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Isolation of plasma proteins from the clotting cascade by
heparin affinity chromatography

Djuro Josi¢, Frederic Bal and Horst Schwinn
Octapharma Pharmazeutika Produktionsgesellschaft mbH, Oberlaaer Str. 2494, A-1100 Vienna ( Austria)

ABSTRACT

The use of heparin affinity chromatography for the isolation of plasma proteins from the clotting cascade is described. The separation
is carried out with heparin agarose and, in parallel operations, with different rigid gels on a polymer base. The quality of the separation
and the reproducibility of the results were investigated and the stability of the materials at high pH was tested. The affinity supports
were used for the isolation of antithrombin III from human plasma and for the separation of factor IX from factor X, after partial
purification by anion-exchange chromatography. The isolation of antithrombin 1II from human plasma served as a model. The
non-specific bindings were investigated, together with the resistance of the support when treated with 0.2 and 0.5 M sodium hydroxide.
Heparin agarose has low non-specific bindings, but it cannot be exposed to high pH. The supports on a polymer base are resistant to
high pH, up to 13.7. However, they may remain slightly hydrophobic, and the hydrophobicity of the matrix leads to an increase in
non-specific bindings. When antithrombin I11 is isolated, the non-specific bindings result in contamination of the final product. The lack
of resistance of the matrix at high pH causes a weaker binding of antithrombin 111, and the product is eluted at lower and lower sodium
chloride concentrations. The results can be indicative of the behaviour of the support in the separation of factor IX from factor X. High
non-specific bindings will lead to contamination of the factor IX product and consequently to low specific activity. Insufficient
resistance of the support at high pH will result in failure to separate the two clotting factors satisfactorily. The separation can be
monitored by heparin high-performance membrane affinity chromatography (HPMAC). Contamination of the sample, which occur in

sodium dodecyl sulphate-polyacrylamide gel electrophoresis are detected within minutes by fast heparin HPMAC.

INTRODUCTION

Heparin has been used for some time in the isola-
tion of plasma and membrane proteins, having been
immobilized first to soft gels and later also to rigid
gels [1,2]. The most frequent use of heparin affinity
chromatography (AC) involves the isolation of an-
tithrombin IIT from human plasma [1,3]. Recently
this method has been used as the last step in the
isolation process of human blood clotting factor IX
[4].

Agarose-based supports with immobilized hepa-
rin have also been used successfully for the above-
mentioned purification process. The column lasts a
long time .and non-specific binding is low [5], and

Correspondence to: D. Josi¢, Octapharma Pharmazeutika Pro-
duktionsgesellschaft mbH, Oberlaaer Str: 249A, A-1100 Vienna,
Austria.

0021-9673/93/$06.00 ©

therefore reproducible separations are achieved. An
important disadvantage is that the soft gels cannot
be treated with 0.2-0.5 M sodium hydroxide. This
in turn creates a risk of pyrogenic substances accu-
mulating on the column and contaminating the
product after several runs.

This paper deals with applications of AC, using
heparin on soft, agarose-based gels and heparin im-
mobilized to hard, polymer-based gels and to mem-
branes. The hard gels allow higher flow-rates and
consequently shorter purification times. Their
chemical stability is much greater than that of the
soft gels, and they can be treated with 0.5 M sodium
hydroxide.

The isolation of antithrombin III serves as a
model investigation for determining the non-specif-
ic bindings of the gel and its behaviour after treat-
ment with sodium hydroxide. These model investi-
gations indicate whether or not the gel can also be

1993 Elsevier Science Publishers B.V. All rights reserved
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used in the last step of factor 1X purification, name-
ly the separation of factor IX from factor X from
the concentrate resulting from the previous step,
partial purification by preparative anion-exchange
HPLC. The option of fast process monitoring by
heparin  high-performance = membrane  AC
(HPMAC) was also investigated.

EXPERIMENTAL

Chemicals

Human plasma of blood group A + was provided
by Octapharma (Hurdal, Norway) as fresh frozen
plasma. Virus-inactivated plasma after treatment
with 1% (w/v) Triton X-100, 1% (w/v) tri-n-butyl
phosphate at 30°C [6] was applied to the column for
the isolation of antithrombin III.

Chemicals of analytical-reagent grade were pur-
chased from Merck (Darmstadt, Germany), Serva
(Heidelberg, Germany) and Sigma (Munich, Ger-
many).

Clotting assays, solvent, detergent and protein deter-
mination

A one-stage coagulation assay for factor IX was
performed by mixing the corresponding clotting
plasma with the diluted sample and incubating it in
an activator (lipid extract and kaolin). After incu-
bation, coagulation was stopped by adding calcium
chloride solution. The time required for the clot to
form was measured. Each test was calibrated
against factor IX concentrate (Octapharma, Vien-
na, Austria), which in turn was calibrated against
the latest WHO standard.

For the factor X assay, the plasma that is defi-
cient of the corresponding clotting factor was mixed
with the diluted sample and incubated. After incu-
bation, clotting was terminated by adding calcium
thromboplastin. The time required for the clot to
form was measured. Each test was calibrated
against standard human plasma, which in turn was
calibrated against the latest WHO standard.

Factor IX, X-deficient plasma and all other re-
agents were purchased from Behring (Marburg,
Germany). Coagulation tests were carried out with
an Amelung (Lemgo, Germany) koagulometer.

Tri-n-butyl phosphate and Triton X-100 were de-
termined by the methods described by Horowitz et
al. [6]. The protein in the samples was determined

D. Josié et al. | J. Chromatogr. 632 (1993) 1-10

according to the procedure of Lowry et al. [7] or
according to Smith et al. [8], using a protein deter-
mination kit manufactured by Pierce (Rodgau,
Germany). Bovine serum albumin was used as a
standard.

Factor IX purification

The initial steps for the enrichment of factor IX
were carried out with the method described by
Brummelhuis {9]. The only modification was the re-
placement of DEAE-Sephadex with DEAE-Sepha-
rose Fast Flow (Pharmacia, Vienna, Austria) in the
second run of anion-exchange chromatography.
The amount used in our large-scale production
process was 1000 kg of plasma per run.

The samples for heparin affinity chromatography
were taken from our production process, after par-
tial purification by two anion-exchange steps [9].

Chromatographic equipment

The iron(IIT) ion-free HPLC system consisted of
two pumps, a programmer, a spectrophotometer
with a deuterium lamp and a Rheodyne loop in-
jection valve (all from Knauer, Berlin, Germany). A
BioPilot system (Pharmacia) was used for semi-pre-
parative and preparative chromatography. The salt
gradient in heparin affinity chromatography was
controlled by measuring the osmotic pressure (Os-
momat 030 cryoscopic osmometer; Gonotec, Ber-
lin, Germany).

Supports and buffers for affinity chromatography

For fast heparin HPMAC, a QuickDisc separa-
tion unit with immobilized heparin was used (Sdu-
lentechnik Knauer, Berlin, Germany).

The following supports were used for semi-pre-
parative and preparative heparin AC: Heparin Se-
pharose (Pharmacia), Bio-Gel Heparin (Bio-Rad,
Vienna, Austria) Eupergit Heparin (R6hm Pharma,
Weiterstadt, Germany) and Toyopearl Heparin 650
M (TosoHaas, Stuttgart, Germany). The supports
were packed into glass columns of different dimen-
sions (Sdulentechnik Knauer or Pharmacia).

A 10-20 mM sodium citrate buffer (pH 7.4) was
used for sample application and equilibration. So-
dium chloride was added to both the washing buffer
(about 0.25 mol/l) and the elution buffer (about
0.45 mol/1) until the desired osmolarity was reached
at 500 and 900 mOsmol.
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Sodium dodecyl sulphate—polyacrylamide gel electro-
phoresis (SDS-PAGE)

The dialysed and freeze-dried samples were dis-
solved in 62.5 mM Tris—HCI buffer (pH 6.8) con-
taining 3% (w/v) of SDS, 5% (v/v) of mercaptoeth-
anol, 10% (v/v) of glycerol and 0.001% (w/v) of
bromophenol blue. In other experiments, 10-30 ul
of sample were taken from the collected fractions
after chromatographic separation and mixed with
buffer containing five times higher concentrations
of the above-mentioned substances. The amount of
the buffer taken for the experiments was measured
in such a way as to yield the original concentration
after dilution with the sample. SDS-PAGE was car-
ried out by the Laemmli method [10] using a mini
system (Protean, Bio-Rad) or in the case of larger
gels, 15 cm long, a Hoefer system (Hoefer Scientific
Instruments, Vienna, Austria); 10% minigels or 5-
15% large gradient gels were used. The staining of
the gels was performed with 0.1% Coomassie Bril-
liant Blue. The amount of applied protein was be-
tween 2 and 20 ug per lane when a mini system was
used and between 5 and 50 ug for large gels.

RESULTS

Isolation of antithrombin I11

Antithrombin IIII can be isolated directly from
the plasma by heparin HPAC. A step gradient with
buffers of 500 or 900 mOsmol is used to remove the
non-specifically bound proteins and the weakly
bound proteins, respectively. The antithrombin IIT
is subsequently eluted by a step gradient with 2 M
sodium chloride.

Fig. 1 shows the isolation of antithrombin III
from human plasma by means of heparin HPAC.
The plasma is first virus inactivated with solvent—
detergent (see Experimental) and then applied to a
column with immobilized heparin. The weakly
bound proteins are washed out by two step gra-
dients at 500 and 900 mOsmol. The antithrombin
II1 is subsequently eluted with 2 M sodium chloride
and tri-n-butyl phosphate. The solvent tri-n-butyl
phosphate and the non-ionic detergent Triton
X-100 do not bind to the column. Any remnants of
solvent or detergent are removed by the first wash-
ing. The amount of Triton X-100 and tri-n-butyl
phosphate in the final product was always less than
1 ppm. The multiple treatment with sodium hy-

3

droxide, to which the support Toyopearl Heparin is
exposed in the experiments, does not impair the
chromatographic performance of the column. A
similar behaviour towards the exposure to sodium
hydroxide is observed with the Eupergit Heparin
support (Fig. 1, right-hand side, only SDS-PAGE is
shown). When Toyopearl Heparin is used, only an-
tithrombin III is eluted. However, with Eupergit
Heparin additional bands appear in the eluate with
2 M sodium chloride. They represent mainly a poly-
peptide with an apparent relative molecular mass
(M,) of 220 000, and another polypeptide slightly
larger than antithrombin III and a smaller polypep-
tide with an apparent M, of about 35 000 (see SDS-
PAGE in Fig. 1). The contaminants can be removed
by chromatography with Toyopearl Heparin, when
washed with diluted sodium chloride solution. The
column with heparin agarose has lost to a great ex-
tent its binding capacity to antithrombin III after
being treated only twice with 0.2 M sodium hydrox-
ide for 2 h. This leads to a shift in the elution of this
protein. Antithrombin III is eluted already in the
second peak, that is, by the buffer with 900 mOsmol
(see SDS-PAGE in Fig. 1).

Separation of clotting factor IX from factor X

The separation of the clotting factor IX from fac-
tor X is the last step in the isolation process of fac-
tor IX from human plasma (see Experimental and
ref. 4). By anion-exchange chromatography an en-
riched factor IX fraction is obtained. Virus inacti-
vation using the solvent—detergent method is car-
ried out after elution from the anion-exchange col-
umn. Factor X is the main contaminant still present
in the sample after anion-exchange HPLC. As can
be seen in Table I, the sample contains almost iden-
tical activities of both factor IX and factor X after
partial purification by anion-exchange HPLC.

Factor X is separated from factor IX by heparin
AC. Either factor X does not bind at all to the col-
umn, or it is washed out in the washing step, using
the buffer of 500 mOsmol (see Fig. 2 and Table I).
Neither solvent nor detergent binds to the heparin
column, and any remnants of these substances are
removed in the subsequent washing step with the
application buffer. Factor IX is subsequently eluted
in a second step, using a step gradient at 900 mOs-
mol (see Fig. 2). All the investigated supports per-
form in a way similar to that shown in Fig. 2. Dif-



ferences between the supports exist with regard to
yield and specific activity or enrichment (see Table
D).

Of the four supports listed in Table I, three were
investigated further. Bio-Gel Heparin was excluded

D. Josi¢ et al. | J. Chromatogr. 632 (1993) 1-10

from subsequent studies, as the first experiments
showed that neither the yield of factor IX nor its
enrichment was satisfactory (see Table I).

Table II shows the performance of the heparin
affinity supports, after undergoing five treatments
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Fig. 1. Isolation of antithrombin IIl from human plasma by heparin HPAC. Virus-inactivated human plasma (1500 ml, ca. 90 g of
protein) was applied to a column with immobilized heparin. The bound proteins were eluted with the step gradient shown. The resulting
peaks were pooled and electrophoretically represented. Chromatographic conditions: column dimensions, 200 x 20 mm I.D.; support,
Toyopearl Heparin, Eupergit Heparin or Heparin Sepharose CL6B; flow-rate, 20 ml/min (10 ml/min with Heparin Sepharose); pres-
sure, 2-3 bar; room temperature. Previous page: SDS-PAGE of the fractions that were separated on Toyopearl Heparin, Eupergit
Heparin or Heparin Sepharose. Calibration proteins (from top to bottom): M_211 000, 94 000, 67 000, 49 000, 30 000, 20 000, 14 400.
A gradient gel between 5 and 15% was used. The amount of sample loaded was ca. 40 ug (peaks 1 and 2) and ca. 5 pg (peak 3, purified
antithrombin I1I).

with 0.2 and 0.5 M sodium hydroxide for 2 h each in this context is the mixing of factor IX and factor
time. Although the shape of the chromatogram re- X in the washing step with the buffer of 500 mOs-
mains the same (not shown here), the composition mol. A conspicuous development takes place in the
of single fractions and the yield of factor IX are column with Heparin Sepharose. After only two
significantly different. The most remarkable change  treatments for 2 h each with 0.5 M sodium hydrox-

TABLE 1

SEPARATION OF FACTOR IX AND FACTOR X BY HEPARIN AFFINITY CHROMATOGRAPHY: COMPARISON OF
THE SUPPORTS USED IN THE EXPERIMENTS

After preparative anion-exchange HPLC the sample contains almost identical activities of factors IX and X: the concentration of factor
IX is 29-31 U/ml and that of factor X is about 27-30 U/ml.

Support Factor X in Factor X in Factor X in Factor IX Factor 1X, Factor IXin  Factor IX
flow-through  peak I (%) peak 11 (%) yield (%) specific activity  peak I (%) enrichment
(%) (U/ml) (loss)
Heparin 5 93 2 50-65 80 5 21.3 %
Sepharose
BioGel 3 90 7 30-40 62 8 16.5 x
Heparin
Eupergit 8 90 2 60-85 82 6 21.9 %
Heparin
Toyopearl 80 19 0 80-92 122 2 32.5x%
Heparin
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Fig. 2. Separation of clotting factor IX from clotting factor X by
heparin HPAC. Eluate from anion-exchange HPLC (150 ml,
with about 3000 units each of factor IX and factor X) was dia-
lysed, virus inactivated by the solvent—detergent method and ap-
plied to a heparin column. The column was washed with 20 mAM
citrate buffer (pH 7.4) (at ca. 50 mOsmol). Factor X and factor
IX were subsequently eluted with a step gradient of sodium chlo-
ride. The respective activities of factor IX and factor X in each
peak were determined in clotting assays. The separated peaks
were represented electrophoretically, using a mini gel system.
Factor X does not bind at all or only weakly to the heparin
column, and appears either in the flow-through fraction or in the
first peak, eluted by a buffer of 500 mOsmol. The highly enriched
factor IX is eluted in the second peak by a buffer of 900 mOsmol.
Chromatographic conditions: column dimensions, 100 x 20 mm
z.D.; support, Toyopearl Heparin; flow-rate, 10 ml/min; pres-

ure, 1-2 bar; room temperature. SDS-PAGE; calibration pro-
teins (from top to bottom): M, 211 000, 119 000, 98 000, 80 600,
64 400, 44 600, 38 900. A mini gel (10%) was used. The amount
of sample loaded was 15 pug (peak 1) or 10 ug (peak 2, factor IX
concentrate).
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TABLE 11

SEPARATION OF FACTOR IX AND FACTOR X BY HEPARIN AFFINITY CHROMATOGRAPHY: COMPARISON OF
THE SUPPORTS AFTER REPEATED TREATMENT WITH SODIUM HYDROXIDE

Support Factor X in Factor X in Factor X in Factor IX Factor IX Factor IX in Factor IX
flow-through  peak I (%) peak II (%) yield (%) specific activity  peak I (%) enrichment
(%) (U/ml) (loss) (peak II)
Eupergit 3 93 3 50-70 65 10 17.3x
Heparin®
Toyopearl 16 82 1 65-80 92 5-7 24.5x
Heparin®
Heparin 20 75 2 20-30 50 60-70 —b
Sepharose®

2 Treated five times, each time 2 h, with 0.5 M sodium hydroxide.
® Treated twice, each time for 2 h, with 0.2 M sodium hydroxide; factor 1X was chiefly eluted in the first peak, mixed with factor X.

ide, the material binds factor IX only weakly and
loses almost all of its selectivity between the factors
IX and X (see Table II).

Heparin high-performance membrane affinity chro-
matography

Fig. 3 illustrates an option for fast process mon-
itoring by means of heparin HPMAC. The eluate

from the last peak of the HPAC column, containing
purified antithrombin III (¢f, Fig. 1), is diluted, ap-
plied to the Quick Disk Heparin separation unit
and analysed with the same step gradient as used in
the experiment shown in Fig. 1 (antithrombin III
purification). The contamination in the antithrom-
bin I1I preparation after using the Eupergit Heparin
column, as detected by SDS-PAGE (see Fig. 1), ap-
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Fig. 3. Process monitoring of the isolation of antithrombin III by fast heparin HPMAC. Sample 1, antithrombin 11, obtained by
separation with Toyopearl Heparin (solid line); sample 2, obtained by separation with Eupergit Heparin (broken line). A 50-ul volume
of sample (ca. 20 ug of protein) was diluted to 500 ul with 10 mM citrate buffer (VH 7.4) and applied to the separation unit.
Chromatographic conditions: separation unit, QuickDisk Heparin, 25 mm diameter, 3 mm thickness; flow-rate, 3 ml/min; pressure, 2
bar; room temperature.
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Fig. 4. Process monitoring of the isolation of factor IX by fast heparin HPMAC. Sample 1, factor IX without contamination by factor
X (full line); sample 2, containing minimal factor X activity apart from factor IX (broken line). A 50-ul volume of sample (ca. 75 ug of
protein) was diluted with 10 mA/ citrate buffer (pH 7.4) and applied to a QuickDisk Heparin separation unit. Chromatographic

conditions as in Fig. 3.

pears in the chromatogram resulting from the hepa-
rin HPMAC unit as an additional peak eluted in the
second step with a-900 mOsmol buffer.

Fig. 4 shows fast affinity HPMAC using a disc
with immobilized heparin, similar to Fig. 3. A sam-
ple without contamination by factor X (full line) is
compared with a sample with about 5% of contam-
ination by factor X (broken line). The contamina-
tion is the result of an impaired performance of the
column, resulting from repeated treatment with 0.5
M sodium hydroxide. It can be detected at once
through the analytical QuickDisk unit.

DISCUSSION

Heparin AC has considerable advantages over
other affinity chromatographic methods when used
for the separation of biopolymers. The binding be-
tween ligand and ligate is easily dissociated by in-
creasing the salt concentration in the elution buffer.
This ensures the stability of the separation medium,
and the sample usually retains its biological activ-

ity.
The isolation of antithrombin IIT from human

plasma by heparin AC has been carried out for
some time even on an industrial scale, in order to
produce this therapeutically important protein
[1,3]. Antithrombin III binds strongly to heparin
and is eluted from the column only at very high salt
concentrations. In the experiments carried out here,
the method was used chiefly to evaluate heparin af-
finity supports. The model investigations with the
isolation of antithrombin I1I should help to develop
further guidelines for choosing appropriate sup-
ports for the separation of the clotting factor IX
from factor X. Heparin AC is the last and probably
the most difficult step in the isolation process of
factor IX. Apart from its selectivity requirements,
the support has to be resistant at high pH. Treat-
ment with 0.2-0.5 M sodium hydroxide is still the
most frequently used and easiest way for column
sanitizing, that is, chiefly the removal of bacterial
endotoxins. Consequently, the buffers used in the
separation of factor IX from factor X, namely sodi-
um chloride of 500 and 900 mOsmol, were also cho-
sen for the removal of the weakly bound proteins in
the isolation of antithrombin III.

As in other affinity chromatographic methods,
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the matrix used for immobilization plays an impor-
tant part in heparin AC. The silica gel-based sup-
ports were excluded straightaway from these inves-
tigations, as they have a low stability even in weakly
basic media. Consequently, supports based on nat-
ural polymers (agarose) or synthetic polymers were
investigated further. The remaining hydrophobicity
of the synthetic support is again an important fac-
tor. The non-specific bindings in the case of Eu-
pergit Heparin and the poor recovery after separa-
tion on Bio-Gel Heparin probably originate in the
relatively hydrophobic matrix. Although all the
plasma proteins with the exception of antithrombin
ITT are supposed to be washed out by the two previ-
ous step gradients, several additional lines appear in
the elution peak when this support is used. These
polypeptides are seen also in the second washing
step, but they cannot be removed completely (see
Fig. 1, SDS-PAGE).

When the Toyopearl Heparin support is used (see
Fig. 1), non-specific bindings are much reduced.
Apart from the antithrombin ITI, no other bands
are seen in SDS-PAGE. A disadvantage of the He-
parin Sepharose support is its low stability at high
pH. This results in increasingly weak binding of an-
tithrombin 111 after only the second treatment with
0.2 M sodium hydroxide (cf., SDS-PAGE in Fig. 1).
New, untreated Heparin Sepharose binds anti-
thrombin 111 very strongly, similarly to Toyopearl
and Eupergit Heparin. Non-specific bindings are
low, so that the protein is eluted in a virtually pure
state in the third step with 2 M sodium chloride.
After treatment with sodium hydroxide, however,
part of the antithrombin III is eluted earlier, along
with several other proteins, by the buffer of 500
mOsmol (¢f., SDS-PAGE in Fig. 1).

On the one hand, the other agarose-based sup-
ports survive treatment with 0.5 M sodium hydrox-
ide without difficulty, e.g., DEAE-Sepharose Fast
Flow, which was used for the prepurification of fac-
tor IX (see Experimental). On the other hand, hepa-
rin for its part, if bound to other supports, can also
be treated with sodium hydroxide without adverse
effects (see above). This indicates strongly that the
binding itself that exists between heparin and aga-
rose with this support is unstable at high pH.

Heparin HPAC, when used as the final step in the
purification of clotting factor IX from human plas-
ma, cannot be regarded as affinity chromatography

9

in the original sense. The precise nature of the inter-
action between the heparin and the sample compo-
nents is not clearly defined. It has to be assumed
that ionic interactions are the most important ele-
ment. Also in this step the solvent-detergent mix-
ture from the virus inactivation is removed from the
sample (see Fig. 2 and Results). With such a sophis-
ticated separation, the reproducibility of the results
is of utmost importance. Even very small changes in
the binding characteristics of the support can have
an adverse effect on the separation. Besides, sanitiz-
ing of the gel with 0.5 M sodium hydroxide is neces-
sary after each separation in order to remove any
pyrogenic substances that may have formed. Hepa-
rin agarose and heparin bound to silica gel matrices
are less suited for these applications, as they lack
stability in basic media (cf., Fig. 1 and Tables I and
ID). In contrast, other media such as Eupergit Hepa-
rin, Toyopearl Heparin and QuickDisk membranes
with immobilized heparin withstand repeated treat-
meént with sodium hydroxide. Heparin, immobilized
to compact, porous discs, can be used succesfully
for preparative purification of factor IX (not shown
here). However, this separation technique has so far
been used only on an experimental scale and is de-
scribed elsewhere [11]. The treatment with sodium
hydroxide leads to a deterioration in the separation
of factor IX from factor X. This applies to all sup-
ports, but the phenomenon is least noticeable in the
case of Toyopearl Heparin (see Tables I and II).
However, the separation performance of all three
synthetic supports that were investigated stabilizes
after the first contact with 0.5 M sodium hydroxide,
and subsequent separations and yields are repro-
ducible.

The performance of the supports in the isolation
of antithrombin IIT from plasma is also indicative
of their effectiveness in the separation of factor IX
from factor X. If the support concerned shows
higher non-specific binding in the isolation process
of antithrombin III, as was the case here with Eu-
pergit Heparin (see Fig. 1), the amount of other
proteins in the factor IX product will also be higher,
and its specific activity will be lower (¢f., Table I).
The inreasingly weak binding of antithrombin IIT to
the support after treatment with sodium hydroxide
indicates that under these conditions the separation
between factor IX and factor X will be insufficient,
e.g., in the case of Heparin Sepharose (¢f., Fig. 1
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and Tables I and II). Preliminary model investiga-
tions help in choosing the likely supports. Subse-
quent experiments can then be carried out specifi-
cally, with a reduced number of supports, cutting
the cost of the expensive factor IX samples.

