6:1, v/v/v) in the bottom. The chamber was
covered with a lid, and solvent allowed to move up the plate. When the solvent reached
the top, the plate was removed and dried for 10 min under hot air. The plate was
returned to the chamber and ascent made on fresh solvent of the same composition.
The dried plate was sprayed with a 50% (w/v) solution of sulphuric acid in ethanol and
heated at 105°C, which allowed the coloured spots to develop in about 10 min.

RESULTS AND DISCUSSION

It is accepted [4-7] that proteins in nutritive media interfere with direct
determination of carbohydrate. Therefore the optimal conditions for their elimination
were investigated, the best results being obtained under the conditions described
above. Results given by this method are shown in Fig. 1.

Separation of carbohydrates from microbial starch degradation products
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Fig. 1. TLC of carbohydrates after deproteinization of the starch nutrient medium. Spots: I = nutrient

medium; 2 = strain of bacterium as; 3 = strain of bacterium ag; 4 = strain of bacteriuma,,; 5 = strain of
bacterium ags,; 6 = mixture of carbohydrate, 10 ul; 7 = glucose, 10 ul; 8 = maltose, 10 ul; 9 = raffinose,
10 pl; 10 = trehalose, 10 ul; 11 = a- + p-cyclodextrin, 10 ul. For conditions see Experimental section.
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Fig. 2. TLC of carbohydrates a diluted starch medium. Spots: 1 = nutrient medium; 2 = strain of
bacterium as; 3 = strain of bacterium ag; 4 = strain of bacterium a;,; 5 = strain of bacterium ags,; 6 =
mixture of carbohydrate, 10 ul; 7 = glucose, 10 ul; 8 = maltose, 10 ul; 9 = trehalose, 10 pul; 10 =
a- + f-cyclodextrin, 10 ul. For conditions see Experimental section.

proved to be comparable to that of the components of the standard mixture-
Maltotriose in standard mixture was substituted by raffinose, as, according to the
experimental conditions, they have the same Ry values [3]. The purification period is
too long, so that a relatively small number of samples could be analysed in a normal
working day. This initiated the idea of spotting the plates with nutritive media that
contained the microorganism cells. The first results indicated that the media should be
diluted, the best dilution being in the ratio 1:1. Results are shown in Fig. 2. In this case
raffinose was not used as a standard.

When the results obtained after deproteinization (Fig. 1) are compared with the
results obtained on the plate with cell sample (Fig. 2), it can be seen that the spots
clearer in the second case, that is when sample contains the cells. It seems that some loss
occurred in the course of purification.

The advantage of this method, in our opinion, is that the spots of carbohydrates
from the nutritive media containing bacteria cells are clear and distinctly separated
(Fig. 2). Itis quite easy to determine the number of starch metabolic products and thus
to characterize the particular strain. The results are reproducible when conducted

TABLE 1
Ry VALUES OF CARBOHYDRATES ON HPTLC PLATES (n = 5)

Carbohydrate R x 100
Glucose 62
Maltose S1
Trehalose 49
Raffinose 39
a-Cyclodextrin 24

p-Cyclodextrin 23
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repeatedly under the same experimental conditions. A particular strain will give the
same number of spots with the same Ry values. This fact has not yet been reported in
the accessible literature.

As from the aspect of biotechnology it is extremely important to obtain a very
large quantity of material, the sensitivity of the proposed method was not important in
the present investigation.

Ry values for the pure substances used as standards for products of metabolically
degraded starch are given in Table I. Ry values were determined from the arithmetic
means of five runs.

CONCLUSION

Advantages of the method described in this paper include the simplicity of the
procedure, the short chromatographic run time and full reproducibility for small
samples. The assay does not require time-consuming purification or extraction
procedures. The method can also be recommended as a valuable screening procedure
for detection of desired microbial starch degradation products from a complex
nutrient medium.
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