The use of heparin HPMAC for fast analyses of
the samples can serve as process monitoring during
isolation of both antithrombin III and factor IX.
Any contamination that may occur is quickly de-
tected as additional peaks (see Figs. 3 and 4). The
results obtained in this way agree with those from
other analytical methods. When the antithrombin
III is contaminated (broken line in Fig. 3), the sub-
stances appear as bands in SDS-PAGE.

Contaminants in the factor IX product caused by
factor X (broken line in Fig. 4) are also detected in
the clotting test. However, both analyses, SDS-
PAGE and the clotting test, take much longer to
carry out, and the necessary information is avail-
able only much later. Using QuickDisk Heparin
HPMAC the results are obtained within minutes.
This allows an almost immediate response, e.g.,
modifications of the production process or possibly
corrections in the fractioning. Similar proposals for
process monitoring exist in connection with other
materials that allow fast chromatographic analyses,
e.g., ion-exchange chromatography or immunoaf-
finity chromatography, using perfusion chromato-
graphic supports-[12].
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ABSTRACT

Amino acid retention coefficients were derived from the experimental retention data of 118 overlapping peptide heptamers related to
the primary amino acid sequence of myohemerythrin. Individual retention coefficient values for each amino acid were derived by a
multiple linear regression matrix approach. Retention data were derived for five different experimental conditions including different
organic modifiers (acetonitrile, methanol or 2-propanol), different mobile phase additives (trifluoroacetic acid or potassium phosphate)
and different silica-based stationary phase ligands (octadecyl or phenyl groups). A high degree of correlation was observed between
these experimentally derived amino acid coefficients (EXP) and the coefficients (LIT) which we recently reported derived from the
retention data of over 2000 peptides [M. C. J. Wilce et al., J. Chromatogr., 536 (1991) 165 and 548 (1991) 105]. These results demon-
strated that the LIT and EXP coefficients can be used for the prediction of the retention of any peptide set. The effect of peptide length
was also further investigated and the correlation results demonstrated the importance of peptide flexibility on the final value of the

amino acid coefficient.

INTRODUCTION

Reversed-phase high-performance liquid chro-
matography (RP-HPLC) continues to provide a ve-
ry powerful technique for the analysis and purifica-
tion of peptides and proteins. In addition, signif-
icant information on the physicochemical basis of
the interaction between peptides and proteins and
the stationary phase ligand has been derived using
RP-HPLC [1-5]. However, fully developed mecha-

Correspondence to: Professor M. T. W. Hearn, Department of
Biochemistry and Centre for Bioprocess Technology, Monash
University, Clayton, Victoria 3168, Australia.

* For part CXXI, see ref. 15
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nistic models are not yet available to describe, in
molecular terms, the interactive processes that oc-
cur between the stationary phase, the mobile phase
and the peptide or protein solute. The development
of such models requires large and systematic data
bases and associated structure-retention relation-
ships to be determined. In addition, the influence of
chromatographic parameters on the secondary and
tertiary structure of the solutes also needs to be ad-
dressed. As part of our on-going studies into the
mechanism of peptides and protein retention in RP-
HPLC, we have previously derived individual ami-
no acid group retention coefficients (GRCs) using a
multiple linear regression analysis approach [6].
Several sets of retention coefficients have been re-

1993 Elsevier Science Publishers B.V. All rights reserved
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ported which have been derived by a number of
different methods (e.g. refs. 7-9). Our matrix-based
approach allows GRCs to be derived from.a statis-
tically large peptide data set and also allows a more
detailed statistical analysis of the amino acid GRCs
to be carried out. This analysis includes (1) assess-
ment of the relationship between the variability of
the GRC:s for a particular amino acid using differ-
ent experimental conditions, and (2) the co-correla-
tion of the GRC:s of different amino acid residues in
different sequence arrangements. Categorisation of
the peptide retention behaviour allowed the influ-
ence of various chromatographic parameters on the
GRC:s to be evaluated. In these earlier studies, the
various chromatographic systems which we exam-
ined included three different chemically bonded n-
alkylsilica stationary phases, namely, RP-C;g, RP-
Cs and RP-C, and two different organic solvents in
the mobile phase, namely, acetonitrile and 2-propa-
nol-acetonitrile. It was found that the C;3TA [C;g
stationary phase with trifluoroacetic acid (TFA)-
acetonitrile mobile phase] and Cg (Cg stationary
phase with TFA-acetonitrile mobile phase) sets of
GRCs had a high degree of correlation while the Cg
(C, stationary phase with TFA~acetonitrilc mobile
phase) and the C;3sTPA (C, g stationary phase with
TFA-acetonitrile-2-propanol mobile phase) scales
were significantly different to all three scales. Princi-
pal component analysis of these four scales in con-
Jjunction with fourteen physicochemical descriptors
of the amino acid side-chains was also carried out
[10]. The results demonstrated a negative correla-
tion between the C;3TA GRCs and amino acid pa-
rameters that describe electronic characteristics.
Conversely, there was a positive correlation be-
tween the C; 3 TPA scale and amino acid parameters
related to steric and volume characteristics. Deriva-
tion of GRCs using multiple linear regression pro-
cedures provides a general approach to quantitating
the relative propensity of a particular amino acid to
interact with a surface of defined ligand structure in
different solvent environments. In order to further
validate the use of the GRCs in the prediction of
peptide retention behaviour, five new sets of amino
acid GRCs were derived from the experimental re-
tention data of a series of peptides related to the
amino acid sequence of myohemerythrin. The pep-
tides represent overlapping heptamers of the entire
sequence of myohemerythrin. The new amino acid
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GRCs were then compared statistically with our
previously published GRCs. The present study pro-
vides further validation of the general utility of
these literature GRCs.

EXPERIMENTAL

Calculation of amino acid retention coefficients

The amino acid LIT GRCs were derived from the
retention data of over 2000 peptides as previously
described using multiple linear regression analyses
[6]. An additional data base was also created using
the experimental retention data of 118 synthetic
peptides from which the EXP GRCs were derived.
These peptides comprised all of the overlapping
heptamers from the sequence of the protein myohe-
merythrin from the marine worm Themiste zosterio-
la shown in Fig. 1. Six reference peptides were also
included in the analysis. All peptides were synthe-
sised by the pin method of Maeji et al. [11] and were
supplied by Chiron Mimotopes (Clayton, Austra-
lia). The peptides were synthesised using a cleavable
linker that forms an N-terminal diketopiperazine
derivative with a free carboxylic acid at the C-termi-
nus. All peptides were analysed by positive-ion fast
atom bombardment mass spectrometry and amino
acid analysis. The derivation of the EXP GRCs em-
ployed the matrix method with Gaussian pivoting
as described previously [6]. All statistical analyses
were performed with the SPSS package on the Mo-
nash University VAX computer.

Reagents

Acetonitrile, methanol and 2-propanol were
ChromAR HPLC grade from Mallinckrodt Austra-
lia (Melbourne, Australia). TFA was obtained from
Pierce (Rockford, IL, USA). Water was quartz-dis-
tilled and deionised using a Milli-Q water purifica-
tion system (Millipore, Bedford, MA, USA). Potas-
sium dihydrogenphosphate (AnalaR grade) was

RESIDUE NUMBER
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EWLVNHIRKGTDFKYKGKL

Fig. 1. Amino acid sequence of myohemerythrin.
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purchased from BDH (Kilsyth, Australia). All mo-
bile phases were filtered prior to use with a Milli-
pore Durapore filter and then further degassed by
helium sparging for 10 min.

Apparatus

Peptide retention times werc measured using a
Hewlett-Packard 1090 liquid chromatograph con-
sisting of a DR solvent delivery system, a thermo-
statically controlied oven set at 37°C, an autosam-
pler and a diode-array detector with an HP79994A
workstation coupled to a Thinkjet printer and an
HP7470 plotter. All data were stored on the HP
computer before transfer to either an IBM PC or
the Monash University VAX computer for further
analysis.

Four different mobile phase systems were used
for the derivation of the experimental retention da-
ta base. These included: solvent 1:A, 0.1% TFA; B,
0.09% TFA-50% acetonitrile; solvent 2: A, 0.1%
TFA; B, 0.09% TFA-50% methanol; solvent 3: A,
0.1% TFA; B, 0.09% TFA-50% 2-propanol; sol-
vent 4: A, 25 mM KH,PO,; B, 35 mM KH,PO,—
50% acetonitrile. The flow-rate was 1 ml/min ex-
cept for solvent 3 where 0.7 ml/min was used due to
a high pressure drop. Two different alkyl ligand
types were used: column 1: r-octadecylsilane (RP-
Cis, 15cm x 4.6 mm 1.D., 5 ym, 75 nm pore size.
DuPont Zorbax); column 2: phenylsilane (RP-
phenyl, 15 cm % 4.6 mm I.D., 5 ym, 75 nm pore
size, DuPont Zorbax). Table 1 lists the codes and
chromatographic conditions used for the derivation
of the GRCs.

TABLE 1

CODES AND CHROMATOGRAPHIC CONDITIONS
USED TO DERIVE THE EXP COEFFICIENT SET

Code Chromatographic conditions

C,;TA  RP-C,, sorbent, TFA-acetonitrile mobile phase
C,;KP  RP-C,, sorbent, KH,PO,-acetonitrile mobile phase
C,sTM  RP-C,, sorbent, TFA-methanol mobile phase

C,, TP RP-C,; sorbent, TFA-2-propanol mobile phase
RP-phenyl sorbent, TFA-acetonitrile mobile phase

RESULTS AND DISCUSSION

Influence of ligand type and mobile phase on five sets
of experimental retention coefficients

According to the solvophobic theory [12], peptide
retention in RP-HPLC is largely caused by entropic
expulsion of the peptide from the polar mobile
phase, accompanied by their adsorption onto the
non-polar stationary phase. A practical conse-
quence of this phenomenon is that, in the absence of
significant conformational effects, peptide retention
can be correlated with the hydrophobicity of the
peptide contact area as revealed by the GRCs of the
constituent amino acids. These observations thus
have important consequences in the development of
protocols for the optimisation of retention times for
peptides of known composition. To extend the ob-
servations based on our recently derived literature
retention coefficient (LIT) sets [6,10], 112 heptapep-
tides which represent the entire group of overlap-
ping peptide heptamers derived from the amino
acid sequence of myohemerythrin were eluted un-
der five different chromatographic conditions as de-
scribed in the Experimental section. Myohemeryth-
rin is the subject of related studies on epitope map-
ping and protein surface analysis and seven amino
acid residues represent the minimum sequence re-
quired for epitope recognition by antibodies. Table
II lists the values for each of the five experimental
(EXP) GRCs and the correlation coefficients for the
statistical comparisons of these scales are listed in
Table I1I. It is evident that all five of the scale exhib-
ited a high degree of similarity. The highest correla-
tion (R=1.00) was observed for the comparison be-
tween the C;3TA and the C;gTP sets while the
poorest correlation (R=0.80) was observed be-
tween the C;3sKP and the C,gTM sets. With 18 de-
grees of freedom, the probability of observing R >
0.80 is less than 0.05% (P < 0.001). The similarity
of the five EXP GRC scales is in contrast to the
results observed for the previously published LIT
GRC:s [6]. Tt was found that a C;g or a Cg ligand
and a TFA-acetonitrile mobile phase resulted in
GRCs that were very similar but which were both
significantly different to GRCs derived using a C,
ligand with the same solvent or a C, g ligand with a
TFA-acetonitrile-propanol-based mobile phase. In
the present study the experimental parameters that
were systematically changed were the nature of the
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TABLE 11
EXPERIMENTALLY DERIVED AMINO ACID GRCs (min)

Amino acid C,TA C,KP C,,TM C, TP PHETA
Alanine 1.70 291 1.76 1.36 1.24
Cysteine 0.49 0.19 1.66 0.33 —1.41
Aspartic acid 1.10 —1.47 0.31 0.71 1.01
Glutamic acid 0.79 0.00 0.03 0.24 0.69
Phenylalanine 8.79 9.14 10.66 7.21 9.18
Glycine 0.39 0.36 0.00 0.00 0.00
Histidine 0.62 221 —-0.46 0.12 0.23
Isoleucine 8.35 9.80 11.76 6.97 8.29
Lysine 0.00 3.36 —1.41 —0.54 —0.24
Leucine 9.51 7.88 14.69 7.56 8.88
Methionine 2.60 3.90 1.63 1.92 231
Asparagine —0.02 1.31 —2.01 —0.40 —-0.26
Proline 2.79 3.50 4.21 2.08 2.09
Glutamine ~0.66 3.09 —17.52 —0.76 ~-1.28
Arginine 2.36 4.67 1.62 1.66 3.19
Serine 0.27 1.66 2.64 -0.41 0.10
Threonine 1.80 2.40 2.10 0.97 1.40
Valine 493 4.97 6.03 3.80 4.72
Tryptophan 9.75 9.99 13.30 7.47 10.54
Tyrosine 6.14 4.93 9.01 4.06 5.95

organic modifier, the pH of the mobile phase and
the nature of the stationary phase ligand which all
exerted little effect on the experimentally measured
GRC:s for each amino acid residue.

There are a number of explanations for the differ-
ences in the statistical comparisons of the LIT
GRCs and the similarity of the EXP GRC:s. Firstly,
large differences in the frequency distribution of the
amino acids within the respective data base of pep-
tides shown for the LIT GRC set (Fig. 2) and the
EXP GRC set (Fig. 3) can strongly influence the
outcome of the multiple linear regression used to
calculate the GRCs. However, comparison of the
relative frequency distribution for the LIT GRCs
shown in Fig. 2 demonstrated that the frequency of

TABLE 111

CORRELATION COEFFICIENTS FOR LINEAR REGRES-
SION ANALYSIS OF 5 EXP GRC SETS (n=18, o5, =0.44)

each amino acid residue is not significantly different
in the four data bases (Table IV). As a consequence,
the amino acid frequency distribution would there-
fore not contribute to the differences between the
LIT GRCs. The second parameter which may affect
the calculation of the GRCs is the sample size of the
experimental peptide data set. It has been previous-
ly established [6] that a minimum of 100 peptide
retention times are required to establish statistically
consistent sets of GRCs. The experimental peptide
data set for the myohemerythrin heptamers consist-
ed of 112 peptides which thus satisfies the sample
size requirements. The third parameter which may
also influence the resultant GRC values is the spe-
cific sequences of the respective peptide data bases.

The origin of the peptides represents the most
signicant differences between the 2 data sets. The
LIT peptides were derived from enzymatic and
chemical cleavage of a large range of proteins while
the EXP peptides of the present study were derived
from a single protein and were synthesised as over-

CieKP  CieTM TP PHETA lapping peptides as depicted in Fig. 4. Peptide 1
C,sTA 090 0.97 1.00 0.99 consisted of the first seven residues of the myoheme-
C,sKP 0.80 0.90 0.91 rythrin sequence while peptide 2 comprised residues
C,sT™M 0.96 0.94 2-8. The remaining peptides were composed in a
C, TP 0.98

similar manner by proceeding along the sequence 1
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Fig. 2. Amino acid frequency distribution in each of the four LIT peptide data sets. The correlation coefficients for linear comparison

between each data set are listed in Table IV.

residue at a time. While there are a large number of
peptides generated with this procedure the varia-
tions in the molecular environment surrounding
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Fig. 3. Amino acid frequency distribution in the EXP peptide
data sets.

each amino acid residue is greatly reduced. For ex-
ample, as illustrated in Fig. 4, glutamic acid-6 is
flanked by 2 proline residues in 6 peptides. Thus,
while there are more than 100 peptides in the data
set, the number of amino acid environmental cate-
gories sampled by the non-polar ligands is reduced
by a factor of 6 compared to the peptides selected
from random sequences. The chromatographic re-
sults suggest that the range of amino acid environ-
ments associated with the synthetic heptapeptides
does not allow differentiation of the molecular dy-
namics of each peptide during interaction with the
stationary phase ligands in each of the 5 different
chromatographic conditions.

Influence of peptide length on experimental coeffi-
cients

It is well established that peptides larger than 15—
20 residues are often eluted with retention times
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TABLE IV

CORRELATION COEFFICIENTS FOR THE LINEAR
COMPARISON OF THE AMINO ACID FREQUENCIES IN
EACH OF THE LIT PEPTIDE DATA SETS (n=I8.
Foss, =0.44)

C,,TA CTA C[TA
C,TA 065
C,TA 075 0.44
C,,TPA 0.69 0.66 0.66

which are different to the predicted times based on
the summation of their GRCs. The differences in
the chain lengths of the peptides used for the LIT
and EXP data bases may therefore represent an ad-
ditional factor which contributes to the similarity of
the 5 EXP coefficient sets. The EXP peptides were
all 7 residues in length while the LIT peptides rang-
ed in length from 2 to 30 amino acids. It is generally
considered that as peptide length increases, there is
a greater probability for chromatographic ligands
to induce transitions from a disorganised random
coil structure to a stabilised secondary structure.
Conformational rearrangements of peptides have
been monitored in RP-HPLC through measure-
ments of the change in chromatographic contact
areas and affinity and also through changes in the
enthalpy and entropy associated with the binding of
the peptide to the stationary phase ligands [1,2].
Thus, the hydrophobic nature of the reversed-phase
ligands can induce the formation of secondary
structure, such as an amphipathic «-helix [13] and
this process will prevent the amino acid residues
which are oriented away from the stationary phase
surface to contribute to the peptide retention. The
extent of conformational flexibility of the peptides

MYOHEMERYTHRIN SEQUENCE

CUEBIPEPYVHDESPFPRYVEPY cvoaavwas FKYKGKL

SYNTHETIC PEPTIDES
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==
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HHHMH
TR
P
EE

111. DFKYKGK
132 FPEKYKGKL

Fig. 4. Diagram illustrating the method used to generate over-
lapping heptamers of the amino acid sequence of myohemeryth-
rin.
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used for the retention data base will thus strongly
influence the calculation of the GRCs.

The effect of peptide length on the GRCs was
therefore assessed by performing additional linear
regression analysis between the EXP-C,3TA and
LIT-C,sTA GRC scales according to various pep-
tide length criteria. In the first instance, 8 groups of
peptides of different chain lengths were established
using the LIT-C;gTA GRC scale which included
peptides containing 2-30, 2-20, 2-15, 2-10, 2-8,
2-7, 2-5 and 2-4 amino acid residues in length. The
correlation coeflicient from the linear regression
analysis of these restricted LIT GRCs with the
EXP-C,3TA scales are shown in Fig. 5. The highest
correlation for these comparisons was obtained for
the LIT sub-group containing peptides up to 15
amino acid residues. The average length of the LIT
peptides in the group of peptides with 2—15 residues
was 7.2 residues. It can therefore be anticipated that
the LIT peptide group with 2-15 amino acid resid-
ues should exhibit a high degree of correlation with
the EXP-C,gsTA scale which were derived from
peptides of 7 amino acid residues. The LIT peptide
groups consisting of shorter peptides, i.e. 2-10, 2-8,
2-7, 2-5 and 2-4 amino acid residues, exhibited
lower correlation with the EXP-C,gTA scale. This
divergence may be due to exaggerated N- and C-
terminal effects associated with the LIT peptide sets
due to their origin. For example, many peptides
were tryptic peptides which contain a basic amino
acid residue (arginine or lysine) at the C-terminal
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Fig. 5. Correlation coeflicients generated for the comparison of

the EXP C,,TA GRCs and LIT GRCs with specified peptide
length criteria.
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position. Similar sequence-dependent retention be-
haviour has been noted by Guo et al. [7]. However,
in the derivation of both the LIT and EXP GRCs,
the influence of the end-groups was minimised
through the calculation of separate coefficients for
the N- and C-terminal end-groups. Comparison of
the correlation coefficients for the peptide groups
consisting of longer peptides, i.e. peptides contain-
ing 2-20 or 2-30 residues, revealed that the r value
for these groups was similar to that of the peptide
group containing only 1-15 amino acid residues. In
these cases, a large number of smaller peptides
which are common to the sub-groups with 2-15,
2-20 and 2-30 amino acid residues will exert the
dominant influence on the final GRC values.
Three further cluster groups were also defined
with the LIT peptides comprising 7-15 residues and
all peptides with more than 7 or more than 20 ami-
no acid residues. The maximum correlation with the
EXP GRC sets was found for the LIT group de-
rived from peptides between 7 and 15 residues in
length and thus represented the highest correlation
observed for the comparisons of all peptide sub-
groups. The low correlation coefficient (0.38) for
the comparison of the LIT group containing pep-
tides greater than 19 residues in length with the
EXP-C,5sTA set clearly demonstrates the influence
of the peptide length on the GRCs. Overall, the re-
sults of the linear regressions of the peptide sub-
groups indicates that peptide length is an important
factor controlling the differences within LIT GRCs
and the constancy of the EXP GRCs. It should thus
be possible to selectively improve the degree of line-
ar correlation by restricting the length of the pep-
tides in the original calculation of the LIT GRCs.
This was performed using the LIT-C;sTA and the
LIT-C,sTPA GRC sales. The original correlation
coefficient between both scales has been calculated
as 0.44 [6]. If the LIT-C,sTA data base is restricted
to include only peptides containing up to 7 residues
in length the correlation increases to 0.82. It can be
concluded from these results that selectivity chang-
es and reversals which are observed in the elution of
peptides in RP-HPLC under different chromato-
graphic conditions are not only due to changes in
the intrinsic hydrophobicity of each amino acid.
The relative retention of a peptide will also be
strongly influenced by the conformational flexibility
of the peptide which in turn controls the portion of
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the peptide that interacts with the stationary phase
surface.

Prediction of peptide retention times

The ability of the EXP and the LIT scales to pre-
dict the retention times of the 112 peptides was ex-
amined. Fig. 6 shows the retention time profile pre-
dicted according to the summation of the LIT-
C.sTA coeflicient scale (A), the EXP-C;sTA coeffi-
cient scale (B) and the experimentally observed re-
tention times for these peptides under the same ex-
perimental conditions (i.e. TF A—acetonitrile) (C). A
correlation coefficient of 0.98 was observed from
linear regression comparison between the EXP-
C1sTA GRCs and the experimentally observed re-
tention times for the 118 synthetic peptides. Com-
parison of the retention times predicted by the LIT-
C,sTA coefficient scale and the experimentally ob-
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Fig. 6. Retention profile of overlapping heptamers derived from
the amino acid sequence of myochemerythrin. (A) Retention
times (min) predicted with the LIT GRCs; (B) retention times
predicted with the EXP GRCs; (C) experimentally observed re-
tention times, which ranged between 10 and 45 min. The linear
relationship between panel A and panel C is given by eqn. 1.
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served times gave a correlation coefficient of 0.91
for the same 118 synthetic peptides. In order to ac-
commodate differences in column configuration
and experimental parameters, the retention times
predicted by the LIT-C;sTA scale required linear
adjustment to correlate in magnitude with the ex-
perimentally observed retention times according to
the following relationship:

observed retention time =
(LIT predicted retention time) x 1.46 + 14.02 (1)

The high degree of linear correlation between the
retention times predicted using the LIT GRCs and
the experimentally observed retention times demon-
strates the general utility of the LIT GRCs for the
prediction of relative retention times of peptide sol-
utes not originally used as part of the data base for
the derivation of the GRCs. The ability of both the
LIT GRCs and the EXP GRCs to predict the
hydrophobic surface accessibilities of unrelated sets
of peptides and proteins is documented elsewhere
[14].

ACKNOWLEDGEMENTS
These investigations were supported by grants

from the Australian Research Council and the Na-
tional Health and Medical Research Council.

M. C.J. Wilce et al. | J. Chromatogr. 632 (1993) 11-18

REFERENCES

I A. W.Purcell, M. 1. Aguilar and M. T. W. Hearn, J. Chroma-
togr., 476 (1989) 125.

2 A.W.Purcell, M. I. Aguilar and M. T. W. Hearn, J. Chroma-
togr., 593 (1992) 103.

3 M. Kunitani, D. Johnson and L. R. Snyder, J. Chromatogr.,
371 (1986) 313.

4 M. L. Heinitz, E. Flanigan, R. C. Orlowski and F. E. Reg-
nier, J. Chromatogr., 443 (1988) 229.

5 M. T. W. Hearn and M. 1. Aguilar, J. Chromatogr., 392
(1987) 33.

6 M. C.J. Wilce, M. 1. Aguilar and M. T. W. Hearn, J. Chro-
matogr., 536 (1991) 165.

7 D. Guo, C. T. Mant, A. K. Taneja, J. M. R. Parker and R. S.
Hodges, J. Chromatogr., 359 (1986) 499.

8 J. L. Meek and Z. L. Rosetti, J. Chromatogr., 211 (1981) 15,

9 C. Chabanet and M. Yvon, J. Chromatogr., 599 (1992) 211.

10 M. C.J. Wilce, M. 1. Aguilar and M. T. W. Hearn, J. Chro-
matogr., 548 (1991) 105.

11 N. J. Maeji, A. M. Bray and H. M. Geysen, J. Immunol.
Methods., 134, (1990) 23.

12 Cs. Horvath, W. R. Melander and I. Molnar, J. Chromatogr.,
125 (1976) 129.

13 N. E. Zhou, C. T. Mant and R. S. Hodges, Peptide Res., 3
(1990) 8.

14 K. L. Spiers, M. 1. Aguilar and M. T. W. Hearn, in prep-
aration.

15 M. Zacheriou and M. T. W. Hearn, J. Chromatogr., 599
(1992) 171.



Journal of Chromatography, 632 (1993) 19-28
Elsevier Science Publishers B.V., Amsterdam

CHROMSYMP. 2629

High-performance liquid chromatographic analysis of
carbohydrate mass composition in glycoproteins

M. Kunitani and L. Kresin

Department of Analytical Chemistry, Chiron Corporation, 4560 Horton Street, Emeryville, CA 94608 (USA )

ABSTRACT

A method has been developed which characterizes the carbohydrate portion of glycoproteins by its mass composition (mass carbo-
hydrate per mass protein). This size-exclusion HPLC method uses both UV and refractive index detectors in series and requires only a
single injection of intact glycoprotein. It has been shown that for calibration purposes any carbohydrate or protein which chromato-
graphs well on the sizing system can be substituted for the carbohydrate or protein moiety of the glycoprotein of interest. The accuracy
of this method was demonstrated for RNase B and fetuin. Mass compositions of various monoclonal IgMs were determined with an
average intraday precision of approximately 6%; the limit of lot-to-lot resolution. Thus, the primary utility of this simple HPLC
method is to identify substantial changes in the carbohydrate moiety among various glycoprotein preparations.

INTRODUCTION

Itis known that glycosylation of pharmaceutical
proteins can be influenced by many factors, including
cell type and cell culture environment, and can result
in changes in distribution of glycoforms [1,2]. The
carbohydrate moiety can have a significant effect on
physical, immunological and biological properties
of glycoproteins, including solubility, specific activ-
ity and clearance rate from the circulatory system
[3,4].

Determination of the exact amount of carbohy-
drate in a glycoprotein still remains a significant
challenge in spite of recent advances in methodology
[5]. It usually consists of a difficult series of en-
zymatic and/or chemical cleavages followed by
chromatographic quantitation of the various mono-
saccharides. The lack of quantitative cleavage of
carbohydrate from the protein and chemical degra-
dation of some monosaccharides during oligosac-
charide hydrolysis leads to uncertainty as to the

Correspondence to: M. Kunitani, Department of Analytical
Chemistry, Chiron Corporation, 4560 Horton Street, Emeryville,
CA 94608, USA.
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accuracy of the final result. Mass spectrometry and
enzymatic techniques are used to yield sequencing
information but the precise distribution of the
various glycoforms is not determined. In fact,
rigorous validation of accuracy for carbohydrate
analysis of any complex glycoprotein containing a
variety of glycoforms remains unsettled. This paper
presents a simple size-exclusion HPLC (SEC) meth-
od which determines the carbohydrate mass compo-
sition (mass carbohydrate/mass protein) for intact
glycoproteins, thus circumventing the potential for
incomplete deglycosylation and monosaccharide
degradation, weaknesses of traditional composi-
tional analysis. This analysis is not designed to be
comprehensive, as the single value of mass composi-
tion does not provide detailed characterization of
glycoprotein structure. However, it does provide a
simple and useful method of comparing the degree
of glycosylation in glycoprotein pharmaceuticals.

THEORY
This method is identical to that developed for

characterization of polyethylene glycol (PEG)-pro-
teins [6], which uses SEC with UV and refractive

1993 Elsevier Science Publishers B.V. All rights reserved
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index (RI) detectors in series. The UV detector at
280 nm selectively detects only the aromatic residues
in the protein moiety of a glycoprotein, as sugars do
not absorb at this wavelength. The RI detector
responds to the mass of protein and of the carbohy-
drate. The protein contribution to the RI signal is
calculated from the protein concentration calibra-
tion derived from the UV detector data; the re-
maining RI response is due to the carbohydrate. The
fundamental assumption is that the refractive index
of the glycoprotein solution (Ngp), can be expressed
as the sum of the refractive indices of its compo-
nents, P (protein) and G (carbohydrate):

dn dn
Ngp= Ng + —) + huld
p=No+Cr <dC>p Co (dc>c O

where N, is the refractive index of pure solvent;
(dn/dc)p and (dr/dc)g are the specific refractive
index increments of protein and carbohydrate, re-
spectively, and Cp and Cg are their mass concentra-
tions. Since the protein and oligosaccharide moieties
are relatively large polymers linked with a single
covalent bond, the assumption of eqn. 1 should be
accurate. Eqn. 1 can be rearranged to give the
working eqn. 2. The detail for this derivation is
presented in ref. 6.

RI area glycoprotein

UV area glycoprotein
Wes UV area/mg protein

76 _ 2
Wpe  RI area/mg carbohydrate @

— RI area/mg
protein

Determination of glycoprotein mass composition
requires calibration of the SEC system with the
protein and carbohydrate moieties separately, which
will yield the RI and UV peak area/mg terms
(calibration slopes). A single injection of the intact
glycoprotein will give the UV and RI area for the
glycoprotein and allow calculation of the mass
composition (Wg/Ws). There are many instances
when it is not possible nor practical to calibrate this
mass composition analysis with the deglycosylated
portion of the glycoprotein. In these instances
another non-glycosylated protein can be used as a
calibrator. Eqn. 2 then becomes:

RI area glycoprotein
UV area glycoprotein
Ws UV area/mg calib. protein - K
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The K and K’ in eqn. 3 represent the respective
correction factors for differences in UV 280 nm and
R1Iresponse between the glycoprotein of interest and
the calibration protein.

_ E°'% glycoprotein
~ E°'% calib. protein
and

(&)
K, — dC glycoprotein ~ 1

dC calib. protein

where K is the ratio of extinction coefficients and X’
is the ratio the refractive index increment for the
glycoprotein of interest to that of the calibration
protein. The assumption that K’ = 1 will be evalu-
ated in this paper. The purpose of this work is to
establish the validity of the RI/UV method for
compositional analysis of glycoproteins and to
establish its precision for typical glycoproteins.

EXPERIMENTAL

Materials

Sialic acid, N-acetylglucosamine (GlcNAc), mal-
tose, maltotriose, maltotetraose, ribonuclease A
(RNase A), and ribonuclease B (RNase B) from
bovine pancreas were obtained from Sigma
(St. Louis, MO, USA). Glucose and galactose were
from Applied Science Labs. (State College, PA,
USA). Fucose was from United States Biochemical
Corp. (Cleveland, OH, USA). The dextran 1000
(M,=1010, M, =1270) and dextran 6000 (M, =
6100, M, = 6700) were obtained from American
Polymer Standards Corp. (Mentor, OH, USA).
Bovine serum albumin (BSA) was from National
Institute of Standards and Technology (Gaithers-
burg, MD, USA). IgM samples were from Chiron
(Emeryville, CA, USA) and Rockland (Gilbertsville,
PA, USA). The source of bovine fetuin was from
Gibco Labs. (Grand Island, NY, USA) and was
obtained as a gift from the laboratory of Professor
R. Townsend [7]. Interleukin-2, a human recombi-
nant protein was produced in E. coli (Chiron) and
contains no carbohydrate.

— RI area/mg calib. protein - K’

We RI area/mg carbohydrate

€)
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Chromatography was performed with system
consisting of a SP 8700 pump (Spectra-Physics, San
Jose, CA, USA), a WISP 710 B injector (Millipore—
Waters, MA, USA), an ERC-7510 RI detector
(Erma, Tokyo, Japan), a LC135 UV detector (Per-
kin-Elmer, Norwalk, CT, USA) set at 280 nm, and a
Nelson Analytical 6000 data system (Perkin-Elmer/
Nelson, Cupertino, CA, USA). Due to pressure
limitations on most RI detector flow cells, the UV
detector always proceeds the RI detector in a series
configuration.

Methods

Carbohydrates were run on two different HPLC
columns based upon their selectivity. Monosaccha-
ride chromatography was performed on an Aminex
HPX-87H (300 x 7.8 mm I.D.) column (Bio-Rad,
Richmond, CA, USA) with an RI detector. The
eluent was 0.005 M H,SO, at a flow-rate of 0.6 ml/
min. The column temperature was 45°C and the
injection volume was 20 ul. Oligosaccharides were
separated from each other and from monosaccha-
rides using an Aminex HPX-42A column (Bio-Rad).
The eluent was water at a flow-rate of 0.6 ml/min.
The column temperature was 85°C and injection
volume was 20 ul.

For the protein and glycoprotein separations, the
SEC columns were chosen on their ability to achieve
adequate resolution of the analyte proteins from RI
system peaks at the included or excluded volume of
the column. A Superose 12 column (Pharmacia
LKB, Piscataway, NJ, USA) was used to compare
the RI response of various proteins. The eluent was
0.1 M sodium sulphate and 0.01 M sodium phos-
phate (pH 7.0) at flow-rate of 0.5 ml/min. Literature
extinction coefficients were used to determine pro-
tein concentrations and 100 ul of each protein were
injected separately [8-10]. The chromatographic
system used for mass composition analysis of RNase
B consisted of two Zorbax GF-250 (25 cm x 9.4 mm
I.D.) columns (DuPont, Wilmington, DE, USA) at
room temperature using 0.5 M Na,SO,, 0.01 M
phosphate buffer, pH 7.0, at a flow-rate of 0.5 ml/
min. Calibration curves were run for dextran 1000
(as a carbohydrate calibrator) and for RNase A (as
a deglycosylated protein calibrator). Repurified
RNase B as well as each standard were run in
triplicate. The injection volume was 100 ul. A
Superose 6 (Pharmacia) column was used for analy-
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sis of IgMs using 50 mM (NH,),SO,4, 50 mM
phosphate buffer (pH 7.5) at an eluent of a flow-rate
of 0.4 ml/min at room temperature. Fetuin was
analyzed with a Zorbax GF-250 column using the
same eluent at 0.8 ml/min. The injection volume was
100 ul. Dextran 6000 was used as a carbohydrate
calibrator and BSA as a protein calibrator for both
IgM and fetuin analyses. A generic extinction coeffi-
cient of E®1% = 1.4 was used for IgM analyses while
a theoretical value of E%'% =1.67 was used for
fetuin [5].

RNase B was purified by chromatography at
room temperature on a Con A-Sepharose column
(4 cm x 2.6 cm I.D.) (Pharmacia, Uppsala, Sweden)
equilibrated in 0.1 M Tris—HCI, pH 7.4, containing
1 M NaCl, 1 mM CaCl,, 1 mM MgCl,, and 1 mM
MnCl, [11]. The column was loaded with 40 mg of
RNase B dissolved in 3.0 ml of eluent, which was
eluted at 0.1 ml/min. Following collection of the
unretained material (RNase A), a step elution was
performed with 10% a-methyl-D-mannopyranoside
in the same eluent. The collected peaks were dialyzed
against 50 mM phosphate buffer, pH 6.8. Commer-
cial RNase B and the two peaks collected from the
Con-A Sepharose column were analyzed on a pre-
cast 10-20% gradient gel (Daiichi, Tokyo, Japan)
stained with Coomassie Blue.

For a detailed description of the UV-RI SEC
calibration and a analyses procedure see ref. 6.
Linear regression analyses were performed on the
calibration data (0.2-1.0 mg/ml BSA and dextran
6000) generated daily with each set of samples. If
encountered, aggregate shoulders on glycoprotein
peaks were included in the integration of analyte
peak area.

RESULTS AND DISCUSSION

Carbohydrate calibration

The carbohydrate moiety of any glycoprotein
consists of various monosaccharides linked together
to form one or more oligosaccharides. Hence the R1
response of monosaccharides, oligosaccharides and
proteins were independently investigated. The RI
increment (dn/dc) is a measure of electron density of
a molecule and is not affected by molecular confor-
mation [12]. Since carbohydrates are largely com-
posed of repeating hydroxymethylene (CHOH)
functionality. all carbohydrates should have identi-
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Fig. 1. Refractive index chromatograms of typical glycoprotein monosaccharides. Peaks: 1 =sialic acid; 2 = glucose; 3 = galactose;

4 = fucose; 5 = GlcNAc. Injection mass is 40 ug of each monosaccharide. The data from this chromatogram was used in Table I. HPLC

conditions are described in Experimental.

cal RI response for a similar injected mass. In order
to test this assumption, many of the monosaccha-
rides which are representative of those comprising
glycoprotein oligosaccharides were chromatograph-
ed on an Aminex HPX-87H column with an RI
detector (Fig. 1). The standard curves of glucose,
fucose, sialic acid, galactose and GInNAc, shown in
Table I, are all linear and their slopes are essentially
identical. Galactosamine and glucosamine are not

TABLE 1

effectively recovered from this column and are not
included. However, sialic acid and N-acetylglucos-
amine have an RI response comparable to the other
monosaccharides, which do not contain the carboxy
carbonyl or nitrogen heteroatom. The calibration
curves of Table I establish that RI responses of
monosaccharides are proportional to the mass in-
jected and that the nitrogen heteroatom and carboxy
double bond do not appreciably alter the common

RI RESPONSE OF REPRESENTATIVE GLYCOPROTEIN MONOSACCHARIDES

Concentration Peak area - 10°

(mg/m1)
Glucose Fucose Sialic acid  Galactose GlcNAc Mean
(RS.D)
0.1 38 3.8 39 3.8 4.0
0.2 7.8 7.8 7.9 7.6 8.1
04 15.6 15.6 16.1 15.3 16.2
0.6 23.4 233 24.2 23.2 243
0.8 31.2 31.1 32.2 31.0 323
1.0 38.8 38.7 40.4 38.7 40.4
Slope 38.9 38.8 40.4 38.8 40.4 39.5
r? 0.999 0.999 0.999 0.999 0.999 (2.2%)
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Fig. 2. Refractive index chromatograms of mono and oligosaccharides. Peaks: | = GlcNAc; 2 = fucose; 3 = maltotetraose; 4 = maltose;

5 = maltotriose; 6 = glucose; 7 = dextran 1000. Injection mass is 40 ug of each oligosaccharide. The data from this chromatogram was

used in Table 1I. HPLC conditions are described in Experimental.

RI increment shared by typical glycoprotein mono-
saccharides.

In order to compare the RI responses of mono-
and oligosaccharides of different lengths, a Bio-
Rad 42A column was used (Fig. 2). Table II shows
that glucose, fucose, GIcNAc, maltose, maltotriose,
maltotetraose and dextran 1000 demonstrated both
linearity and identical RI slopes. The RI peak area
for dextran is the sum of multiple peak areas seen on

TABLE II

the chromatogram. Although not meant to be
exemplary of every glycan encountered, the data of
Table II establish the general conclusion that the RI
peak area is proportional to the mass concentration
of injected carbohydrate and not its molecular mass.
One corollary to this observation is that the molecu-
lar mass distribution of the calibration carbohydrate
(e.g., dextran) will not affect calibration accuracy.
These results corroborate the well established tenet

RI RESPONSE OF VARIOUS MONO- AND OLIGOSACCHARIDES

Concentration  Peak area - 10°

(mg/mi)
Glucose GlcNAc Fucose Maltose Malto- Malto- Dextran Mean

triose tetraose 1000 (RS.D)

0.2 - — — — — — 34

0.4 5.8 5.8 5.9 5.6 6.0 5.4 5.7

1.6 — — — - - — 9.0

0.8 11.9 12.0 11.8 i1.6 11.9 11.1 -

1.0 13.0 14.5 15.2 14.6 14.5 14.1 15.2

2.0 30.9 31.1 31.1 30.3 30.9 28.8 31.2

Slope 15.5 15.6 15.6 15.2 15.4 14.5 15.6 15.3

r? 0.999 0.999 0.999 0.999 0.999 0.999 0.999 (2.6%)
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in carbohydrate chemistry that the RI response of
carbohydrates is a measure of mass concentration
and varies little among monosaccharides or with the
carbohydrate size [13,14]. Phosphorylated or sul-
phonated carbohydrates have been excluded from
consideration in this report. Thus, any carbohydrate
with an appropriate retention time can be used as a
calibration substitute for the carbohydrate moiety in
the UV-RI SEC mass composition analysis of
a glycoprotein. This report utilizes commercially
available dextran samples as carbohydrate calibra-
tors which are chosen to be baseline resolved from
included or excluded volume RI system peaks.

Protein calibration

The most accurate method of protein calibration
is to use the deglycosylated protein of interest.
However, there are some potential complications
with this approach, such as possible insolubility of
the deglycosylated protein or lack of complete
deglycosylation. For proteins, the main source of
electron density and hence the RI response is the
amide peptide bond, which is proportional to the
number of amino acid residues in the protein. Except
for proteins of highly unusual amino acid composi-
tion, as a first approximation the number of amino

TABLE III
RI RESPONSE OF PROTEINS
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acid residues is proportional to the protein’s molecu-
lar mass. Thus, most proteins should have similar R1
response per mass [15)]. Table 11T shows RI standard
curves for several unglycosylated proteins. The
correlation coefficients of the standard curves estab-
lish linearity and the slopes are similar, with an
R.S.D. of 2.3%, validating the assumption that the
RI response of proteins is largely independent of
composition and molecular mass, and that K’ =~ 1 in
eqn. 4. Thus, any convenient protein whose extinc-
tion coefficient is known may be used for calibration
with only a small uncertainty in accuracy. This
approach to calibration does not affect assay preci-
sion.

Validity of compositional analysis

In order to test the validity of the UV-RI SEC
method, the model proteins RNase A and RNase B
were used. Both proteins are very well characterized
[16]. They have identical amino acid sequences.
RNase B contains a single oligosaccharide chain at
Asn 35, composed of six mannose and two GlcNAc
residues per molecule. RNase A does not have any
carbohydrate and represents unglycosylated RNase
B. Thus, RNase A can be used as a protein calibrator
for RNase B. By this approach ihe deglycosylation

Protein MW Concentration  Peak R.S.D. (%) Slope r?
(mg/ml) area- 106 (n=3) (area/mg - 10%)

RNase 13 700 0.16 1.1 —
0.41 29 0.6 7.4 0.999
0.81 6.0 —

BSA 67 500 0.18 1.1 -
0.43 3.0 0.7 7.3 0.999
0.93 6.7 —

Myoglobin 16 900 0.16 1.0 -
0.40 29 1.3 7.5 0.999
0.81 6.0 -

Interleukin-2 15 300 0.22 1.4 -
0.56 4.1 — 7.7 0.999
.12 8.5 -

Average 1.5

R.S.D. 2.3%
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Fig. 3. Refractive index chromatograms for the mass composition analysis of RNase B. RNase A calibration 80 ug, dextran 6000 (6K)
calibration 80 ug, purified RNase B analysis 50 ug. HPLC conditions are described in Experimental.

of RNase B and resulting validation of complete
carbohydrate cleavage and potential monosaccha-
ride degradation during hydrolysis can be avoided.

Commercial preparations of RNase B contain
substantial amounts of RNase A although RNase A
preparations are free of RNase B. Thus RNase B
was repurified on a Con-A Sepharose affinity col-
umn. The RNase A passed through the column,
while RNase B was selectively bound by lectin, and
was eluted with 10% «-methyl-D-mannopyranoside.
The purity of the RNase A and RNase B prepara-
tions were verified by sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (SDS-PAGE)
(not shown). In order to fully separate the relatively
small RNase proteins from the included volume,
two GF-250 columns in series were used as a sizing
system to determine Wg/Wp of RNase B. RNase A
and dextran 6000 were used as the protein and the
carbohydrate calibrators of the SEC system (Fig. 3).
After injection of purified RNase B, its mass compo-
sition was determined using eqn. 2. The mass com-
position (Ws/Wp) was experimentally determined to
be 0.11 (R.S.D. = 13%, n = 3), which is comparable
to the literature value of 0.10 [15], demonstrating the
accuracy of the UV-RI SEC method in measuring
the carbohydrate/protein mass ratio of a glycopro-
tein.

A problem for the validation of the mass composi-
tion method for large, more complex glycoproteins
is the lack of a well characterized standard. The same
glycoprotein from different sources is likely to
contain different types and proportions of oligosac-
charide structures, making comparative analyses
difficult [5]. Bovine fetuin is one of the most
frequently studied glycoproteins with complex
oligosaccharide structures and, in spite of the vari-
ability of glycosylation in different preparations, it
was chosen for study by the UV-RI SEC mass
composition method. Mass spectral studies have
characterized fetuin as containing three triantennary
N-linked and thrce O-linked oligosaccharides re-
sulting in a theoretical mass composition of 0.29
[17-19]. BSA and dextran 6000 were used as calibra-
tors for the UV-RI SEC mass composition analysis
of fetuin, which was found to be 0.18 +0.02 (n = 8)
(Fig. 4). Chemical hydrolysis on the identical lot of
fetuin followed by high-pH anion-exchange chro-
matography (HPAEC)-pulsed amperometric detec-
tion (PAD) monosaccharide analysis yielded a
weight composition of 0.18, comparable to the
UV-RI SEC approach [7]. This result is consistent
with other HPLC-derived monosaccharide analyses
of fetuin, although sialic acid quantitation is gener-
ally not reported, making comparable weight com-
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Fig. 4. Refractive index chromatograms for the mass composition analysis of fetuin. BSA protein calibration 48 ug, dextran 6000
calibration 80 ug, fetuin analysis 100 ug. HPLC conditions are described in Experimental.

position calculations impossible [5]. The causes for
the discrepancy between theoretical and reported
monosaccharide compositions in complex glycopro-
teins are unknown and are further complicated by
variation in glycoprotein preparations and differ-
ences among various monosaccharide methods.

Mass composition of IgM

It has been shown that changes in fermentation
conditions can alter the distribution and levels of
carbohydrates on a glycoprotein produced by mam-
malian cell culture [1,4]. The UV-RI SEC mass
composition analysis was one method which was

234562
o | DEXTRAN 6K
b}
| =4
3
§ | oo I\ A~
Human IgM /_,___/ &
IgM-2
IgM-1
69577
5! 10 457 207 ES) 30 35! 407 45!
Time (min)}

Fig. 5. Refractive index chromatograms for the mass composition analysis of three different IgM antibodies. BSA protein calibration
40 pg, dextran 6000 calibration 70 ug, IgM-1 analysis 90 ug, 1gM-2 analysis 100 ug, human IgM analysis 100 ug. HPLC conditions are
described in Experimental.
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applied to unrelated IgMs produced from cell
culture and another from human serum, in order to
characterize potential changes in these complex
glycoproteins. Calibration of the SEC system was
done with dextran 6000 and BSA while a generic
E®1% for IgM was used with eqn. 3. Although this
calibration approach has uncertainties as to the
accuracy of the final value, the precision is not
affected. The large-pore Superose 6 column was
used to chromatograph the large IgM (MW =x
900 000) glycoprotein between the included and
excluded volume of the SEC column (Fig. 5). The
results in Table IV shows that the three different
IgM antibodies, IgM-1, 1gM-2 and commercial
human IgM, could easily be distinguished from each
other. The higher mass composition IgM-1 over that
of IgM-2 correlate with observations such as the
lower clearance rate and higher aqueous solubility of
IgM-1 compared to that IgM-2 [3]. These results

TABLE 1V

MASS COMPOSITION OF THREE DIFFERENT IgM
ANTIBODIES

Lots 1-6 and 11-16 represent independent fermentation and
purification preparations of IgM-1 and 1gM-2, respectively. For
HPLC conditions, see Experimental.

Fermentation Mass R.S.D. n
lot composition (%)
W/ Wp
IgM-1
1 0.28 11 3
2 0.27 6 3
3 0.28 2 4
4 0.26 4 6
5 0.26 0 3
6 0.26 2 3
Average 0.26 4 —
IgM-2
11 0.10 10 3
12 0.12 13 4
13 0.11 5 3
14 0.10 6 3
15 0.10 6 3
16 0.13 4 3
Average 0.11 7

Human 1gM 0.33
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also show that analyses of different fermentation/
purification lots of these IgMs were indistinguish-
able from each other by the mass composition
criteria. Samples 5 and 6 of IgM-1 in Table IV
represent, respectively, a 10-fold change in fermen-
tation scale and a different clone, establishing
constancy in overall carbohydrate content during
these process changes. The average intraday R.S.D.

for IgM-1 was 4%, which probably represents the
limit of sample-to-sample resolution of the tech-.
nique. The average intraday R.S.D. for IgM-2 was
higher (7%) showing that the method has poorer
precision at lower mass composition values. The
sensitivity of the mass composition analysis is
affected by many factors including the mass compo-
sition value, the SEC glycoprotein recovery, the
protein extinction coefficient, the SEC column effi-
ciency and RI noise of the HPLC system. Using
IgM-1 and IgM-2 as glycoproteins of representative
mass composition, the sensitivity was approximately
4 ug antibody with a limiting RI signal-to-noise ratio
of 10. The method is not designed to detect mono-
saccharide substitution, nor is it precise enough to
determine subtle alterations in glycosylation pat-
terns. However, it is precise enough to identify
significant changes in mass fraction carbohydrate.

CONCLUSIONS

The UV-RI SEC mass composition method for
characterizing glycoproteins has been validated for
accuracy with ribonuclease and fetuin, two highly
studied glycoproteins. The primary utility of this
method is to identify substantial changes in the
carbohydrate moiety of various glycoprotein prepa-
rations. The precision of the method is reasonable,
but complications in accuracy may arise in the
protein calibration when using the deglycosylated
protein moiety. In addition, inaccuracies in the
glycoprotein extinction coefficient will cause ambi-
guity as to the absolute value of carbohydrate mass
composition. An asset to this method isits simplicity;
requiring only the addition of an RI detector to the
usual SEC system. It is not meant to replace mono-
saccharide analysis, oligosaccharide mapping or
mass spectral identification of glycopeptides. How-
ever, it will be a useful analysis to complement the
sizing information generated on SEC.
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Conformational changes of brain-derived neurotrophic
factor during reversed-phase high-performance liquid

chromatography

Robert Rosenfeld and Kalman Benedek

AMGEN, Inc., Amgen Center, Thousand Oaks, CA 91320-1789 (USA)

ABSTRACT

Recombinant human brain-derived neurotrophic factor (r-HuBDNF) is eluted as two peaks under reversed-phase liquid chromato-
graphic conditions with gradient elution. Sodium dodecyl sulfate polyacrylamide gel electrophoresis confirmed identical molecular
weights in the two peaks, while rechromatography of the separated peaks showed interconvertibility. The two peaks are identified as the
monomeric forms of the parent molecules. The molecular weight of the components in the peaks was determined by on-line 90° light
scattering using a fluorescence detector as a scatterograph. The early eluted peak is a folded form of the r-HuBDNF monomer, while
the later eluted peak is an unfolded form of the BDNF monomer. The conformational states were established using a fluorescence

detector both at a fixed wavelength and in the scanning mode.

INTRODUCTION

The discovery of a diffusible factor(s) responsible
for the survival and enhanced growth of sympathetic
sensory ganglia was demonstrated in the early 1950s
[1]. The first discovered protein in this family to be
purified and sequenced was nerve growth factor
(NGF) [2].

Brain-derived neurotrophic factor (BDNF), the
second member in the NGF family to be discovered,
is a protein containing 119 amino acids. It has a
molecular weight of 13.5 kD and a p/ of 10.3 [3-5].
This molecule is 55% homologous to NGF. Both
NGF and BDNF support the survival of distinct
neuronal populations iz vivo. NGF supports sympa-

thetic and sensory neurons in the peripheral nervous

system as well as cholinergic neurons in the basal
forebrain [6,7]. BDNF also supports sensory neu-
rons from embryonic peripheral sensory ganglia in

Correspondence to. Dr. K. Benedek, AMGEN, Inc., Amgen
Center, Thousand Oaks, CA 91320-1789, USA.
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vitro, just like NGF, but has activities on neurons
that are unresponsive to NGF, such as neurons orig-
inating from the neural crest, ectodermal placoid
and retinal ganglion [8].

A third member of the NGF family, neurotro-
phin-3 (NT-3), was discovered utilizing primer se-
quences constructed from conserved regions of
BDNF and NGF by means of polymerase chain
reaction (PCR) techniques [9,10]. NT-3 is 58%
homologous with BDNF and 57% homologous
with NGF. Recently, a fourth member of this family
has been identified and named neurotrophin-4
(NT-4) [11]. With the help of genetic engineering
techniques some of these factors are now cloned,
expressed, and purified in sufficient quantities for
their analytical and biochemical characterization as

‘well as their potential pharmaceutical application.

In this study r-HuBDNF, derived from Chinese
Hamster Ovary cells (CHO) was examined. r-Hu-
BDNF shows one band by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE)
analysis and one peak in size-exclusion and ion-
exchange chromatography. The same sample exhib-

1993 Elsevier Science Publishers B.V. All rights reserved
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ited two peaks in reversed-phase high-performance
liquid chromatographic (RP-HPLC) analyses. The
peaks were of identical molecular weight when
analyzed by SDS-PAGE. The early eluted peak
converts into later eluted peak as shallower gradi-
ents were applied. Similar chromatographic behav-
ior has been reported before and was attributed to
conformational changes induced by RP-HPLC con-
ditions [12—-14]. This publication describes an experi-
mental pathway for peak identification and de-
scribes the relationship between the observed peaks.

EXPERIMENTAL

Materials and methods

r-HuBDNF expressed in CHO cells was purified
as described previously [15]. Ribonuclease (RNase),
lysozyme (LYS), ovalbumin (OVA) and bovine
serum albumin (BSA) were from Sigma (St. Louis,
MO, USA). HPLC solvents were purchased from
Fisher. Two different VYDAC Protein C4 reversed-
phase columns (Separation Groups, Hesperia, CA,
USA) were used in this work. The column param-
eters will be specified in the figure captions.

HPLC instrumentation and conditions

The basic HPLC system consisted of a gradient
pump, UV detector, integrator and data station
(Spectra Physics, San Jose, CA, USA). The tempera-
ture control of chromatography was provided by
immersing the column in a thermostated water bath
(Neslab Instruments). The temperature was kept at
25°C in all experiments reported here. In general a
1 ml/min flow-rate has been used, unless it is stated
otherwise. The mobile phase system used is as
follows: mobile phase A, 0.1% trifluoroacetic acid
(TFA)-distilled water (0.1:99.9); mobile phase B,
TFA-acetonitrile (0.1:99.9) or TFA-acetonitrile-
water (0.1:90:9.9). The descriptions of the gradients
are provided in the text.

Fluorescence detection

Two Shimadzu fluorescence detectors were used, a
Model RF-551 scanning fluorescence monitor for the
on-line scanning experiments and a Model RF-535
fluorescence detector for the light scattering experi-
ments.

In the scanning mode the fluorescence emission
spectra between 300 and 400 nm were collected at
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the apex of the peaks at an excitation wavelength of
276 nm. A Shimadzu RF-551 fluorescence detector
was used to follow the fluorescence trace of the
r-HuBDNF elution. The excitation wavelength was
276 nm and the emission wavelength was 385 nm.

Light scattering

The 90° light scattering was measured using a
Shimadzu RF-535 fluorescence detector according
to the method of Dollinger et al. [16]. In essence, the
method is based on the fact that selecting a wave-
length where no excitation and emission of the
sample or buffer can be observed, a fluorescence
detector can be used as a 90° scatterometer. Using
calibration curves obtained with standard proteins
the molecular weight of proteins can be calculated
from on line data collection. In this study the
excitation and emission wavelength was 465 nm.
The elution of proteins was followed by a UV
detector at 280 nm and by a scatterometer. The peak
areas from both signals were integrated. The molec-
ular weight calculations using the corresponding
peak areas and were performed according to Dol-
linger et al. [16]. The extinction coefficients of the
standard proteins were obtained from the literature
[16], and for r-HuBDNF a value of 1.7 was applied.

SDS-PAGE analysis

SDS-PAGE analysis of r-HuBDNF was per-
formed according to Laemmli [17] using 10-20%
(w/v) acrylamide gel. The visualization of the bands
was performed by Coomassie Brilliant Blue staining.
Under non-reducing conditions, --HuBDNF mi-
grates as a monomer with an apparent molecular
weight of 14.3 kD. Under reduced conditions, the
mobility of the r-HuBDNF is slightly decreased, an
observation which is characteristic with intramolec-
ular disulphide bonds.

RESULTS AND DISCUSSION

After the purification of r-HuBDNF it was ob-
served that an electrophoretically homogeneous
protein sample eluted in two peaks under reversed-
phase chromatographic conditions. Fig. 1 displays
the reversed-phase chromatographic separation of
an r-HuBDNF sample using gradient elution. The
chromatogram contains two peaks, which are labeled
peak T and peak II.
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Fig. 1. Reversed-phase chromatographic analysis of -HuBDNF.
Chromatographic conditions: column, 25 cm x 4.6 mm 1LD.
Vydac Protein C4; mobile phases, A: 0.1% TFA-water (0.1:99.9),
B: TFA-acetonitrile-water (0.1:90:9.9); gradient, 20-27% B
solvent in 7 min, 10 min hold at 27% B, 27-33% B in 24 min,
3 min hold at 34% B; detection, 214 nm; temperature, 25°C.

Off-line peak characterization

The resolved peaks were collected and SDS-
PAGE ofreduced and non-reduced samples revealed
that the molecular weights of the proteins in peaks I
and II were identical to each other and to the
r-HuBDNF standard, confirming that the peaks
were r-HuBDNF. Amino terminal sequence analy-
sis showed the first 15 residues to be identical in both
peaks (data not shown).

The biological activity of r-HuBDNF from the
peaks (I, IT) was also measured and the two peaks
were equally active. The activity measurement is a
biological assay in which the survival of neurons
from chick dorsal root ganglia are measured after a
24-h period.

The isolated peaks were rechromatographed and
analyzed under the original reversed-phase condi-
tions. Fig. 2A shows the chromatogram of the
r-HuBDNF standard. Fig. 2B is the rechromatogra-
phy of peak I displaying two peaks with retention
times matching the original peaks I and II. The
rechromatography of peak IT, shown in Fig. 2C gave
two peaks with retention times matching the original
peak 1 and II. These experiments illustrate that
peak I converts into peak II and some portion of
peak I converts into peak I. The fact that the peak 1/
II ratio is significantly smaller than in the original
sample indicates that the refolding of peak II in the

20
TIME (Min)

Fig. 2. Reinjection experiments. Peaks I and 11 were collected and
analyzed with the same elution method. (A) Chromatogram of
r-HuBDNEF, (B) peak 1, (C) peak II. Chromatographic condi-
tions: see Fig. 1.

collection media (TFA—acetonitrile-water) is a slow
process, and possibly the equilibrium distribution of
the folded and unfolded species is also different as
compared to the neutral condition. Nevertheless the
appearance of peak I in the chromatogram of
peak II is indicative of a revérsible conversion
mechanism. It has to be mentioned, that protein
recovery was always above 95%, based on peak area
analysis and the experiments were reproducible.
Because the reversibility of the peaks could be an
important factor in explaining their nature, other
collection conditions for peak II were explored.
Peak II was collected, lyophilized, reconstituted in
PBS and then analyzed by RP-HPLC. The chro-
matograms of the lyophilized peak showed peak I
and a second peak with retention times correspond-
ing to peak II. The reversibility hypothesis was
further strengthened by an experiment where peak IT
was collected in PBS, followed by RP-HPLC analy-
sis. Again two peaks appeared in the chromatogram.
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Since the peak I/II ratio in all of these refolding
experiments was identical, it can be assumed that the
conformational state after refolding in PBS is iden-
tical or very similar to the original conformation.
Since the amino acid sequence of peak I and
peak II is the same, and the biological activity equal
in both peaks, we focused our attention on the
biophysical characterization of peaks I and II.

Peak conversion

Gradient optimization experiments also revealed
that the peak I to peak IT ratio decreased with
shallower gradients. This observation suggested that
the more time r-HuBDNF molecule spent on the
reversed-phase column the greater the conversion of
peak T to peak II.

The importance of the on-column residence time
of r-HuBDNF was substantiated by injecting the
sample into the reversed-phase column and washing
for 60 min wih the starting mobile phase prior to
gradient clution. The result of this extended on-col-
umn incubation is shown in Fig. 3B, which demon-
strated that peak I had almost completely disap-
peared. This experiment was repeated several times,
with incubation times ranging from 0 to 20 min and
identical elution gradients. Plotting the logarithm of

|3 T T T T T T T T T v T ¥ T
0 5 10 15 2 25 0 35
TIME {Min)

Fig. 3. On-column incubation of r-HuBDNF. The injected
sample was incubated for 0 (A) and 60 min (B) on the
reversed-phase column prior elution. Chromatographic condi-
tions: see Fig. 1.
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the area of peak I as a function of incubation time,
shown in Fig. 4, we established that the peak dis-
appearance fits to a first-order kinetic model [18].
The rate constant of conversion at room tempera-
ture was calculated as 2.13 . 1073 s, which corre-
sponds to a 5.4-min half-life.

Based on the above described experimental results
it was established, that (a) peaks I and II represent
r-HuBDNF; (b) peak I can be converted into
peak II, by varying the RP-HPLC parameters; (c)
under appropriate conditions the conversion is
reversible.

Peaks T and II showed the same monomeric

15
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Fig. 4. -HuBDNF peak conversion kinetics. -HuBDNF sam-
ples were injected onto a reversed-phase column and incubated
for 0, 5, 10, 15 and 20 min at constant temperature (25°C) prior
elution. y = 14.400 — 0.12805x; R* = 0.992.
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molecular weight under reducing and non-reducing
SDS-PAGE. It is known that r-HuBDNF exists as a
non disulphide linked dimer in PBS, as shown by size
exclusion chromatography and sedimentation equi-
librium [19], and has been reported for NGF [2]. The
question remains whether peaks I and II, observed
under RP-HPLC conditions represent a dimer and
monomer distribution or both peaks are in the same
dimeric or monomeric form. Because of the revers-
ibility and short time scale of conversion the utiliza-
tion of off-line methods was excluded and instead we
employed on-line analytical techniques suitable for
detecting size and conformational changes of pro-
teins.

On-line peak characterization by light scattering
An on-line light scattering method, developed by
Dollinger et al. was selected for characterizing the
molecular weight of r-HuBDNF in peak I and II
[16]. This novel method based on the Takagi ap-
proach [20] but utilizes a fluorescence detector as a
90° scatterometer and a UV detector for concentra-
tion determination. The detector signals were cali-
brated against well defined protein standards such
as RNase, LYS, OVA, and BSA. The molecular
weight is proportional to the two signals as follows:

_Iss
YT kA

where k is an empirical constant, Is and A4 are the
light scattering and ultraviolet signals, respectively,
and ¢ is the extinction coefficient at the UV absorp-
tion wavelength. Using standard proteins with known
molecular weight (M%) the molecular weight (My) of
unknown proteins can be calculated according to
the following equation:

Is® A* ¢
Isk A gk

Fig. 5 displays the UV trace (A) and the scattero-
gram (B) of r-HuBDNF under reversed-phase elu-
tion conditions. In both chromatograms the ratio of
peak I to peak IT 1s similar and close to one, implying
that the molecules constituting both peaks have very
similar mass. The results of the calculations using 4
different standard proteins are listed in Table I. The
calculated average molecular weights for peak I and
peak IT are 14.8 kD and 12.4 kD, respectively. These

M, = M,
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Fig. 5. Molecular weight determination of r-HuBDNF using 90°
light scattering. (A) UV, (B) scatterogram. Column, 15 cm x
4.6 mm 1.D. Vydac Protein C4; mobile phases, A: TFA-water
(0.1:99.9), B: TFA-acetonitrile-water .(0.1:90:9.9); gradient, 5—
45% B solvent in 30 min; UV detection, 280 nm; light scattering
detection, 465 nm; temperature, 25°C.

values are consistent with the monomeric molecular
mass of 13.5 kD calculated from the amino acid
composition of r-HuBDNF.

These light scattering results eliminated the exis-
tence of dimers and the dimer-monomer transition
model, consequently we focused our attention on
further characterizing the peaks. In previous cases
involving a two peak phenomena the early eluting

TABLE I

MOLECULAR WEIGHT CALCULATIONS OF BDNF
USING STANDARD PROTEINS

Standard proteins BDNF 1 BDNF 1I
LYS 16 118 13 534
RNase 12 595 10 576
OVA 16 433 13 799
BSA 14 153 11 884
Average 14 825 12 448
Standard deviation® 1796 1508

“n=4.
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peak corresponded to a native and/or a more folded
conformation while the late eluting peak represented
a denatured and/or a more unfolded conformation
of the protein [13]. The conformational state of these
molecules was studied by on-line and/or off-line
analytical techniques [13,21,22].

Since r-HuBDNF interconverts at neutral pH, the
activity cannot be determined on the time scale of
chromatography and it cannot be used for deter-
mining whether the peaks correspond to the native
and/or a more folded conformation or a denatured
and/or a more unfolded conformation of the pro-
tein. In order to determine the conformational state
peak I and IT, we used on-line fluorescence spectros-
copy at both fixed wavelengths and in the scanning
mode.

On-line fluorescence spectroscopic peak analysis
Fluorescence of the eluents was monitored by
setting the excitation wavelength at 276 nm and the
emission wavelength to 385 nm. Fig. 6 displays the
chromatogram of r-HuBDNF by RP-HPLC as
monitored by UV (A) and fluorescence detection

B
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Fig. 6. Analysis of the conformational states of r-HuBDNF
during RP-HPLC. (A) UV; (B) fluorescence (excitation wave-
length 276 nm; emission wavelength 385 nm). Chromatographic
conditions: see Fig. 5.
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(B). It is apparent that the ratio of the two peaks
(1/I1) is about unity on the UV trace (A) while on the
fluorescence trace (B) this ratio is much larger than
one. This indicates that the fluorescence intensity is
lower for the second peak than for the first peak.
Decreased fluorescent intensity can occur when (a)
the emission spectrum is altered, or (b) by solvent
quenching. In order to answer the question, we
utilized the detector’s on-line spectrum acquisition
capability and we took the fluorescence spectra at
the apex of both peaks. The collected fluorescence
spectra using 280 nm excitation revealed an about
10 nm red-shifted emission maximum for peak II,
suggesting that this form is more unfolded than
peak I. Similar fluorescence spectral shift was ob-
served in acid induced denaturation of BDNF [23].

T
0 5 10 15 2 25
TIME (Min)

Fig. 7. Chromatogram of guanidine - HCl-denatured r-Hu-
BDNF. (A) Standard r-HuBDNF; (B) guanidine - HCl-treated
r-HuBDNF. Chromatographic conditions: see Fig. 1.
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Such a red shift is indicative of a greater exposure of
a tryptophan residue(s) to an aqueous environment,
such as might occur by unfolding of the polypeptide
chain. The fluorescence spectroscopic results are
consistent with the hypothesis, that peak I repre-
sents a less unfolded and peak 1I a more unfolded
BDNTF structure.

Effect of guanidine - HCI on the BDNF peaks

Proteins incubated wih guanidine - HCl most
often lose all of their tertiary and secondary struc-
ture. As a further test of the nature of the peaks, we
incubated an aliquot of peak IT, which was collected
and refolded in PBS, in 6 M guanidine - HCI, and
then analyzed the sample with RP-HPLC. Fig. 7
displays the chromatograms of BDNF before (A)
and after (B) guanidine - HCl treatment. After
guanidine - HCI treatment, peak I disappeared from
the chromatogram and -only peak II was apparent.
Collection of peak II, dialysis, lyophilization and
resuspension in PBS, followed by a RP-HPLC
analysis provided us with a chromatogram similar to
our standard BDNF. This experiment confirms two
observations: (a) that peak IT must represent the
denatured structure of r-HuBDNF; and (b) that the
denaturation is reversible.

It is important to note that the guanidine - HCI-
denatured species elute with the same retention time
as the RP-HPLC denatured species, indicating that
the final unfolded conformations attained by RP-
HPLC alone or guanidine - HCI treatment followed
by RP-HPLC are chromatographically identical.

CONCLUSIONS

The two peaks observed in the chromatogram are
both the monomeric forms of the r-HuBDNF
molecule. The first peak represents a folded form
and the second later eluting peak is an unfolded
form of the r-HuBDNF monomer. The first peak
can be converted into the second by increasing the
time the molecule spends on the column. Similar
conversion was observed by increasing the tempera-
ture of chromatography [24].

In light of the various spectroscopic and bio-
chemical evidences acquired during our work we can
establish that the chromatographic behavior of
r-HuBDNF under reversed-phase gradient elution
can be traced to a conformational change occurring
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in the molecule as a result of the chromatographic
conditions. Similar chromatographic behavior has
been observed previously with other proteins [12,13,
21]. Our observationi s in agreement with those
examples and serves as another case where the
denatured forms of a protein under RP-HPLC
conditions elute later than the native and/or folded
structures.

r-HuBDNF exists as a dimer at physiological
conditions, but under reversed-phase conditions
only the monomeric form is present. These results
indicate that the chromatographic process has two
steps. In step one, the dimer breaks up as the
molecule encounters the stationary phase. The dis-
sociation happens rapidly, under RP-HPLC condi-
tions. In step two, the unfolding of the molecule
occurs. This second step has a half life, which is
comparable with the time scale of chromatography
allowing the visualization of both the folded and the
unfolded conformers. A detailed analysis of the
kinetics and thermodynamics of the observed con-
version mechanism will be reported later [24].
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ABSTRACT

Antibodies specific to a protein and its structural variants were immobilized on a high-performance Protein G column. This column
recognized and selectively subtracted specific molecules from a sample. When a size-exclusion column was coupled with this high-
performance affinity column, a comparison between the elution profile before and after the antibody immobilization was used to study
antigen components present in the sample. Various human growth hormone structural variants and aggregates were studied using this
approach. The technique is simple, fast and does not involve the usage of radioactive material.

INTRODUCTION

Immunoaffinity chromatography has been used
widely both in the purification of macromolecules
[1-3] and as an analytical tool for studying molec-
ular interactions and protein structure [4-6]. Affin-
ity chromatographic (AC) determinations of equi-
librium and rate constants of solute-ligand inter-
actants [8-10] through both frontal and zonal elu-
tion are some examples of analytical applications of
the technique. Other examples are quantitative
analysis of specific proteins [11-14] and the estima-
tion of reaction rate constants [15,16].

Unfortunately, most proteins are so strongly re-
tained by an immunoaffinity column that they must
be denatured to effect their elution. Under these se-
vere elution conditions, antibodies can lose specific-

Correspondence to: Dr. A. Riggin, Lilly Research Laboratories,
Lilly Corporate Center, Indianapolis, IN 46285, USA.
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ity and many proteins are irreversibly denatured.
This paper introduces the approach of monitoring
antigen components that are »nof retained by the af-
finity column. When antibodies specific to a protein
and its structural variants are immobilized on an
affinity column, this affinity column should recog-
nize and selectively subtract specific molecules from
the sample. Comparing the elution profiles before
and after the antibody immobilization through a
subtraction process may reveal antigen components
present in the sample. Quantification of these com-
ponents is achieved by measuring differences in
peak areas.

Because of its great flexiblity and ease of use, a
short protein G column (30 X 2.1 mm 1.D.) was
used to immobilize antibodies. Affinity columns
were prepared by immobilizing specific antibodies
onto the protein G column as reported previously
[13]. Although a size-exclusion column was used as
the separation column in these studies, reversed-
phase or ion-exchange columns can also be used.

1993 Elsevier Science Publishers B.V. All rights reserved
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The experiments reported in this paper were per-
formed with a tandem column system consisting of
an immunosorbent column directed against human
growth hormone (hGH) and a size-exclusion col-
unn.

EXPERIMENTAL
Materials
Antibodies. Monoclonal antibodies to hGH

(GHC101 and GHC072) were the same material de-
scribed previously [12]. Rabbit antiserum to hGH
(lot No. 184-15) was prepared by immunization
techniques as previously described [17]. The serum
was taken ten days after the third monthly booster
injection.

Growth hormone and derivatives. Monomeric
hGH (somatropin, 22.1 kilodalton) of recombinat
DNA origin was obtained from Lilly Research
Labs. (Indianapolis, IN USA) and determined to be
greater than 99% pure by size-exclusion chroma-
tography (SEC) at Lilly [18]. The purity determined
by reversed-phased HPLC was greater than 95%.
Non-covalent hGH dimer was recovered from a
pool of high-molecular-mass materials generated
during the production of hGH and purified by SEC
[19]. N-Terminal methionyl hGH (met-hGH) was
. prepared as described previously [20]. Methionyl-14
sulfoxide hGH was obtained by treating hGH with
3% hydrogen peroxide [21]. Desamido hGH, with
the major deamination site at Asn-149 and the mi-
nor site at Asn-152, was produced by storage of
hGH in ammonium bicarbonate (pH 9) for 72 h at
37°C [22]. An N-terminal methionyl, hGH variant,

Loading
Buffer
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molecular mass 20 kilodalton (20K met-hGH) was
prepared by iDNA methods. Except for the N-ter-
minal methionine residue, this material is identical
to the natural 20 kilodalton hGH variant in which
the 3245 peptide fragment is omitted and the 1-31
segment is connected directly to the 46-191 seg-
ment. All the hGH derivatives described above were
obtained from Lilly Research Labs.

Synthetic peptides. Homologous peptides of
hGH, synthesized on a Beckman Model 990B auto-
mated synthesizer according to the Merrifield solid-
phase method [23], were obtained from Lilly Re-
search Labs. Peptide identities were confirmed by
N-terminal sequence and total amino acid analysis.
These peptides are 15 to 28 residues in length and
are numbered according to the primary sequence of
hGH. They are referred to as peptide 1-28, peptide
25-45, peptide 126151, and peptide 171-191.

Other materials. Bovine serum albumin (BSA),
Blue Dextran 2000, ferritin, aldolase, ovalbumin,
chymotrypsinogen A and ribonuclease A are from
the gel filtration calibration kits for protein molec-
ular mass determination supplied by Pharmacia
(Piscataway, NJ, USA). All other chemicals were
analytical-reagent grade unless otherwise indicated.
Reagent water was obtained from a Millipore Mil-
1i-Q water-purification system.

Apparatus

The chromatographic system used for this experi-
ment is shown in Fig. 1. Valves V-1 and V-2 are
two-position, six-port switching valves (Rheodyne,
Model 7000, with pneumatic actuator). V-1 was
coupled to the system as shown in the diagram so

uv
Detector

Collector or Waste

Fig. 1. Apparatus for Protein G AC-SEC tandem column immunochromatographic analysis. See text.
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that either pump I or pump II can deliver mobile
phase to the protein G affinity column (pore size
500 A; 30 x 2.1 mm I.D., custom packed by Chro-
matochem, Missoula, MT, USA). V-2 was installed
so that the protein G affinity column and an SEC
column could be operated either in ‘“‘column-tan-
dem” mode (Fig. 1, connection of V-2 ports shown
by broken line) or “column-independent” mode
(Fig. 1, connection of V-2 ports shown by solid
line). Either a GF-250 (DuPont, Zorbax Bioseries,
25cm x 9.4 mm 1.D.) or Ultraspherogel SEC3000
(Beckman, 30 cm x 7.5 mm [.D.) column was used
in the SEC separations. Pump I (Beckman, Altex
Model 110A) was used for antibody immobilization
or regeneration of the protein G column. A simple
switching “T” valve was installed at the solvent in-
let of the pump to allow rapid switching between
loading and desorbing buffers. Two Rheodyne
(Model 7125) injection valves, equipped with a
20-ul sample loop, were used. One was installed be-
tween pump I and V-1 for immobilization of anti-
bodies. Another one was installed between pump 11
and V1 for sample introduction. Pump II (Spectra-
Physics, SP8700XR, extended-range LC pump) was
used for delivering the mobile phase to achieve the
SEC separation.

The column eluate was monitored by a UV detec-
tor (Spectra-Physics SP8440XR). The detector out-
put was interfaced with an HP1000 minicomputer
where all data were collected, stored and processed
using an in-house (Lilly Research Labs.) chromato-
graphic software package.

Immobilization of antibodies onto the Protein G col-
umn

To immobilize antibodies onto the protein G col-
umn, V-1 was set at the pump I mode, and V-2 was
set at the column independent” mode. Tris—ace-
tate buffer (50 mM, pH 7.4) was used as loading
buffer. Antibody solutions were diluted to approxi-
mately 10 pg/ml, and an aliquot of 20 ul (about 200
ug antibody) was injected via injector I onto the
protein G column at a flow-rate of 0.5 ml/min for 5
min. Then the flow-rate was increased to 2 ml/min
for 10 min to elute the unbound materials.

Regeneration of the Protein G column
To regenerate the protein G column, V-1 re-
mained at the pump I mode, V-2 remained at the
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”column independent” mode, and the column was
eluted with 20% acetic acid at a flow-rate of 3 ml/
min for 10 min to desorb any bound immunoglobu-
lin G. Following acid-initiated desorption, the col-
umn was equilibrated with Tris—acetate buffer (50
mM, pH 7.4) for 15 min at 2 ml/min.

Protein G AC-SEC tandem column immunochroma-
tographic procedure

The protein G column was regenerated using the
procedure described above. Then, V-2 was switched
to the “column-tandem” mode and V-1 was
switched to allow pump II to deliver mobile phase
onto the columns. After equilibrating the columns
with Tris-acetate or ammonium hydrogencarbon-
ate-acetate, 50 mM, pH 7.5 + 0.1, 20 ul of sample
were injected onto the protein G column via injec-
tor 11, using a flow-rate of either 1.0 or 0.6 ml/min,
depending on the experiment. The column eluent
was monitored at 214 nm when ammonium hy-
drogencarbonate buffer was the mobile phase or at
280 nm when Tris—acetate buffer was the mobile
phase. Antibody was then immobilized on the pro-
tein G column using the procedure described earli-
er. During antibody immobilization, the SEC col-
umn was equilibrated with appropriate mobile
phase using pump II. After antibody was immobi-
lized onto the protein G column, V-2 was again
switched to the column-tandem mode and V-1 was
switched to allow pump II to deliver mobile phase
onto both columns. Another 20-ul sample was in-
jected onto the immunosorbent column and unre-
tained solutes were eluted through the tandem col-
umn system. The chromatograms acquired before
and after antibody immobilization were compared,
and the difference obtained by subtracting each da-
ta point of the second chromatogram from the first
were used to plot a difference chromatogram.

Antibody recognition of hGH

In an initial study of hGH recognition by anti-
hGH mono- or polyclonal antibodies, samples were
chromatographed on a Beckman Ultraspherogel
SEC3000 SEC column (30 cm x 7.5 mm 1.D.) and
eluted with Tris—acetate buffer (50 mM, pH 7.4) at a
flow-rate of 1 ml/min. Sample solution A was pre-
pared by dissolving 1 mg each of BSA, hGH and
ribonuclease A in mobile phase and adjusting the
final volume to 1 ml. Sample solution B was pre-
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pared by dissolving 1 mg each of BSA, hGH and
chymotrypsinogen A in the mobile phase and ad-
justing the final volume to 1 ml. Sample solution A
was analyzed by the immunochromatographic pro-
cedure as described above with 200 ug of immobi-
lized GHCO072 monoclonal antibody. Sample solu-
tion B was chromatographed on an immunoaffinity
column containing approximately 200 ug of immo-
bilized anti-hGH from a rabbit anti-serum (lot No.
184-15).

Binding study of hG H-related compounds

Stock solutions of hGH, met-hGH, desamido
hGH, met-14-sulfoxide hGH, 20K met-hGH and
hGH dimer were prepared by dissolving 1 mg of
each protein in 1 ml Tris—acetate buffer (50 mM, pH
7.4) and stored refrigerated (5°C). Stock solutions
of ferritin and cytidine were also prepared by dis-
solving 1 mg each in 1 ml of the above Tris—acetate
buffer and stored in dark at 5°C. The synthetic pep-
tide solutions were used directly.

Sample solutions of hGH, met-hGH, desamido
hGH, met-14-sulfoxide hGH and hGH dimer were
prepared by mixing 100 ul of each protein stock
solution with 200 pl of ferritin and 20 ul of cytidine
(used as high- and low-molecular-mass internal
standards), and the final volume was adjusted to 1
ml with NH,HCO; (50 mM, pH 7.6). A sample
solution of 20K met-hGH was prepared similarly
except cytidine was not added. Sample solutions of
the peptides were prepared by mixing 20 ul of each
stock solution with 20 ul of ferritin solution, and the
final volume was adjusted to 100 ul with ammoni-
um hydrogencarbonate buffer.

For the binding study of hGH-related com-
pounds, a GF-250 column was selected for the SEC
separation. Ammonium hydrogencarbonate—ace-
tate buffer (50 mM, pH 7.6) was used as the mobile
phase at flow-rates of both 0.6 ml/min and 1.0 ml/
min.

The binding of hGH to both GHC072 and
GHC101 monoclonal antibodies was examined.
The immunoaffinity column was prepared by im-
mobilizing 200 ug of either antibody onto the pro-
tein G column using the procedure described above.

Binding of hGH monomer and dimer
A test solution containing both hGH monomer
and dimer was prepared by mixing 100 ul of both
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the hGH monomer and dimer stock solutions with
200 pl of ferritin and 20 ul of the cytidine stock
solutions and adjusting the final volume to 1 ml
with the ammonium hydrogencarbonate buffer (50
mM, pH 7.6). This test solution was analyzed using
the AC-SEC immunochromatographic procedure
as previously described. The immunoaffinity col-
umn was prepared by the immobilization of ap-
proximately 300 ug of GHCO072 or GHC101 anti-
body onto the protein G column.

A sample solution for further investigation of the
competition of hGH monomer and dimer for bind-
ing to GHCO072 antibody was prepared by adding
the appropriate amount of hGH monomer and
dimer stock solutions to ammonium hydrogencar-
bonate buffer (50 mM, pH 7.6) to a final concentra-
tion of 400 ug/ml of each component. This mixture
was analyzed using the AC-SEC immunochroma-
tographic method at a flow-rate of 1 ml/min and a
GHCO072 immunoaffinity column with 100 ug of an-
tibody. This experiment was then repeated, with
less antigen and a lower flow-rate. The mixture of
hGH monomer and dimer solution was diluted 1:2
with the mobile phase so that the final solution con-
tained 200 pg/ml each of hGH monomer and dimer.
The AC-SEC immunochromatographic procedure
was repeated with this diluted solution at a mobile
phase flow-rate of 0.6 ml/min.

Band-broadening investigation

To investigate the possible band-broadening ef-
fect of the protein G column on the SEC separation,
a test solution was injected via injector IT onto the
protein G column. V-2 was then switched to the
“column independent” mode and V-1 was switched
so that pump IT was connected directly to the SEC
column instead of the protein G column. Another
20-pl aliquot of the test solution was again injected
onto the SEC column. The chromatograms ob-
tained using the SEC column alone and the tandem
protein G-SEC column were compared.

A test solution for the GF-250 column was pre-
pared by mixing 100 ul each of the hGH monomer
and dimer stock solutions, 200 ul of ferritin, and 20
ul of cytidine stock solutions; the final volume was
adjusted to | ml with the ammonium hydrogencar-
bonate (50 mAM, pH 7.6) mobile phase. The flow-
rate was set at 0.6 ml/min and column eluent was
monitored at 214 nm.
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A test solution for the Ultraspherogel SEC3000
column was prepared by dissolving 1 mg of oval-
bumin and ribonuclease A, 4 mg of aldolase, 0.4 mg
of Blue Dextran 2000 and 0.5 mg of cytidine in 1 ml
of Tris—acetate (50 mM, pH 7.4) mobile phase. The
flow-rate was set at 1 mi/min and column eluent
was monitored at 280 nm.

RESULTS AND DISCUSSION

Recognition of hGH by both mono- and poly-
clonal anti-hGH antibodies is demonstrated in Fig.
2. The hGH peak in Fig. 2A(a) disappeared [Fig.
2A(b)] when 200 ug of GHC072 anti-hGH mono-
clonal antibody was immobilized on the protein G
column. In contrast, the peak areas of BSA and
ribonuclease A were not affected. The difference
chromatogram (c) obtained by subtracting each da-
ta point of (b) from (a) re-created the hGH peak,

:[0.0da,u. BSA hGH

) Ribonuclease A
8 (@)

5 BSA Ribonuctease A
a

3 1 (b}

-4

>

> ]
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)

0.000 120.0 2400 360.0 480.0 600.0 7200 8400 960.0 1080. 1200.
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]:0.04 au. BSA hGH
Chymotrypsinogen A
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Fig. 2. Recognition of hGH by (A) GHCO072 monoclonal anti-
body and (B) anti-hGH in rabbit anti serum, (a) before and (b)
after immobilization of 200 ug antibodies onto the Protein G
column. The difference chromatogram (c) was obtained by sub-
tracting each data point of (b) from (a). Experimental conditions
are described in the text.
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which was retained by the affinity column. The
hGH peak area of (c) was 100.2% that of (a). Simi-
lar results are seen in Fig. 2B where the area of the
regenerated hGH peak in (c) was 99.6% of that in
(a). Fig. 2B also demonstrated that in a sample ma-
trix containing hGH, BSA and chymotrypsinogen
A, the anti-hGH in the rabbit anti-serum can selec-
tively bind to hGH and allow non-specific compo-
nents (BSA and chymotrypsinogen A) to’elute un-
retained, as shown in trace (b). Coelution of antigen
with impurities, with the peaks of interest, or a
slight shift in retention times between chromato-
grams (a) and (c) could potentially generate false
peaks in the difference chromatogram. Such an arti-
fact peak with a retention time of 600 s is seen in
trace (c). However, the hGH peak was correctly re-
generated.

Results from a study on reactivity of hGH related
compounds with anti-hGH monoclonal antibodies
GHCO072 and GHCI101 are listed in Table I. hGH,
met-hGH, desamido hGH, and met-14-sulfoxide
hGH all bind to both GHC101 and GHCO072 anti
hGH monoclonal antibodies with equal affinity, ex-
cept for 20K met-hGH and hGH dimer. Protein
binding to the antibody was indicated by the disap-
pearance of the protein peak in the chromatogram
after antibody immobilization on the protein G col-

TABLE1

BINDING OF hGH, HOMOLOGOUS PEPTIDES OF hGH
AND hGH DERIVATIVES TO MONOCLONAL ANTIBOD-
1ES TESTED BY AC-SEC IMMUNOCHROMATOGRAPH-
IC ANALYSIS

+ = Antibody binding; — = no significant binding; + = par-
tial binding.

Proteins/peptides Monoclonal antibodies

GHCI101  GHC072

hGH
hGH dimer
Desamide hGH
Met-hGH
20K met-hGH
Met-14-sulfoxide hGH
Peptide  1-28
25-45
126-131
171-191

L+ 0+ + + +
P+ ++ W
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Cytldin
- Ferritin 4 ©
Io.od au. Inorganics
4 (a)
i . Met-14-sulfoxide Cytidine
Ferritin hGH
4 (b}
Ferritin Cytidine
{c}

T v ¥ T T T T T T
0.000 150.0 300.0 450.0 600.0 750.0 $00.0 1050. 1200. 1350. 1500.
Time (Seconds)

UV Response
L

20K met-hGH

I0.04 au.
4 Ferritin

4 (@)

7 Ferritin

= ——
7 Ferritin 20K met-hGH
1 () |

T T T T T T T T T
0.000 150.0 300.0 450.0 600.0 750.0 900.0 1050. 1200. 1350. 1500.
Time (Seconds)

UV Response
1

Fig. 3. Antibody binding of (A) met 14-sulfoxide hGH and (B)
20K met-hGH. AC-SEC chromatogram obtained (a) with no
antibody immobilization on Protein G column, (b) with 200-ug
of GHCO072, (c) with 200-ug of GHCI101 immobilized on the
Protein G column. Experimental conditions are described in the
text.

umn (Fig. 3A). Ferritin and cytidine were used as
high and low molecular weight internal standards.
20K met-hGH binds to GHCO072 antibody but does
not bind to GHC101, as seen in Fig. 3B. The peak
height ratio of 20K met-hGH to ferritin in trace (b)
did not show significant change when the mobile
phase flow-rate was changed from 1 ml/min to 0.6
ml/min. This indicates that the affinity of binding is
sufficiently low that small changes in the flow-rate
do not influence the binding of 20K methGH to
GHCI01. Tt is likely that the 3245 peptide frag-
ment that is omitted in this variant is important for
the binding of GHC101 antibody. This is not too
surprising because the residues 29-41 are thought to
be solvent-exposed [24]. This conclusion is consis-
tent with other studies [25-27].

It was found that 2 ug each of hGH monomer
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Fig. 4. Binding of 2 ug each of hGH monomer and dimer to
anti-hGH monoclonal antibodies. (a) Without antibody immo-
bilization, (b) with 300 ug GHC072 immobilized, (c) with 300 ug
GHCI101 immobilized. Experimental conditions as described in
the text.

and dimer bind very differently to GHCI101 and
GHCO072 on the tandem AC-SEC immunochroma-
tographic system. Fig. 4 demonstrates that both
hGH dimer and monomer were retained (trace b)
when 300 pug of GHC101 was immobilized onto the
protein G column. However, when 300 ug of
GHC072 was immobilized onto the protein G col-
umn, all the hGH monomer and only a portion of
the dimer were retained. Trace (c¢) still exhibits a

UV Response

Dimer hGH
) @

T T T T T T T T T
0.000 150.0 300.0 450.0 600.0 750.0 900.0 1050. 1200. 1350. 1500.

Time (Seconds)

Fig. 5. Binding of hGH monomer and dimer to GHC072 mono-
clonal antibody. (a), (b): Sample containing 8 ug each of hGH
monomer and dimer, elution flow-rate is 1.0 ml/min; (a) without
antibody, (b) with 100 ug of GHCO072 immobilized on Protein G
column. (c), (d): Sample containing 4 ug each of hGH, elution
flow-rate is 0.6 ml/min; (c) without antibody, (d) with 200 ug of
GHCO072 immobilized on Protein G column. Other experimental
conditions as described in the text.
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small peak of hGH dimer. Based on these AC-SEC
immunochromatographic analysis, hGH dimer
binds well to the GHC101 antibody but binds poor-
ly to GHCO072.

The realtive binding of hGH monomer and dimer
was further investigated by chromatographing a
sample containing 8 pg each of hGH monomer and
dimer on a protein G column with 100 pg of immo-
bilized GHC072. Unbound material was chromato-
graphed on an SEC column operated at a flow-rate
of 1 ml/min. As shown in Fig. 5, only a portion of
hGH dimer and monomer was retained by the affin-
ity column (trace b). When the amount of hGH
dimer and monomer was reduced to 4 ug each and
the elution flow-rate was also reduced to 0.6 ml/
min, there was still a difference in binding (trace d).
Because the lower percentage of binding between
GHCO072 antibody and hGH dimer does not seem
to be influenced by either the amount of antigen or
the small change of the flow-rate, it is possible that
the hGH dimer has more than one conformation
and these conformations may have different affin-
ities for GHCO072.

None of the four synthetic peptides (1-28, 2545,
126-131 or 171-191) tested showed any binding to
either GHC072 or GHCI101. In view of the fact that
amino acids in the 25-45 region of hGH are in-
volved in binding to GHCI101, it is surprising that
this peptide did not bind to the antibody. It is prob-
able that the epitope for this antibody is either dis-
continuous or the binding of the antibody to hGH
is sensitive to conformation [27].

The possiblity of band-broadening introduced by
the protein G column was investigated by compar-
ing the chromatograms of the test solutions ob-
tained using the SEC column alone to those ob-
tained using protein G and the SEC column in tan-
dem. Results of the investigation are shown in Fig.
6. As shown, the protein G column used in our ex-
periments does exhibit a slight band-broadening ef-
fect but is should not affect the utility of the AC-
SEC system. This effect can be further reduced if a
shorter protein G column of a smaller diameter is
used.

CONCLUSIONS

The objective of this research was to design a sim-
ple, fast, and economical approach for the study of
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Fig. 6. Slight band-broadening introduced by Protein G column.
(A) Protein G-GF250 system, at 0.6 ml/min flow-rate, (B) Pro-
tein G—Ultraspherogel 3000 system, at 1.0 ml/min. (a) SEC col-
umn only, (b) Protein G-SEC tandem column.

molecular recognition in affinity chromatography.
It is demonstrated in this paper that the tandem
AC-SEC immunochromatographic technique can
be used to rapidly characterize the interactions be-
tween antigen and antibodies. The work presented
here also shows that protein G can be used to rap-
idly prepare an immunosorbent column that wil in-
teract specifically with antigens. The AC-SEC im-
munochromatographic system may be used as a
powerful tool to differentiate between cross-reac-
ting variants and the reactivity of antibodies for
these variants.
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Structural characterization of glycoprotein digests by
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mass spectrometry
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ABSTRACT

An in-house modified microcolumn liquid chromatography (LC) system has been coupled to a PE-SCIEX AP1 111 triple-quadrupole
mass spectrometer through an ionspray interface for the structural characterization of model glycoproteins, bovine ribonuclease B and
human a,-acid glycoprotein. In conjunction with enzymatic digestion approaches using trypsin and peptide-N-glycosidase F, the
fea51b111ty of packed-capillary (250 um 1.D.) LC columns, coupled with ionspray mass spectrometry (MS) in a tandem format, have
been assessed for glycopeptide mapping and structural determination. This configuration demonstrates a highly promising approach
for the determination of glycosylation sites and the corresponding sequence structures of related tryptic fragments. A glycosylated
tetrapeptide, Asn-Leu-Thr-Lys with carbohydrate moieties on Asn-34, was readily located for bovine ribonuclease B. Preliminary
results using micro-LC-MS also show the identification of a class A carbohydrate attachment on a tryptic fragment of human ¢, -acid
glycoprotein. The microheterogeneity of carbohydrate moicties can be quickly screened using this approach for either tryptic dlgests or
the intact glycoprotein. These methods demonstrate potential applications for structural characterization of recombinant glycoproteins

of pharmaceutical interest.

INTRODUCTION

Rapid advances in recombinant DNA techniques
have stimulated great interest in proteins for novel
therapeutic uses in the pharmaceutical industry.
Glycoproteins are among the most attractive sub-
jects because of their structural specificity and bi-
ological roles of oligosaccharides. During recent
years, the fundamental understanding of biological
functions of glycosylation of proteins has been ex-
plored. These include intracellular transport, the
influences on the activity, stability, and solubility of
the protein, antigenicity, molecular recognition,
thermal stability, and the rate of proteolysis [1-5].
Structural characterization of glycoproteins, in-
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cluding protein sequence information, carbohy-
drate compositions and the determination of glyco-
sylation sites, presents a significant analytical chal-
lenge.

The detection and identification of glycoproteins
have been traditionally accomplished using poly-
acrylamide gel electrophoresis followed by direct
gel staining [6], membrane staining techniques [7-9]
or lectin affinity chromatography [10-12]. Further
structural characterization is often performed by
chromatographic separation in conjunction with
appropriate enzymatic methods. In recent years,
anion-exchange chromatography with pulsed am-
perometric detection has been widely utilized for
analysis of complex mixtures of oligosaccharides
[13,14] and structural classification and microhete-
rogeneity of carbohydrate moieties at specific at-
tachment sites in glycoproteins while combined
with fast atom bombardment mass spectrometry

1993 Elsevier Science Publishers B.V. All rights reserved
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(FAB-MS) [15,16]. Reversed-phase high-perform-
ance liquid chromatography (RP-HPLC) has been
well practiced for peptide mapping of protein
digests and can often be adapted to map individual
glycoforms of glycoproteins [16-18]. On-line LC-
MS, especially with FAB-MS and electrospray MS,
has received considerable attention in peptide map-
ping and subsequent structural characterization
[15,19-22].

In any case, it is clear that the chemical or en-
zymatic cleavage of glycoproteins and subsequent
separation and identification of the glycosylated
peptide fragments is an important approach for the
structural characterization of glycoproteins. Enzy-
matic and chemical digestion of glycoproteins usu-
ally generate complex mixtures of peptides, glyco-
peptides, and even oligosaccharides after the cleav-
age of carbohydrate side chains. Thus, a prelimina-
ry separation step with high resolution and high de-
tection sensitivity and the feasibility of easy
interfacing with a mass spectrometer is essential.
Microcolumn liquid chromatography (micro-LC),
especially using packed fused-silica capillaries of
50-320 pm I.D. has been a very sucessfull technique
for biological applications [23-25]. This technique
uses the same separation method as conventional
HPLC but with a miniaturized format and opti-
mized instrumentation, providing very high mass
sensitivity and excellent analytical resolution. The
introduction of electrospray or ionspray (pneumat-
ically assisted electrospray) interfaces for MS and
the increased use of continuous flow (CF) FAB-MS
have further stimulated the use of micro-LC to fa-
cilitate the on-line LC-MS configuration. The very
low volumetric flow-rates (2-5 ul/min) attained
with micro-LC techniques are well suited for either
an electrospray or ionspray MS interface, or CF-
FAB-MS for the conditions of potential high-sensi-
tivity performance. There have been several reports
which demonstrate the utility of these techniques
for peptide mapping and protein characterization
[26-29], however, techniques for the characteriza-
tion of glycoproteins utilizing microcolumn separa-
tion techniques, especially coupled with MS, have
not been well explored. This is partially due to the
lack of instrumentation for performing micro-LC
and also the structural complexity of glycoproteins.

In this paper, a micro-LC system in combination
with tandem mass spectrometry (micro-LC-MS—
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MS) is used for comparative glycopeptide mapping
of model glycoprotein digests prior to, and after,
proteolytic cleavages. This method has been applied
to the determination of a glycosylation site and as-
sociated peptide structure of bovine ribonuclease B.
Preliminary results for the partial determination of
oligosaccharide attachment sites of a complex gly-
coprotein, human a;-acid glycoprotein, are also dis-
cussed.

EXPERIMENTAL

Materials

Protein sequencing-grade trifluoroacetic acid
(TFA) (Sigma, St. Louis, MO, USA), UV-grade
acetonitrile (J.T. Baker, Phillipsburg, NJ, USA)
and HPLC-grade water (Fisher, Fair Lawn, NJ,
USA) were used. Ribonuclease B (Type III-B, from
bovine pancrease), o;-acid glycoprotein (human),
L-1-tosylamide-2-phenylethyl chloromethyl ketone
(TPCK)-treated trypsin, dithiothreitol (DTT),
iodoacetamide, and ammonium bicarbonate were
all purchased from Sigma. Peptide-N-glycosidase F
(PNGase F) was obtained from Boehringer Mann-
heim (Indianapolis, IN, USA).

Reduction and S-carboxymethylation

The reduction and S-carboxymethylation of se-
lected glycoproteins were performed prior to diges-
tion. In this study, 500 ul of ribonuclease B (5 mg)
dissolved in water were mixed with 500 ul of 0.5 M
Tris—-HCl buffer (pH 8.25) containing 2 mM
EDTA and 6.0 M guanidine-HCI, and 100 ul of 0.4
M DTT. The mixed solution was incubated at 37°C
for 3 h. A volume of 200 ul of 0.8 M iodoacetamide
was then added and incubated for 1 h. A 3.5-mg
sample of human «;-acid glycoprotein was treated
in an identical manner. The samples were desalted
overnight using Spectra/Por 6 membranes from
Fisher and dried for further treatment.

Enzymatic digestion

The reduced and S-carboxymethylated ribonu-
clease B (RCM-ribonuclease B) (ca. 1 mg) and hu-
man o;-acid glycoprotein (ca. 0.8 mg) were digested
with TPCK—trypsin in 0.1 M ammonium bicarbon-
ate buffer (pH 8.00) with a substrate-enzyme ratio
of 50:1 (w/w). The mixtures were incubated at 37°C
for 24 h. After digestion. 100 ul of the tryptic digest
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(approximate 10 nmol) was incubated with two
units of peptide-N-glycosidase F (PNGase F) in 0.1
M ammonium bicarbonate (pH 8.30) containing 2
mM EDTA at 37°C for 24 h. The reaction mixtures
were either directly used for chromatographic anal-
ysis or dried and stored in a freezer and redissolved
in 0.1% TFA prior to use.

Microcolumn liquid chromatography

A Beckman System Gold conventional HPLC
system was modified for performing micro-LC at
low flow-rates. Solvent gradients were directly de-
livered into a micromixer obtained from Upchurch
Scientific (Oak Harbor, WA, USA), at flow-rates of
0.2-0.4 ml/min. A precolumn splitting device was
used to obtain appropriate output flow-rates (ap-
proximately 3 ul/min) for packed capillary col-
umns. The split ratio was easily regulated by ad-
justing the length of the restriction line (fused-silica
capillary with 50 ym I.D. and 361 um O.D.). The
capillary columns with 250 ym I1.D. and 348 um
0.D. were packed in-house with C; g, 5-um particles
of 300 A pore size, from Vydac (Hesperia, CA,
USA) using an ISCO pLC-500 pump. The columns
were directly connected into a Valco micro-injector
with 100 nl or 500 nl internal loops. The transfer
line from column outlet consisted of fused-silica
capillary with 50 gm I.D. and 190 um O.D. on-line
connected to UV detector and mass spectrometer.
An ABI Model 785A UV detector (Applied Bio-
system, Foster City, CA, USA) equipped with an
Z-shape capillary flow cell obtained from LC Pack-
ings (San Francisco, CA, USA) was used in this
study. The mobile phase used consisted of 0.1%
TFA in water (solvent A) and solvent A—acetoni-
trile (20:80) with 0.1% TFA (solvent B). Solvent
gradients (0%-60% solvent B over 120 min) were
used for all separations.

Tonspray mass spectrometry

A PE-SCIEX (Thornhill, Ontario, Canada) API
IIT triple-quadrupole mass spectrometer equipped
with an ionspray interface was used on-line with the
micro-LC system and UV detector described above.
Micro-LC effluent was introduced directly into the
ionspray source. Micro-LC-MS experiments were
performed while scanning from »2/z 300 to 1800 at a
scan-rate of 4 s/scan. For the daughter MS-MS op-
eration. the parent ions were selected in the first

47

quadrupole mass analyzer and transmitted into the
second quadrupole (collision cell) with collision en-
ergy of 50 eV and argon collision gas thickness of
400-10'2 molecules/cm?.

RESULTS AND DISCUSSION

Electrospray (or ionspray) MS has been increas-
ingly used for determining molecular mass and
structural analysis of peptides and proteins. Gener-
ally, multiple-charge states with a Gaussian distri-
bution of relative intensities can be observed for the
intact protein from which a single peak indicative of
the molecular weight can be converted by deconvo-
lution [30]. However, glycoprotein analysis appears
to be more complicated. In the present study, we
have selected bovine ribonuclease B, a glycoprotein
with a single glycosylation site and high mannose
content, as a model compound. Initial screening
was performed directly by ionspray MS and the re-
sults are shown in Fig. 1. A deconvoluted mass
spectrum was obtained for the intact glycoprotein
without pretreatment as shown in Fig. 1A, exhib-
iting a pattern of microheterogeneity of glycosyla-
tion. It is known that structural heterogeneity of
carbohydrate moieties attached on the peptide
backbone of the protein frequently occurs in gly-
coproteins, especially for asparagine-linked glyco-
proteins [31,32]. This phenomenon was further no-
ticed after the treatment with PNGase F, an enzyme
which specifically cleaves N-linked carbohydrates
between the di-N-acetylchitobiose unit and the as-
paragine residue of the polypeptide backbone. As
shown in Fig. 1B, most glycosylated peaks disap-
pear. The molecular mass of deglycosylated protein
was found to be 13 692 which is consistent with the
calculated value of 13 691 based on its known ami-
no acid sequence. Actually, this peak was also ob-
served in native glycoprotein, but can only be con-
firmed to be a deglycoform after the release of oli-
gosaccharides. It could be due to the presence of
ribonuclease A, a non-glycoprotein that has the
same polypeptide backbone as ribonuclease B. Also
noted was a component with an M, of 13 895 corre-
sponding to protein-GlcNAc. A possible explana-
tion for this phenomenon is due to the enzymatic
cleavage of carbohydrate moieties by Endo-F (En-
do-b-N-acetylglucosaminidase F), an enzyme often
co-existing with PNGase F, releasing a peptide at-
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Fig. 1. Deconvoluted mass spectra of bovine ribonuclease B by ionspray-MS analysis. (A) Native protein; (B) PNGase F treated

protein.

tached with one N-acetylglucosamine residue, pep-
tide-GIcNAc, which is not itself a substrate for
PNGase F [33]. Based on these studies, the carbo-
hydrate content constitutes about 12% of the total
molecular mass. This approach provides a method
for quickly screening the microheterogeneity of oli-
gosaccharide substructures of a glycoprotein and
the determination of carbohydrate content. Table I
lists possible glycoforms observed from these exper-
iments in terms of diagnostic increments of M, 162
for a hexose residue and increments of M, 203 for
N-acetylhexosamine residue.

Further structural analysis of glycoproteins gen-
erally requires fragmentation, either by chemical or
enzymatic cleavage, and subsequent separation or
isolation. Chromatographic isolation has been a
traditional method for glycoprotein analysis, such
as the use of lectin affinity chromatography. Peptide
mapping is an attractive approach while utilized in
conjunction with the appropriate enzymatic meth-
ods. By comparing peptide maps prior to, and after
enzymatic cleavage, peptide fragments attached to
oligosaccharides may be located and distinguished
from non-glycosylated peptides. Mass spectrome-
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TABLE 1
HETEROGENEITY OF RIBONUCLEASE B GLYCOFORMS OBSERVED BY IONSPRAY-MS ANALYSIS

Native protein M, PNGase F-treated protein M,
Polypeptide chain 13 692 Polypeptide chain 13 692
Polypeptide adduct (phosphate) 13789 Polypeptide adduct (phosphate) 13791
Hex,-(HexNAc),-polypeptide 14 908 HexNAc-polypeptide 13 895
Hex,-(HexNAc),-(polypeptide + phosphate adduct) 15005 HexNAc-(polypeptide + phosphate adduct) 13993
Hex-(HexNAc),-polypeptide 15070

Hex-(HexNAc),-(polypeptide + phosphate adduct) 15 168
Hex,-(HexNAc),-(polypeptide + phosphate adduct) 15 326
Hexg-(HexNAc),-(polypeptide + phosphate adduct) 15492
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|
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Fig. 2. Comparative peptide mapping of enzymatic digests of bovine ribonuclease B by micro-LC-lonspray MS. (A) TIC trace of
digested RCM-glycoprotein with trypsin; (B) TIC trace of digested RCM-glycoprotein with trypsin and PNGase F. Capillary column:
33cm x 250 um 1.D. (348 um O.D.) packed with C,,. Gradient conditions described in Experimental section. Approximate 52 picomol
of digests were injected onto the column.
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try, especially FAB-MS, has been utilized to deter-
mine the structure of oligosaccharides and the clas-
sification of glycosylation. However, an ionspray
interface combined with micro-LC separation tech-
niques is particularly attractive for mapping protein
digests [34,35]. Fig. 2 shows the total ion current
(TIC) MS chromatograms of enzymatic digests of
bovine ribonuclease B. This glycoprotein was dena-
tured, reduced, and S-carboxymethylated prior to
enzymatic treatment. Trypsin was first used to di-
gest the RCM-ribonuclease B, generating a mixture
of peptides and glycopeptides. The fragments were
separated and detected by micro-LC on-line with a
UV detector and ionspray mass spectrometer. The
tryptic map shown in Fig. 2A as the TIC profile,
which correlates well with the UV absorbance trace,
exhibits abundant signals that could be assigned to
most of the expected normal peptide fragments
(Fig. 2). Of particular interest is a unique broad
peak between retention time 16 and 17.5 min which
was determined to be related to the heterogeneity of
glycoforms attached to a specific tryptic peptide. To
establish the identity and the attachment of the car-
bohydrate substructure, tryptic fragments of ribo-
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nuclease B were further reacted with PNGase F.
After treatment with PNGase F, this particular
broad peak disappeared and a new peak with a re-
tention time of 18 min (T¥), which was absent in
original tryptic map, was observed in the enzymatic
digest (Fig. 2B). This new component corresponds
to a peptide fragment with a molecular mass of 474,

A full scan mass spectrum (Fig. 3) averaging all
the glycoforms of the glycosylated peptide, corre-
sponding to the broad peak from 16 to 17.5 min
(Fig. 2A), provides further detailed information for
the confirmation of the presence of glycoforms at-
tached on a single peptide. As shown in Fig. 3, a
series of singly and doubly charged ions represent
diagnostic increments of M, 162 and 203 corre-
sponding to hexose and GlcNAc substructures, re-
spectively. The table inserted in Fig. 3 suggests the
structures of the proposed glycopeptide with homo-
geneous components differing in the number of hex-
ose units. For example, the arithmetic difference be-
tween the component of M, 1691 (MH™ at m/z
1692, MH32" at m/z 846) and peptide substructure
(M, 474) is M, 1217 which corresponds uniquely to
a carbohydrate composition of five mannose and

l]
CH,-C-NH-GIcNAc-GIcNAc-(Man),
Asn-Leu-Thr-Lys

n MH* MH2*
0 881.6 441.2
1 1043.6 5224
2 1205.6 603.6
3 1367.6 684.4
4 1529.6 765.2
5 1692.4 846.4
6 927.6
7 1008.8
8 1089.6
9 1170.8

16924

1367.6

1

1529.6

400 800 800 1000 1200
mwz

1400 1600

Fig. 3. Averaged full scan mass spectrum of glycoforms corresponding to the peaks indicated in Fig. 2A.
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Fig. 4. Structural determination of a glycopeptide fragment from enzymatic digests of bovine ribonuclease B by micro-LC-MS-MS.
(A) Daughter MS-MS spectrum of glycosylated peptide ion at m/z 678. (B) Daughter MS-MS spectrum of deglycosylated peptide ion

at m/z 476.

two N-acetylglucosamine residues. Similarly, a
mass difference of 1054 between M, 1528 (MH™ at
mjz 1529, MH3* at m/z 765) and the peptide con-
firms a sugar unit of four mannoses linked to two

N-acetylglucosamine residues. Additional carbohy-
drate units can be derived in a similar manner. The
presence of an intense ion at m/z 678 in the full scan
mass spectrum should be noted. As will be dis-
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Fig. 5. Classes of carbohydrate moieties for human a,-acid glycoproteins [37].

cussed later, MS-MS experiments indicated that
this ion corresponded to the tetrapeptide attached
to a single N-acetylglucosamine residue. The pres-
ence of this glycoform is somewhat unusual since it
was not observed in the original glycoprotein. It is
most likely a mass spectrometric fragment ion
formed during the ionization process. In conjunc-
tion with MS-MS studies, such fragmentation in
the ion source facilities the identification of the gly-
cosylation site.

To confirm this structure and the carbohydrate
attachment site, micro-LC-MS-MS experiments
were performed prior to, and after the treatment of
tryptic digest with PNGase F (Fig. 4). Fig. 4A
shows a daughter MS-MS spectrum of the glycosy-
lated fragment from the tryptic digest at m/z 678.
The ion at m/z 475 represents the tetrapeptide sub-
structure (Fig. 4A) due to the facile cleavage of N-
linked sugar. A weak ion at m/z 204 corresponding
to the N-acetylglucosamine residue fragment was
also observed. The confirmation of this peptide se-
quence was based on typical Y-series fragment ions
due to the fragmentation between peptide bonds of
each amino acid as well as the A- and B-series ions.
For example, Y, represents Lys at the C-terminus,
Y, corresponds to the dipeptide fragment, Thr-Lys,
and Y3 corresponds to the tripeptide fragment,
Leu-Thr-Lys. Amino acid residues from N-termi-
nus were confirmed by A, A,, and B, ions, indicat-
ing the presence of Asn, Asn-Leu, and Asn—-Leu—
Thr fragments, respectively.

After enzymatic cleavage of the sugar substruc-
ture by PNGase F, a new tryptic fragment, T¥, was
observed. A daughter MS-MS spectrum of the de-
glycosylated fragment T¢ (m/z 476) was obtained
and is shown in Fig. 4B. The M, of 475 and struc-

tural information obtained from the MS-MS spec-
trum are consistent with the conversion of aspara-
gine into aspartic acid in the tetrapeptide after
treatment by PNGase F [36]. This phenomenon was
readily detected by ionspray MS and is an impor-
tant piece of evidence for determining the site of
carbohydrate attachment. From Fig. 4B, it is clear
that the Y-series ions from the C-terminus of the
deglycosylated peptide are the same as those found
in glycosylated peptide. The observed M, 1 increase
for the A, and B, fragments from the N-terminus
provides further evidence supporting the conver-
sion of asparagine to aspartic acid. This informa-
tion confirms that the carbohydrate is attached on
the tryptic tetrapeptide, Asn—Leu-Thr—Lys, at the
asparagine of position 34 in the polypeptide back-
bone of the glycoprotein.

We have applied this approach to a more compli-
cated glycoprotein, human a;-acid glycoprotein, a
protein consisting of a single polypeptide chain but
with a relatively high carbohydrate content. Fur-
thermore, these carbohydrates are N-linked oligo-
saccharides with complex degrees of branching and
structural variability due to the microheterogeneity
and they account for 45% of the total molecular
mass of the protein. There are five classes of carbo-
hydrate moieties reported [37] for this glycoprotein
as shown in Fig. 5.

The major core is class A. Obviously, these
branched oligosaccharides complicate the chro-
matographic separation as well as spectral interpre-
tation. The preliminary results of this mapping
strategy are shown in Fig. 6 which were obtained by
treating the glycoprotein sequentially with trypsin
and PNGase F. By comparing these two maps, it is
apparent that fragment T from the deglycosylated
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Fig. 6. Comparative peptide mapping of enzymatic digests of human «,-acid glycoprotein by micro-LC-ionspray-MS. (A) TIC trace of
digested RCM-glycoprotein with trypsin; (B) TIC trace of digested RCM-glycoprotein with trypsin and PNGase F. Experimental
conditions are the same as in Fig. 3.

digest (Fig. 6B) is unique since it was not observed
in the glycosylated digest (Fig. 6A). In addition, a
glycosylated peptide was located as T¥ shown in
Fig. 6A, which possibly corresponds to the pro-

posed carbohydrate structure based on the classifi-
cation of the oligosaccharides demonstrated above.
A full scan mass spectrum of the glycosylated tryp-
tic fragment T§ was obtained and is shown in Fig.
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Fig. 7. Full scan mass spectra of a glycopeptide fragment from enzymatic digests of human a,-acid glycoprotein. (A) Glycosylated
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7A. A doubly charged ion (MH3" 1199.2) was
found to be related to the proposed glycopeptide
that has molecular mass of 2396.8 (giving MH3*
1199.4). Based on the known peptide sequence of

human o;-acid glycoprotein, the corresponding de-
glycosylated tryptic fragment could have a molec-
ular mass of 775. The mass difference of M, 1622
between the total molecular mass of glycosylated
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peptide and the deglycosylated peptide agrees well
with a class A carbohydrate chain. The full scan
mass spectrum of deglycosylated fragment Tg
shown in Fig. 7B provides further evidence for this
glycosylation. A singly charged ion (MH™) at m/z
777 was observed, M; 1 more than the predicted
peptide (MH™* at m/z 776) described above. This is
consistent with studies on bovine ribonuclease B
since enzymatic cleavage of the N-linked sugar unit
by PNGase F results in conversion of asparagine to
aspartic acid. Since this heavily glycosylated glyco-
protein is highly branched, it appears that further
studies utilizing highly efficient separations and the
utilization of alternate enzyme combinations
should be pursued in conjunction with micro-LC-
MS-MS experiments for substructure determina-
tion and confirmation.

CONCLUSIONS

A strategy involving the use of micro-LC-MS-
MS techniques has been shown to be capable of
providing a highly sensitive method for peptide
mapping of glycoproteins. In conjunction with ap-
propriate enzymatic methods such as trypsin and
PNGase F, high-resolution chromatographic sep-
arations of complex mixtures of peptides and glyco-
peptides provide valuable comparative maps for
rapidly locating glycosylated peptide fragments.

Electrospray (or ionspray) ionization MS is an
extremely attractive and novel technique for struc-
tual characterization of glycoproteins. Quick
screening of the intact native glycoprotein by ion-
spray-MS provides information of the microhetero-
geneity profile as well as the carbohydrate content.
On-line coupling of micro-LC to MS is a very pow-
erful configuration which permits rapid identifica-
tion of enzymatically generated peptide and glyco-
peptide fragments present in the maps. Micro-LC-
MS-MS techniques provide an extra dimension of
information allowing for the characterization of
peptide and glycopeptide substructures and the de-
termination of carbohydrate attachment sites. The
MS-MS fragmentation patterns of the tryptic frag-
ments permits confirmation of carbohydrate at-
tachments.
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High-performance liquid chromatography of tryptophan
and other amino acids in hydrochloric acid hydrolysates

1. Molnar-Per]l, M. Pintér-Szakacs and M. Khalifa

Institute of Inorganic and Analytical Chemistry, L. Eétvés University, P.O. Box 32, H-1518 Budapest 112 ( Hungary)

ABSTRACT

Tryptamine [3-(2-aminoethyl)indole] as an additive to 6 M HCl largely prevented the decomposition of tryptophan in proteins, and
also in gas-phase hydrolysis, using a Pico-Tag Work Station, at 145°C for 4 h. This procedure proved to be excellent for amino acid
analysis using conventional high-performance liquid chromatography with derivatization with phenyl isothiocyanate. The recovery of
tryptophan from model solutions and from proteins was 80-98%. The results proved to be as good as any other obtained by the
analysis of special alkaline or organic acid hydrolysates, most of which are suitable exclusively for the determination of tryptophan. The
most important advantage of tryptamine was that it did not affect the quantitative recovery of other amino acids of proteins, as shown
by the composition of lysozyme hydrolysates obtained in the absence and presence of various amounts of tryptamine. The reproducibil-
ity of the measurements was 3.7% (relative standard deviation) or less.

INTRODUCTION

It is well known that, under the common condi-
tions of protein hydrolysis (6 M HCI, 100°C for 24 h
or 145°C for 4 h), a considerable amount trypto-
phan is destroyed. A number of procedures have
been published for the determination of trypto-
phan, including (i) the time-consuming and tedious
alkaline hydrolyses suitable exclusively for trypto-
phan determination [1-10], (ii) organic acid [11-15],
with the limitation that they are successful in total
amino acid analysis by ion-exchange chromatogra-
phy only [the non-volatile organic acids inhibit the
derivatization of amino acids for both gas chroma-
tography (GC) and high-performance liquid chro-
matography (HPLC)] and (iii) the common HCI hy-
drolyses with additives [16-23], such as thioglycolic
acid [16,19], mercaptoethanesulphonic acid [17],
ethanedithiol [18], mercaptoethanol {21], phenol
[22] or tryptamine [20,23], which are expected to be
the most promising for the subsequent simultane-

Correspondence to: 1. Molnar-Perl, Institute of Inorganic and
Analytical Chemistry, L. Eo6tvos University, P.O. Box 32,
H-1518 Budapest 112, Hungary.
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ous assay of amino acids, including tryptophan, in
protein hydrolysates.

Recently, it has been found [22] that the addition
of 1-3% of phenol to 6 M HCI acid largely (ca.
80% recovery) prevents the destruction of trypto-
phan in peptides and proteins during liquid-phase
hydrolyses at 110, 145 and 160°C for 22 h, 4 h and
25 min, respectively. However, from gas-phase hy-
drolyses only 10-20% of tryptophan could be
recovered even with 3% phenol containing 6 M
HCI.

The aim of this work was (i) to study the inhib-
itory activity of [3-(2-aminoethyl)indole] (trypt-
amine) also in gas-phase hydrochloric acid hydro-
lysis and (ii) to demonstrate its utility in the deter-
mination of amino acids including tryptophan in
hydrolysates as their phenylthiocarbamyl (PTC) de-
rivatives by HPLC [24].

EXPERIMENTAL

Materials

Triethylamine (TEA), phenyl isothiocyanate
(PITC), tryptamine, amino acids and proteins were
obtained from Sigma (St. Loius, MO, USA) and

1993 Elsevier Science Publishers B.V. All rights reserved
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Serva (Heidelberg, Germany). HPLC-grade aceto-
nitrile and methanol were purchased from Reanal
(Budapest, Hungary). All other reagents were of the
highest analytical purity. Hydrolysis and derivatiza-
tion tubes were supplied with the Pico-Tag Work
Station (Millipore—~Waters, Chromatography Divi-
sion, Milford, MA, USA).

Hydrolysis of proteins

Standard proteins (0.014-0.016 g, weighed with
analytical accuracy) were dissolved in 10 cm?® of 0.1
M HCI. Standards of free amino acids (AA) in a
mixture containing 5 umol/cm® of each were pre-
pared in 0.1 M HCI. Tryptamine was dissolved in
distilled water (2 ug/ul). Into a 50 X 6 mm tube, 5 ul
of AA solution or 20 ul of standard protein solution
were injected and various amounts of tryptamine
were added (3.75~-15 pl) and up to twelve tubes were
placed in a vacuum vial. The vial was then attached
to the Work Station manifold and the solvent re-
moved under vacuum. After drying, the vacuum
was released and 75 ul per tube of constant-boiling
HCI were pipetted into the bottom of the vacuum
vial. The vacuum vial was then re-attached to the
manifold. First the vacuum valve was opened until
it showed about 1-2 Torr (1 Torr = 133.322 Pa)
and the HCI began to bubble (20-30 s). Thereafter,
after closing the vacuum valve, the nitrogen valve
was opened, purged for 30 s, and closed again. The
vacuum-nitrogen cycles were repeated three times.
After the last cycle, the vacuum valve was opened
and the cap of the vial was closed under vacuum
and put into the Pico-Tage Work Station oven
(145°C for 4 h). After hydrolysis, the sample tubes
were carefully removed from the vial and the HCI
was wiped from the outside of each tube. The tubes
were then transferred into a fresh reaction vial, at-
tached to the manifold and evaporated to the con-
stant minimum reading (ca. 65 mTorr). The hydro-
lysed samples were then ready for derivatization.

Derivatization of amino acids with PITC

A 5-ul volume of AA solution, used for compari-
son of the hydrolysed samples, was injected into 50
x 6 mm tubes and dried under vacuum. Hydro-
lysed AA (free amino acids) and hydrolysed pro-
teins were redried by adding 10 ul of ethanol-wa-
ter—TEA (2:2:1) to each tube. Thereafter to each
redried sample 20 ul of derivatization reagent [etha-
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nol-TEA-water—PITC (7:1:1:1)] were added and
mixed by vortex mixing. Subsequently they were
treated according to the Waters Pico-Tag Work
Station manual.

The derivatized standards were dissolved in 600
ul and the hydrolysed and derivatized proteins in
300 ul of 0.05 M sodium acetate solution (pH 7.2).
Thus, the 20-ul aliquots of AA solution contain
800-1000 pmol of each AA and the 20-ul protein
samples represent, in total, 1.2-2.0 ug of AA.

Chromatography

The Liquochrom Model 2010 liquid chromato-
graph (Labor MIM, Budapest, Hungary) used con-
sisted of two Liquopomp 312/1 solvent-delivery
pumps and a Type OE-308 UV detector with a
wavelength range of 195-440 nm. Samples were in-
jected in 20-ul volumes using an injector supplied by
Labor MIM. The columns (BST, Budapest, Hun-
gary) were 150 mm X 4.00 mm with Hypersil ODS
bonded phase (5 um) (Shandon). Eluents were kept
under a blanket of nitrogen. The solvent system
consisted of two eluents: A = 0.05 M sodium ace-
tate (pH = 7.2) and B = 0.1 M sodium acetate—
acetonitrile—-methanol (46:44:10) (mixed according
to their volume ratios and titrated with glacial ace-
tic acid or 50% sodium hydroxide to pH 7.2). A
gradient which was optimized for the separation
was from 0% to 100% B in 22 min. For 5 min a
washing step with 100% B was applied, then after
100% A was applied for 2 min. After an additional
elution for 5 min with solvent A, the system was
ready for the next injection.

RESULTS AND DISCUSSION

Based on our earlier experience, i.e., the facts that
(i) tryptamine proved to be a powerful additive for
the protection of tryptophan in classical HCI hy-
drolysis in the liquid phase [23] and (i1) gas-phase
HCI hydrolysis in the Pico-Tag Work Station with
subsequent determination of PTC-amino acids by
HPLC can be regarded as one of the most promis-
ing methods in protein analysis [24], the extension
of the inhibitory activity of tryptamine to gas-phase
HCI hydrolyses seemed to be worthy of investiga-
tion.

The results of our studies on the effect of trypt-
amine on tryptophan measurement after HCI hy-
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TABLE 1
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EFFECT OF AMOUNT OF TRYPTAMINE ON THE RECOVERY OF AMINO ACIDS IN MODEL SOLUTIONS (AA) BY
HYDROLYSIS WITH 6 M HCl AT 145°C FOR 4 h IN THE GAS PHASE, MEASURED AS PTC-AMINO ACIDS BY HPLC

No.  Amino acid Detector responses: peak area Reproducibility data
(arbitrary units/pmol AA)*
Average S.D. R.S.D. (%)
Tryptamine added (ug per 70 ug AA)
0b 0 7.5 15 30
1 Aspartic acid 182 180 188 192 180 184 5.4 2.9
2 Glutamic acid 208 204 214 217 215 212 5.4 2.5
3 Hydroxyproline 207 203 209 214 207 208 4.0 1.9
4 Serine 160 150 151 161 162 157 5.8 3.7
5 Glycine 194 208 200 212 198 202 7.4 3.7
6 Histidine 170 178 177 183 175 177 4.7 2.1
7 Threonine 176 173 184 181 178 178 43 2.4
8 Alanine 200 199 211 211 212 207 6.5 3.1
9 Proline 245 240 236 246 240 241 4.1 1.7
10 Arginine 210 200 205 212 213 208 5.4 2.6
11 Tyrosine 193 191 202 203 195 197 48 2.5
12 Valine 207 205 200 204 212 208 6.0 2.9
13 Methionine 183 180 182 185 188 184 3.1 1.7
14 Cyst(e)ine 140 144 141 150 143 144 39 2.7
15 Isoleucine 192 184 182 190 188 187 42 22
16 Leucine 204 198 198 206 197 201 4.1 2.1
17 Phenylalanine 184 190 183 189 188 187 3.1 1.7
18 Tryptophan 198 53 151 169 188
(100) @27 (76) (85 95)
19 Lysine 280 290 290 297 281 288 7.1 2.5

“ Single values represent the averages of six separate tests.

b Tests without hydrolysis; in parentheses, percentage of the theorerical values.

drolyses in the gas phase are presented in Tables I
and IT and Fig. 1.

Tryptamine (in the concentration range 15-30 ug
per 70 ug of AA or 30 ug of protein) largely protects
tryptophan from decomposition. In model solu-
tions the inhibitory effect proved to be 80-95% (Ta-
ble T) whereas with lysozyme 80% of the trypto-
phan content could be measured (Table II).

Applying 30 ug of tryptamine per 30-40 ug-of
a-chymotrypsin, bovine albumin and human albu-
min for their gas-phase hydrolysis by HCI, 76, 84
and 98% tryptophan contents were measured, re-
spectively.

Regarding the effect of tryptamine on the other
amino acids, it can be stated that their presence did
not affect either the response values of the other
components in model solutions (Table I) or the
number of residues found in hydrolysates of lyso-

zyme (Table I1, Fig. 1.) The repeatability for all oth-
er amino acids, besides tryptophan, obtained with
model solutions or after hydrolyses performed with
various amounts of tryptamine or without it proved
to be good, i.e., (<3.7% (relative standard devia-
tion) reproducibility data are given in Tables I and
11

These results are important with respect to the
advantage of the use of tryptamine as an additive
over phenol, even in liquid-phase hydrolysis. The
presence of phenol seriously decreased the response
of cystine [22]; on using 1-3% phenol-containing
HCI for hydrolysis in model tests, the cystine re-
sponse decreased to 40-50% of its original value.

Concerning the mechanism of the inhibitory ef-
fect of tryptamine (tryptamine being a decarboxy-
lated tryptophan and present in a considerable ex-
cess over tryptophan), it is very likely that instead
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TABLE 11

EFFECT OF AMOUNT OF TRYPTAMINE ON THE RECOVERY OF AMINO ACIDS IN HYDROLYSATES OF LYSOZYME
BY HYDROLYSIS WITH 6 M HCI AT 145°C FOR 4 h IN THE GAS PHASE, MEASURED AS PTC-AMINO ACIDS BY HPLC
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No.  Amino acid Moles amino acid per mole protein® Reproducibility data
Literature Tryptamine added (ug per 30 ug lysozyme) Average S.D. R.S.D. (%)
data

0 7.5 15 30
1 Aspartic acid 20 19.7 19.8 19.5 19.6 19.6 0.14 0.7
2 Glutamic acid 5 5.1 5.1 5.1 5.0 5.1 0.06 1.2
4 Serine 8 8.2 8.0 7.8 8.0 8.0 0.16 2.0
5 Glycine 12 11.9 11.7 12.0 11.9 11.9 0.13 1.1
6 Histidine | 1.09 1.09 1.01 1.08 1.05 0.04 3.5
7" Threonine 7 6.5 6.4 6.6 6.5 6.5 0.08 1.3
8 Alanine 12 11.9 12.0 12.0 12.1 12.0 0.08 0.7
9 Proline 2 2.04 2.04 2.11 2.08 2.08 0.04 1.8

10 Arginine 11 11.2 11.1 10.8 11.1 11.1 0.18 1.6

11 Tyrosine 3 2.95 3.15 3.20 3.11 3.13 0.11 3.6

12 Valine 6 6.1 6.0 6.0 6.0 6.0 0.05 1.0

13 Methioriine 2 2.25 2.20 2.10 2.16 2.18 0.06 29

14 Cyst(e)ine 8 8.5 8.2 8.4 8.0 8.3 0.22 2.7

15 Isoleucine 6 6.2 6.2 6.0 6.1 6.1 0.10 1.6

16 Leucine 8 7.8 7.9 7.7 7.7 7.8 0.1 1.3

17 Phenylalanine 3 2.99 3.03 3.00 2.94 2.98 0.04 1.3

18 Tryptophan 6 0.6 34 4.8 4.8

(10) (57) (80) (80)
19 Lysine 6 6.0 6.3 6.2 6.1 6.2 0.14 23

“ As in Table I, literature data: [25].

Ret. time: min

Fig. 1. Chromatograms of AA solution (A, detailed data in Ta-
ble I: first column of data) and those of lysozyme hydrolysates
(B-E, detailed data in Table II) obtained by HCI hydrolysis in
the presence of (B) 30, (C) 15 and (D) 7.5 ug of tryptamine and
(E) without additive. Peak identification as in Tables 1 and II;
also, a = unknown component of lysozyme; b = decomposition
product of tryptophan; x = reagent impurity: in AA solution
(0.6 cm® volume) proved to be the half compared to those in
lysozyme hydrolyzates (0.3 cm® volume). 14* = Cystine sep-
arates into two peaks, as a result of racemization during hydro-
lysis. Note: aspartic acid in large amounts elutes as two peaks.
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of tryptophan, tryptamine takes part in those unde-
sirable interactions which lead to the decomposi-
tion of tryptophan.

In conclusion, tryptamine as an additive in gas-
phase HCI hydrolysis, providing 76-98% recovery
of tryptophan from a single hydrolysate with one
injection together with other amino acids with
100% recovery, can be utilized as a powerful proto-
col in the rapid analysis of protein hydrolysates.
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High-performance liquid chromatographic quantitation.of
phenylthiocarbamyl muramic acid and glucosamine from
bacterial cell walls

Steven R. Hagen
Ribi ImmunoChem Research, Inc., 553 Old Corvallis Road, Hamilton, MT 59840 (USA)

ABSTRACT

A sensitive assay for the simultaneous determination of muramic acid and glucosamine from bacterial cell walls was developed. Cell
wall skeleton (CWS) preparations were hydrolyzed with HCI to liberate free amino sugars, which were subsequently derivatized
pre-column with phenylisothiocyanate. The phenylthiocarbamoyl (PTC) amino sugars were rapidly resolved by reversed-phase gra-
dient HPLC and quantified with UV detection. With this assay, Mycobacterium phlei CWS samples were found to contain muramic acid
levels comparable to those found with a specific enzymatic assay. However, a colorimetric total hexosamine assay gave values 20-30%

higher than those obtained by the specific PTC amino sugar assay. The detection limit of each PTC amino sugar was 5 pmol.

INTRODUCTION

A unique feature of bacterial cell walls is their
peptidoglycan component, which is composed of
the amino sugars muramic acid (MA) and glucos-
amine (GIcN), and amino acids.

Since MA is unique to bacteria, the measurement
of peptidoglycan amino sugars has relevance in sev-
eral lines of research, including: bacterial cell wall
biochemistry [1], cell wall immunomodulating and
antitumor properties [2], and specific measurement
of bacterial biomass and infection [3-3].

Peptidoglycan amino sugars have increasingly
been quantified by chromatographic techniques,
which potentially are more specific and sensitive
than traditional colorimetric assays. GLC-MS has
been successfully employed for the determination of
bacterial cell wall MA [5-8]. HPLC analysis of MA
and GIcN using pre-column derivatization reagents
for amino acids, and hardware for amino acid anal-

Correspondence to: Dr. S. R. Hagen, Ribi ImmunoChem Re-
search, Inc., 553 Old Corvallis Road, Hamilton, MT 59840,
USA.

0021-9673/93/%06.00 ©

ysis has resulted in low detection limits (10 pmol)
and rapid sample preparation protocols [3,4,9].

This paper describes a more sensitive HPLC
analysis of phenylthiocarbamyl (PTC) MA and
GIcN after pre-column derivatization with phenyl-
isothiocyanate (PITC), a widely employed reagent
for amino acid analysis [10-12]. The method de-
scribed involved a relatively simple sample prepara-
tion protocol and the detection limit for the PTC
amino sugars was 5 pmol (signal-to-noise ratio of -
3:1).

EXPERIMENTAL

Reagents

HPLC-grade acetonitrile (MeCN), methanol, so-
dium acetate trihydrate, water and reagent-grade
concentrated hydrochloric acid were obtained from
J. T. Baker (Phillipsburg, NJ, USA). HPLC-grade
glacial acetic acid and phosphoric acid were ob-
tained from Fisher Scientific (Pittsburgh, PA,
USA). H amino acid standard (H-std), sequanal
grade PITC and HPLC-grade triethylamine (TEA)
were obtained from Pierce (Rockford, 1L, USA).

1993 Elsevier Science Publishers B.V. All rights reserved
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L-Cysteic acid (CYA), p-glucosamine-HCl, mu-
ramic acid and disodium hydrogenphosphate were
obtained from Sigma (St. Louis, MO, USA).

Sample hydrolysis

Cell wall skeleton (CWS) preparations (Ribi Im-
munoChem Research, Hamilton, MT, USA; Nos.
014-104 to 014-107) were hydrolyzed in vacuo at
100°C for 12 to 42 h in 4 M HCI which contained
118.2 umol CYA as an internal standard (2.00 mg
CWS/ml acid solution).

Pre-column derivatization

Aliquots (100 ul) of sample hydrolysates in 50 X
6 mm borosilicate glass tubes were dried to < 125
mTorr (1 Torr = 133.322 Pa) on a Picotag (Waters,
Milford, MA, USA) vacuum station, then dried
again after the addition of 20 ul of redry solution
(methanol-water-TEA, 2:2:1). Finally, 20 ul of de-
rivatizing solution (methanol-water—-TEA-PITC,
7:1:1:1) was added to each tube, and the mixtures
were held at atmospheric pressure for 5 min and
then dried as stated above.

Calibration standard

Aliquots (20 ul) of a stock standard solution
(which contained 591 umol CYA, 928 umol GIcN
and 995 umol M A) were subjected to the derivatiza-
tion procedure as described above. Note: dry deriv-
atized sample and standard preparations are stable
for at least 3 weeks at —20°C.

Dilution prior to injection

Derivatized CWS and standard preparations
were reconstituted in 100 ul of diluent (5 mM di-
sodium hydrogenphosphate titrated to pH 7.5 with
5% phosphoric acid and mixed with MeCN; buff-
er: MeCN = 95:5, v/v). HPLC analyses of 10-ul
aliquots of samples and 5-, 10-, 15- and 20-u1 ali-
quots of calibration standards were conducted
within 24 h after reconstitution with diluent.

Chromatography

Waters HPLC hardware was used: a WISP 700
autosampler, two 510 pumps, a Nova-pak 300 x
3.9 mm stainless-steel 4 yum C,g column (preceded
by a 0.2-um in-line filter) operated at 46°C inside a
temperature control module, and a 440 spectrom-
eter equipped with a 254-nm filter. The HPLC sys-
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TABLE 1

SOLVENT GRADIENT CONDITIONS USED FOR THE
PTC AMINO SUGAR HPLC ANALYSES

Time (min)  Flow Percent Percent Curve
(ml/min) eluent A eluent B type
0.0 1.0 100.0 0.0 -
10.0 1.0 100.0 0.0 -
10.5 1.0 0.0 100.0 Linear
11.0 15 0.0 100.0 -
16.0 1.5 0.0 100.0 -
16.5 1.5 100.0 0.0 Linear
29.0 1.5 100.0 0.0 -
29.5 1.0 100.0 0.0 -

tem was controlled via a system interface module
(SIM, Waters) by Maxima software (version 3.3,
Waters) run in a NEC SX20 computer.

Eluents

The solvent system consisted of two eluents.
Eluent A was an aqueous buffer of 0.05 M sodium
acetate trihydrate, containing 0.1% (v/v) TEA and
titrated to the desired pH (the range tested was pH
4.3 to 6.4) with glacial acetic acid; the buffer was
mixed (v/v) with MeCN (the range tested was 3 to
6% MeCN). Eluent B, which was used solely as a
column washing solvent, was MeCN-water (60:40,
v/v). The solvent gradient utilized is displayed in
Table I.

Quantitation

Chromatographic data were collected via the
SIM and processed by the Maxima software. In-
jections of the calibration standard were used to
prepare standard curves, and internal standard
quantitation was used to calculate analyte concen-
trations.

Optimization of chromatographic conditions

The process was aided by preparing various H-
std and calibration standard PTC derivatives as de-
scribed above for the calibration standard prepara-
tion.

Standard addition experiments
CWS was treated as described above for samples,
except that 4 M HCI spiked with GleN (92.8 pmol),
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MA (99.5 umol) and CYA (118.2 umol) was used.
Recovery was evaluated by comparing peak areas
of the spiked CWS samples to those of the non-
spiked CWS samples.

Enzymatic MA and colorimetric total hexosamine
assays

MA was measured in the CWS hydrolysates en-
zymatically as described by Tipper [13]. Total
hexosamine was measured spectrophotometrically
after CWS hydrolysis as described by Smith and
Gilkerson [14].

RESULTS AND DISCUSSION

Chromatographic optimization was accom-
plished by starting with HPLC conditions similar to
those employed for PTC amino acid analysis [10-
12]. Specifically, standard and sample preparations
were initially chromatographed on the Nova-Pak
column using eluent A at pH 6.4 mixed 94:6 (v/v)
with MeCN (gradient conditions as in Table I). Ex-
tensive interference was observed between the PTC
amino sugars and amino acids. Therefore, the pH
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Retention Time (min)
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2.50 ( L i 1 L I
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Percent MeCN

Fig. 1. The effects of eluent A MeCN content (percent, v/v) on
the elution of PITC-derivatized CYA (1), MA (2), GIcN (4),
aspartic acid (3) and glutamic acid (5).
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Fig. 2. The effects of eluent A pH on the elution of PITC-deriv-
atized CYA (1), MA (2), GlcN (3), aspartic acid (4) and glutamic
acid (5).

of eluent A was decreased incrementally until reso-
lution of the major PTC amino. sugar peaks was
obtained in the pH range of 5.1-5.3. Further resolu-
tion was achieved by altering the MeCN content
(between 3 and 6%, v/v) of eluent A (pH 5.1). The
results of these tests indicated the optimal MeCN
content to be 3.5% (v/v) (Fig. 1). Finally, the pH of
eluent A with 3.5% (v/v) MeCN was decreased in-
crementally to pH 4.5 (Fig. 2). At a pH of 4.5 the
internal standard (CYA) and major PTC amino
sugar peaks eluted well before any possible interfer-
ing PTC amino acids, resulting in very rugged chro-
matographic conditions. Calibration standard and
CWS analyses using eluent A adjusted to pH 4.5
and mixed 96.5:3.5 (v/v) with MeCN (10-ul injec-
tion volumes) are displayed in Fig. 3 (note the dif-
ferent y-axis scaling for each chromatogram).

An additional test of eluent A at pH 4.3 was
made which revealed that at this pH the minor PTC
amino sugar peaks in samples could be resolved.
Major/minor peak area ratios for PTC MA and
GIcN were identical in calibration standard and
sample analyses under these conditions, suggesting
that use of only the major peak areas for calibration
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Fig. 3. Calibration standard (left) and CWS (right) chromatograms representing 10-u1 injections of reconstituted sample are shown.
Note the differences in y-axis scaling for each chromatogram. 1 = CYA; 2,4 = MA; 3,5 = GIcN; 6 = aspartic acid; 7 = glutamic acid.

and quantitation was sufficient. Eluent A should
not be adjusted below pH 4.5 for routine analyses,
however, since resolution of MA and GlcN decreas-
es as pH is lowered (Fig. 2).

After the chromatographic conditions were opti-
mized, the duration of sample hydrolysis at 100°C
resulting in maximal release of MA and GIcN was
determined. Hydrolysis times from 12 to 42 h were
tested twice, with comparable results indicating
maximal release of MA (one-way analysis of vari-
ance, ANOVA p = 0.0060) after 30 h at 100°C and
qual release of GIcN (ANOVA p 0.1085)
throughout (Fig. 4). In subsequent analyses of
CWS, 30 h of hydrolysis at 100°C was used.

Day-to-day analytical variability was tested by
preparing and analyzing samples independently
four times. Variability in MA and GIcN response
was low, with individual daily results having rela-
tive standard deviations (R.S.D.s) below 4% and
the overall average R.S.D. below 6% (Table II).

CWS samples were spiked with standards in stan-
dard addition experiments to test for possible sam-
ple matrix effects on standard recovery. However,
no matrix effects were observed, since the recoveries

N

N
ey |
E 210 % / I\}[\}/{\I
I

Time (Hours)

Fig. 4. The release of MA and GlcN from CWS as a function of
heating time in 4 M HCI at 100°C is displayed. Each data point
represents the mean of four samples, and the error bars represent
one standard deviation of the mean. A = Muramic acid; ® =
glucosamine.
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TABLE 11
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DAY-TO-DAY ANALYTICAL VARIABILITY OF THE PTC AMINO SUGAR ASSAY
One preparation of CWS (Ribi No. 014-107) was analyzed independently for MA and GleN content on four separate dates. NA = Not

applicable.

Average MA (R.S.D., %)
(nmol/mg CWS)

Analysis date

Average GlcN (R.S.D., %) n
(nmol/mg CWS)

March 30, 1992 238 (2.24) 207 (3.44)
March 31, 1992 236 (1.88) 235(1.12)
April 3, 1992 252 (1.06) 216 (1.69)
April 21, 1992 239 (0.63) 226 (1.44)
Qverall Average 241 (3.02) 221 (5.49)

o

of standards added to CWS samples (two times, in-
dependently) prior to acid hydrolysis approximated
100% (Table III).

The PTC amino sugar assay was compared to a
specific enzymatic (lactate release) assay for MA
[13]. Both assays yielded nearly identical results for
MA content when four different CWS preparations
were tested (Table IV). The total MA and GIcN
content as determined by the PTC assay was also

TABLE 111

compared to a colorimetric total hexosamine assay
[14]. This experiment revealed 20-30% lower results
for the PTC-based assay (Table IV).

The ratio of MA/GIcN was found to be 1.09 with
the PTC amino sugar assay (using the overall aver-
age values from Table IT), which is very close to the
theoretical MA/GIcN ratio of 1.0 expected for bac-
terial CWS peptidoglycan. This ratio determined
with the PTC assay and the agreement between the

AVERAGE PERCENT RECOVERIES OF MA AND GlcN ADDED TO SUBSAMPLES OF CWS (RIBI No. 014-107) DETER-

MINED INDEPENDENTLY TWO TIMES

Analysis date Recovery MA (R.S.D., %)

Recovery GleN (R.S.D., %) n

March 31, 1992 102 (2.65) 105 (3.11) 4
April 3, 1992 102 (2.01) 102 (5.48) 4
TABLE IV

SAMPLES FROM FOUR CWS PREPARATIONS ANALYZED AFTER ACID HYDROLYSIS WITH THREE ASSAYS [PTC
AMINO SUGAR (PTC); ENZYMATIC MA (ENZ); COLORIMETRIC TOTAL HEXOSAMINE (TOT HEX)] IN ORDER TO

COMPARE THEM
Values are listed as umol/mg CWS.

CWS No. MA (PTC) MA (Enz) MA + GIcN  Tot Hex
(PTC)

014-104 0.20 0.24 0.38 0.60

014-105 0.23 0.23 0.45 0.62

014-106 0.25 0.23 0.49 0.58

014-107 0.24 0.22 0.46 0.57
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MA values derived from the PTC and enzymatic
methods suggest that the total hexosamine values
from colorimetric assay were erroneously high, pos-
sibly due to sample matrix interferences.

The PTC amino sugar assay was more versatile
than the enzymatic assay [13], and was shown to be
superior to the colorimetric assay [14] owing to its
greater specificity. The PTC assay exhibited a lower
detection limit (5 pmol per injection vs. 10 pmol)
than other published HPLC assays for CWS amino
sugars [3,9], and a limit comparable to that of
GLC-MS analysis [8]. The PTC assay described
had the advantages of a relatively simple sample
preparation protocol and very rugged chromato-
graphic characteristics. Finally, in addition to pure
bacterial CWS, this assay should be applicable to
whole-cell amino sugar analysis:

S. R. Hagen [ J. Chromatogr. 632 (1993) 63-68
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Detection of alkaloids in foods with a multi-detector high-
performance liquid chromatographic system

Lorrie A. Lin

National Forensic Chemistry Center, US Food and Drug Administration, 1141 Central Parkway, Cincinnati, OH 45202 (USA)

ABSTRACT

A general screening method for alkaloid drugs in foods is described based on high-performance liquid chromatography with
ultraviolet detection at three wavelengths, followed by fluorescence and electrochemical detectors in series. The chromatographic
conditions include an ion-pairing reagent, which makes it possible to chromatograph acidic and basic drugs with one screen. Relative
response ratios were determined from the peak arcas of the alkaloids on the basis of all the detector signals. These ratios were used to
create a “fingerprint” of the drugs and to predict the identity of an unknown component in a sample matrix. The fluorescence and
electrochemical detectors allowed a detection limit for many of the alkaloids which would not be attainable with the ultraviolet detector
alone. Typical detection limits with the electrochemical detector were 5-50 ng/ml and with the fluorescence detector 5-500 ng/ml, while
the ultraviolet detector had detection limits of 1-20 pg/ml. The spiking concentrations in the relative response ratio experiments were
approximately five times above the lowest detection limit. The extraction method investigated for orange juice yielded recoveries for
most alkaloids of 80-100%. A stability study of ergot alkaloids in various food matrices demonstrated degradation, depending on the

matrix, temperature, and duration of the experiment.

INTRODUCTION

The public food supply must be kept safe from
accidental or purposeful contamination during
product manufacturing and marketing. In several
cases, contamination of a food product has caused
serious illnes or death to an unsuspecting consumer.
Drugs are likely sources of contamination due to
their ready availability. This paper focuses on the
extraction of alkaloid drugs from orange juice as
part of a screening method for alkaloids in foods.
This work includes a study which evaluates the sta-
bility of ergot alkaloids in a variety of food matric-
es. The extracts are analyzed by a high-performance
liquid chromatographic (HPLC) system which con-

Correspondence to: Dr. L. A. Lin, National Forensic Chemistry
Center, US Food and Drug Administration, 1141 Central Park-
way, Cincinnati, OH 45202, USA.

sists of a UV detector that can detect three wave-
lengths simultaneously, a fluorescence detector, and
an electrochemical detector. The use of multiple de-
tectors has been shown to be effective in other fo-
rensic laboratories [1-5].

Determinations in which multi-detector systems
are used can potentially generate chemical finger-
prints of unknowns by using relative response ra-
tios. This “fingerprint” identification is particularly
applicable to drugs because most are amenable to
UV, fluorescence, and/or electrochemical detection.

A problem which frequently occurs in a forensic
laboratory is sample size limitation. In some cases
there is only a small amount of sample to begin with
and in other cases, several laboratories may have
previously handled the sample, diminishing the
amount of sample available. Generally, in order to
get a conclusive identification of the sample, mul-
tiple analyses must be completed. One approach to
decreasing the number of individual sample analy-
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ses and conserving sample is to have multiple detec-
tors on line.

A drug data base has been developed on this sys-
tem using relative response ratios of the three detec-
tors. Using this method, it is possible to make an
early prediction of the identity of an unknown com-
ponent in a sample before confirmation by mass
spectrometry can be completed. For example, a
sample contains an unknown peak with a retention
time equivalent to that for lysergic acid. However,
unlike lysergic acid, the unknown does not demon-
strate any electrochemical acitivity. Therefore, ly-
sergic acid could be eliminated as a possible conta-
minant.

EXPERIMENTAL

Reagents

All of the alkaloids used in this study were ob-
tained from Sigma. HPLC-grade methanol was ob-
tained from J. T. Baker or equivalent. ACS-grade
potassium phosphate monobasic was obtained
from Fisher Scientific or equivalent. 1-Octanesul-
fonic acid was obtained from Sigma. ACS-grade
potassium chloride was obtained from Fisher Scien-
tific or equivalent. 85% ACS-grade phosphoric acid
was obtained from Fisher Scientific or equivalent.

Standards

Stock standards were prepared in concentrations
ranging from ca. 5000 to 20 000 pg/ml. The stan-
dards were prepared in an 80% methanol solution
and the stock standards stored in the refrigerator.
On the day of analysis a working standard was pre-
pared by dilution of the stock standard solution
with methanol.

Sample preparation

Sample matrices studied included orange juice,
vegetable juice, milk, and a cola beverage. To pre-
pare spikes, 2 ml of sample were placed in a poly-
ethylene tube. The spiking solution, which consists
of several alkaloids that produce a final concentra-
tion of 30-100 ug/ml of each alkaloid in the sample,
was added. In addition, method blanks were pre-
pared that did not contain any spiking solution.

Preparation of orange juice and vegetable juice
samples involved extraction using Analytichem C; g
solid-phase extraction (SPE) 1-ml cartridges using a
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Supelco SPE vacuum manifold. To perform the ex-
traction, 2 ml of 0.005 M 1-octanesulfonic acid (1-
octanesulfonic acid allowed for better binding of
the alkaloids to the SPE column) were added to 2
ml of juice, followed by vortex-mixing on high
speed for 1 min. The SPE column was conditioned
with 3 ml of methanol, followed by 3 ml of water.
The column was not allowed to go to dryness after
the methanol and water conditioning. The sample
was applied to the SPE column (avoiding the col-
umn to go to dryness) and the column was washed
with 3 ml of 10% methanol in water. The column
was dried for 5 min after the methanol had washed
through the column. The sample was eluted with 3
x 1 ml of methanol and the column was dried for 2
min after the final methanol wash. The sample was
filtered with 0.2-um filters from Alltech Assoc. A
5-ul aliquot was injected onto the HPLC column.

Preparation of milk samples first involved precip-
itation of the proteins with HCI. To 2 ml of milk, 2
ml of 1 M HCI were added, followed by vortex-
mixing on high speed for 1 min. The sample was
centrifuged for 10 min. Then 1 ml of 0.005 M 1-
octanesulfonic acid was added to the supernatant.
Extraction was carried out as described above for
the juices.

SPE was not necessary to clean up the cola sam-
ple. A 2-ml sample was mixed with 1 ml of metha-
nol (1-octanesulfonic acid was not used as the sam-
ple was not eluted through an SPE column), fol-
lowed by vortex-mixing, filtering, and injection of 5
ul of the sample onto the HPLC column.

Instrumentation

A Hewlett-Packard 1050 HPLC system was em-
ployed for these analyses. The 1050 included the
1050 autosampler, 1050 quaternary pumping sys-
tem and the 1050 multiple-wavelength detector.
Three signals can be collected from the multiple
wavelength detector. The signals that were used for
the analysis were 330, 280, and 254 nm. In addition
to this detector, an HP 1045A programmable fluo-
rescence detector and an HP 1049A programmable
electrochemical detector were used. Each of these
detectors were set with 1 V full-scale ranges at the
factory and those ranges were not changed in this
laboratory. The fluorescence detector was operated
with an excitation wavelength of 254 nm and an
emission wavelength of 408 nm. The slit width of
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the excitation wavelength was 2 mm x 2 mm
(equivalent to a 25-nm bandwidth) and the slit
width of the emission wavelength was 4 mm X 4
mm (equivalent to a 50-nm bandwidth). The detec-
tor was set with a PMT gain of 12 and a response
time of 6. The electrochemical detector was oper-
ated in the amperometric mode at a potential of 1.2
V versus an Ag/AgCl reference electrode with a
glassy carbon working electrode. The electrochem-
ical detector was equipped with a solvent thermo-
stat that was maintained at 40°C.

The HPCL system was controlled by HP Chem
Station Phoenix software. An HP Vectra 386/25
computer was employed. Since the software could
not directly take the signals from the fluorescence
and electrochemical detectors, an analog-to-digital
converter was used for this purpose. The converter
was an HP 35900. The data were printed by an
HP Laser Jet I1I printer.

The column, obtained from Interaction Chem-
icals (pn 50838-1), was a Cy5 250 x 4.6 mm 1.D,
column, 5 um particle size. A column heater was set
at 30°C.

The mobile phase consisted of phosphate buffer,
methanol, and 1-octanesulfonic acid as an ion-pair-
ing reagent. To make 11 of mobile phase, 2.0414 g
of monobasic potassium phosphate (15 mM),
0.8112 g of 1-octanesulfonic acid (3.75 mM), and
0.5592 g of potassium chloride (7.5 mM) were add-
ed to 550 ml of methanol (55%) (potassium chlo-
ride was added to the mobile phase for the electro-
chemical detector which uses a solid-state Ag/AgCl
reference electrode). Water, from a Millipore Mil-
1i-Q water purification system equipped with a final
0.22-pm filter, was added to get a final volume of 1 1.
The solution was adjusted to pH 4.00 with a 10%
solution of phosphoric acid using a Corning 245 pH
meter, calibrated with pH 4.00 and pH 7.00 buffers
(Fisher Scientific). Finally, the solution was filtered
with 0.2-um filters from Alltech Assoc. During the
analysis, the mobile phase was continous sparged
with helium. The flow-rate was 1.0 ml/min.

RESULTS AND DISCUSSION

Relative response ratios

As indicated earlier, relative response ratios can
yield a chemical fingerprint. Table I contains a list
of alkaloids and their relative response ratios ob-
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tained by employing UV detection at three wave-
lengths (330, 280, and 254 nm) and the signals from
the fluorescence and electrochemical detectors. This
table was developed by taking the smallest detector
response and normalizing that to 1.0. The other de-
tector responses were divided by the smallest detec-
tor response to obtain their normalized detector re-
sponse. For instance, for a 2.5-ug/ml solution of
LSD, the raw data counts were 5, 6, 9, 8771, and
93835 area counts for 280 nm, 330 nm, 254 nm,
fluorescence, and electrochemical detection, respec-
tively. Since 5 area counts is the smallest figure it
was normalized to 1.0. All of the other detection
signals were divided by 5 to yield their normalized
detector responses. The raw data given above along
with the detector settings given in the Instrumenta-
tion section could be used as a guide for other re-
searchers to normalize their instruments and obtain
a comparable table. Fig. 1 illustrates a fingerprint
obtained after extraction from an orange juice ma-
trix for morphine, codeine, eserine, and apomor-
phine using UV at 254 nm, fluorescence and electro-
chemical detection. The relative response ratios in
the juice sample were not different from those of a
standard. The retention times of the alkaloids stud-
ied are given in Table II.

The surface of the electrode in the electrochem-
ical detector had to be carefully monitored. At the
beginning of each experiment, a standard that con-
sisted of 2.5 ug/ml of LSD and 10 ug/ml of ergota-
mine was injected. These compounds were chosen
because they eluted early and late in the chromato-
gram. The area counts were maintained at least at
50 000 and 100 000 counts for LSD and ergota-
mine, respectively. If the counts dropped below
these, the electrode surface was repolished with a kit
obtained from Hewlett-Packard. The electrode sur-
face was repolished every day while data for the
relative response ratios were being obtained. Like-
wise, when an unknown sample is analyzed in this
laboratory, the electrode surface is repolished.

This procedure has been used to identify strych-
nine in a real sample that was sent to this laborato-
ry. The sample contained an unknown component
that was not in the control. The unknown eluted at
the same time as strychnine and its relative response
ratios were the same as those for strychnine. The
control was spiked with strychnine and the relative
response ratios matched those in the sample. Mass
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TABLE 1
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RELATIVE RESPONSE RATIOS (NORMALIZED DETECTOR RESPONSE RELATIVE TO SMALLEST DETECTOR RE-

SPONSE)

Experimental conditions as described in the text. ND indicates that the compound was not detected.

Compound 280 nm 330 nm 254 nm Florescence Electrochemical
Anabasine 1.0 ND 30 ND 2299
Apomorphine 1.8 ND 1.0 29 1318
Arecoline ND ND 1.0 ND 20 881
Atropine ND ND 1.0 ND 149
Berberine .1 ND 1.0 ND 517
Cocaine 1.0 ND [.3 ND 481
Codeine 1.0 ND [.0 7 6050
Colchicine 1.0 ND 4.8 ND 775
Dihydroergotamine 3.1 ND 1.0 26 12 521
Emetine 8.9 ND 1.0 8 6732
Ergocriptine 1.0 1.6 4.1 1753 18 595
Ergonovine 1.0 1.4 3.0 453 54 652
Ergotamine 1.0 1.6 4.2 1881 29 863
Eserine 1.0 ND 8.6 99 4137
Hydromorphone 1.4 ND 1.0 ND 4173
Lobeline 1.0 ND 10 ND 462
LSD 1.0 1.2 1.8 1754 18 767
Lysergic acid 1.0 1.3 2.6 419 75 506
Lysergol 1.0 1.2 23 314 47 318
Methylergonovine 1.0 1.4 29 461 47476
Morphine 1.4 ND 1.0 10 3581
Nornicotine 1.0 ND 3.6 ND 317
Oxycodone 1.3 ND 1.0 ND 3995
Pentazocine 9.3 ND 1.0 ND 21 641
Scopolamine ND ND 1.0 ND 5431
Strychnine 1.0 ND 3.6 ND 1275
Yohimbine 1.7 ND 1.0 82 918

spectrometry confirmed the unknown to be strych-
nine.

Orange juice extraction

Selected alkaloids were extracted from orange
juice (Table III). The number of determinations in
all cases was 7 with three method blanks. The
blanks were averaged together and subtracted from
the spikes should any matrix interference occur. To
calculate the total number of analyses, however, 7
was multiplied by the number of detector signals
that detected the alkaloid, i.e., a solution of LSD in
methanol was detected at all three UV wavelengths,
and by the fluorescence and electrochemical detec-
tors. Therefore, the actual number of determina-

tions for LSD was 35. However, a solution of
strychnine in methanol was only detected by UV at
280 and 254 nm, and the electrochemical detector.
Therefore, the actual number of determinations for
strychnine is 21. Each of these determinations were
averaged and the response was compared with that
obtained for a standard in order to calculate the
extraction efficiency for each alkaloid. The extrac-
tion efficiencies between detectors was comparable.

Ergot alkaloid matrix stability study

One of the concerns of this laboratory is an esti-
mation of the stability of a poison in a particular
product. This information may then be used to as-
sess the inherent risk in a real product contamina-
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Fig. 1. Chromatograms of spiked orange juice samples. Conditions as described in the text. Peaks: A = morphine; B = codeine; C =
eserine; D = apomorphine.
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TABLE 11
RETENTION TIMES OF ALKALOIDS

Compound Retention time (min)
Morphine 2.8
Arecoline 29
Hydromorphone 3.0
Nornicotine 3.0
Anabasine 3.2
Lysergic acid 32
Codeine 33
Oxycodone 3.5
Eserine 3.8
Ergonovine 4.0
Scopolamine 4.2
Lysergol 43
Apomorphine 4.6
Methylergonovine 4.8
Strychnine 48
Atropine 5.0
Colchicine 5.5
Cocaine 7.3
Yohimbine 9.2
LSD 9.9
Pentazocine 10.2
Berberine 10.3
Emetine 12.5
Lobeline 14.8
Ergotamine 20.1
Dihydroergotamine 21.4
Ergocriptine 37.0

tion situation. The results of a study such as this are
only definitive for the set of conditions used during
the course of the study and may not apply to other
sets of conditions. In this work, the stability of ergot
alkaloids (lysergic acid, ergonovine, lysergol, meth-
ylergonovine, LSD, ergotamine, dihydroergota-
mine, and ergocriptine) was evaluated in orange
juice, vegetable juice, milk, and a cola beverage un-
der two different sets of storage conditions (with the
exception of milk that was stored in only one condi-
tion). These matrices represented a fairly uniform
or homogeneous sample matrix. The time period
over which the stability was evaluated was two
weeks.

Seven spiked samples and three blank drinks
were analyzed on duy 0 of the study. Seven spikes
and three blanks that were refrigerated and seven
‘spikes and three blanks that were stored at room
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TABLE 111

EXTRACTION OF SELECTED ALKALOIDS FROM OR-
ANGE JUICE

Experimental conditions as described in the text.

Compound Spiking Extraction
concentration (ug/ml) efficiency” (%)
Apomorphine 10 68
Arecoline 200 94
Codeine 10 111
Dihydroergotamine 30 94
Ergocriptine 30 106
Ergonovine 5 100
Ergotamine 30 100
Eserine 10 100
LSD . 0.125 84
Lysergic acid 5 98
Lysergol 5 101
Methylergonovine 5 100
Morphine 10 99
Oxycodone 10 98
Scopolamine 200 80
Strychnine 10 86

 Efficiency = (sample area counts)/(standard area counts) (3/2)
(100%); the equation contains the variable 3/2 because in all
cases the initial sample volume was 2 ml and the final sample
volume was 3 ml.

temperature were analyzed on day 7 (with the ex-
ception of milk, that was stored only at refrigerated
temperatures). This was repeated on day 14. The
samples stored at room temperature were left in the
dark. A working standard containing the eight er-
got alkaloids listed above at their spiking concen-
tration levels (0.125 ug/ml of LSD; 5 ug/ml of ly-
sergic acid, ergonovine, lysergol, and methylergo-
novine; and 30 ug/ml of ergotamine, dihydroergota-
mine, and ergocriptine) was prepared on the first
day of analysis. This standard was kept in the re-
frigerator during the experiment, and used as the
standard on days 7 and 14. The percentage recovery
from all five signals was determined. These recov-
eries were in good agreement with each other and
were averaged. Tables IV-VII contain the stability
study results in the orange juice, vegetable juice,
milk, and cola beverage, respectively. The recov-
eries listed in the tables are the average of the five
signals with the exception of dihydroergotamine in
the cola beverage because it was not detected and
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TABLE 1V
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PERCENT RECOVERIES OF ERGOT ALKALOIDS IN ORANGE JUICE

Experimental conditions as described in the text. ND indicates that the compound was not detected.

Compound Day 0 Day 7/Refr.* Day 7/RT* Day 14/Refr.” Day 14/RT®
Dihydroergotamine 94 68 64 88 51
Ergocriptine 106 68 80 121 91
Ergonovine 98 84 47 74 37
Ergotamine 100 70 80 111 79
LSD 84 61 86 ND ND
Lysergic acid 100 94 88 91 72
Lysergol 101 96 85 93 76
Methylergonovine 100 92 85 89 76

* Refrigerated temperature.

b Room temperature.

TABLE V

PERCENT RECOVERIES OF ERGOT ALKALOIDS IN VEGETABLE JUICE

Experimental conditions as described in the text.

Compound Day 0 Day7/Reft.” Day 7/RT® Day 14/Refr.” Day 14/RT?®
Dihydroergotamine 23 21 17 27 14
Ergocriptine 21 17 20 24 23
Ergonovine 42 27 36 43 55
Ergotamine 21 18 15 23 15
LSD 23 26 21 21 19
Lysergic acid 29 31 28 35 26
Lysergol 17 23 15 31 18
Methylergonovine 26 38 21 39 31

¢ Refrigerated temperature.
b Room temperature.

TABLE VI

PERCENT RECOVERIES OF ERGOT ALKALOIDS IN
MILK

Experimental conditions as described in the text.

Compound Day 0 Day 7 Day 14
Dihydroergotamine 20 14 20
Ergocriptine 23 10 11
Ergonovine 30 29 34
Ergotamine 19 11 13
LSD 49 59 49
Lysergic acid 76 71 80
Lysergol 29 25 38
Methylergonovine 30 33 33

lysergic acid and lysergol in vegetable juice due to
matrix interferences. Fluorescence and electro-
chemical chromatograms of vegetable juice, milk,
and the cola beverage are presented in Figs. 2 and 3,
respectively.

The recoveries in vegetable juice and milk are
much poorer than those in the orange juice and cola
beverage. One explanation for the poor recovery of
alkaloids from the milk matrix could be the copre-
cipitation with the proteins. Also note that the re-
coveries appear to increase with time in the vegeta-
ble juice samples. This result is possibly due to a
mold growth which occurred in these samples both
at room temperature and under refrigeration. The
sample preparation was sometimes difficult because
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Fig. 2. Fluorescence chromatograms of ergot alkaloids in vegetable juice, milk, and a cola beverage. Peaks: A = lysergic acid; B =
ergonovine; C = lysergol; D = methylergonovine; E = ergotamine; G = dihydroergotamine; H = ergocriptine.
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TABLE VII
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PERCENT RECOVERIES OF ERGOT ALKALOIDS IN COLA BEVERAGES

Experimental conditions as described in the text. ND indicates that the compound was not detected.

Compound Day 0 Day 7/Refr.” Day 7/RT? Day 14/Refr. Day 14/RT®
Dihydroergotamine 45 ND ND ND ND
Ergocriptine 64 64 52 69 46
Ergonovine 105 85 73 80 65
Ergotamine 39 30 25 39 25

LSD 113 78 57 78 57

Lysergic acid 105 87 58 89 67

Lysergol 103 87 65 88 66
Methylergonovine 101 87 62 80 63

¢ Refrigerated temperature.
* Room temperature.

not all of the mold could be scraped from the sam-
ple and this would hinder during the SPE step.
Likewise, the recoveries increase for ergocriptine
and ergotamine on day 14 in the orange juice. A
matrix interference that could not be resolved from
these alkaloids occurred on day 14 which made
analyses difficult.

The remaining alkaloids either remained con-
stant over the course of the experiment or slightly
decreased with the exception of LSD in orange juice
and dihydroergotamine in cola beverage. These
components were not detected by the end of the
study. It is believed that these components were
completely metabolized in these matrices.

CONCLUSIONS

The general HPLC method is a good method for
analyzing acidic and basic drugs due to the ion-
pairing reagent in the mobile phase. This is demon-
strated by the determination of lysergic acid and

lysergol during the same chromatographic run. By
using multiple detectors, a chromatographic finger-
print of an unknown drug in a sample can be ob-
tained. This method can be used for the analysis of
extracts of drugs from food matrices. Although not
all compounds can be detected by each detector or
wavelength, it has been shown that each compound
will be detected by at least one of the detectors.

Work is continuing is this area. Stability studies
are being conducted in other matrices and other
classes of drugs are being investigated.
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ABSTRACT

Reversed-phase high-performance liquid chromatograms of an extract of ginseng and mixtures of ginsenosides (ginseng saponins) on
a number of columns of chemically modified porous glass (MPG, pore size 550 A) and silica (pore size 80 and 300 A) were compared.
Although the retention behaviour of ginsenosides was similar on the columns examined, the capacity factors of ten ginsenosides on an
octadecylsilyl- MPG (MPG-ODS) column were smaller than those on silica columns. It is concluded that the MPG-ODS column has a
number of advantages over conventional silica-ODS columns for the chromatography of ginsenosides. These properties are attributable
to the optimum pore size for the molecular size of the saponins on the one hand and to the narrow distribution range of the pore size on

the other.

INTRODUCTION

Microporous glass (MPQG) is a promising materi-
al as a packing in high-performance liquid chroma-
tography (HPLC) owing to its high chemical resist-
ance and its homogeneous and cylindrical pores. It
is stable between pH 2 and 12. The distribution of
the pore size is relatively narrow compared with sil-
ica [1]. Although chemically modified silicas are one
of the most commonly used packing materials, their
pore size distributions are broad and sometimes bi-
modal.

We have prepared octadecylsilyl porous glass
(MPG-ODS) and used it as a packing in reversed-
phase HPCL [2]. Columns of MPG-ODS have been

Correspondence to: Y. Matsushima, Kyoritsu College of Phar-
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successfully used for the analytical and preparative
HPLC of ginsenosides, saponins of ginseng [3-8].
Two water—acetonitrile mobile phases have been
used for the isocratic elution of water-soluble pan-
axatriols and other less hydrophilic saponins. Re-
cently, Petersen and Palmgqvist [9] reported the
HPLC of ginsenosides with a C;g silica column.
They used two-step gradient elution with water—
acetonitrile for the simultaneous separation of six
main ginsenosides. The retention times of ginseno-
sides on the MPG-ODS column were shorter than
those on the octadecylsilylsilica (silica-ODS) col-
umns. We have examined the chromatographic be-
haviour of the saponins and related compounds on
a number of columns. This paper is concerned with
a comparison of columns of chemically modified
MPG and silica in the reversed-phase HPLC of gin-
senosides and other substances.
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EXPERIMENTAL

Materials

The MPG-ODS, silica-ODS (pore size 80 A; par-
ticle size 5 um) and silica-ODS (pore size 300 A;
particle size 5 um) used were Hitachi gels 3161, 3156
and 3063, respectively. Other chemically modified
packing materials of MPG and silica were prepared
by methods analogous to that for MPG-ODS [2].
They were packed into a stainless-steel column (150
% 4.0 mm 1.D.) by the slurry method. MPG (parti-
cle size 10 um) was supplied by Ise Chemical Indus-
tries. Silica was Hitachi gel 3041.

Malonyl-ginsenosides were kindly supplied by
Professor I. Kitagawa of the University of Osaka
(Osaka, Japan). Standard samples of ginsenosides
were obtained from Wako (Osaka, Japan) and
those of estrogens were from Sigma (St. Louis, MO,
USA). Acetonitrile for the mobile phase was of
HPLC grade (Wako). Water was distilled and
passed through a Milli-Q purification system (Milli-
pore, Bedford, MA, USA). Other chemicals were of
analytical-reagent grade.

Ry R, R,
malonyl-ginsenoside Rby 61EGIEMa H 61SGlc
malonyl-ginsenoside Rb,  GIEGIEMa H GictAra(p)
malonyl-ginsenoside Rc G1&G61EMa H Glc§Ara(f)
malonyl-ginsenoside Rd G1EGIEMa H Gic

ginsenoside Rby GI&GIc H GIC.Gle
ginsenoside Rb,  Glc*Gle H “GiAra(p)
ginsenoside Re G13GIc H Glchra(f)
‘ginsenoside Rd Glcz-Glc H Gle
ginsenoside Re H O-Glcz-Rha Gle

ginsenoside Rg, H 0-Glc Glc
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HPLC conditions

The HPLC system consisted of a Tosoh Model
CCPM prep pump, a UV-8010 monitor, an
SC-8010 system controller and data processor and a
PP-8010 recorder. The system was operated at
room temperature. Predetermined volumes of an
extract of ginseng, mixture of ginsenosides and es-
trogens were injected into the chromatograph. The
flow-rate was 1 ml/min and the peaks were mon-
itored at 203 nm.

For isocratic elution, mixtures of acetonitrile—50
mM KH,PO, at several concentrations were used
as the mobile phases. For the one-step separation of
both panaxatriol- and panaxadiol-ginsenosides, a
30-min linear gradient elution from acetonitrile-50
mM KH,PO, (15:85) to acetonitrile-50 mAM/
KH;PO, (50:50) was employed. The column void
time was determined with sodium nitrite.

Sample preparation from ginseng

Ginseng was pulverized and extracted with 70%
methanol at room temperature (20°C) for 30 min
and the extract was filtered and evaporated. The
residue was dissolved in water and applied to a Sep-
Pak C;g cartridge. After washing the column with
water and 30% methanol, the sample was eluted
with methanol and the eluate was evaporated to
dryness under reduced pressure. The residue was
dissolved in the eluent and injected into the HPLC
system.

RESULTS AND DISCUSSION

The chromatograms of a ginseng extract on the
columns of MPG-ODS, silica-ODS (pore size 80 A)
and silica-ODS (pore size 300 A) with linear gra-
dient elution are shown in Fig. 1. The content of
malonyl-ginsenoside-Rd in the extract was too low
to be detected in the chromatograms. Although the
retention behaviours of the ginsenosides on both
the MPG and silica columns were similar, the ca-
pacity factors of ten saponins were smaller on MPG
than on silica columns. As shown in Fig. 2, the reso-
lution between ginsenoside-Rg; and -Re on the
MPG-ODS column was better than that on the sil-
ica-ODS column. At concentrations of acetonitrile
lower than 30%, the two ginsenosides were so re-
tained on the silica-ODS column that they were not
eluted in 30 min.
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Fig. 1. Chromatograms of a ginseng extract on (A) MPG-ODS,
(B) silica-ODS (80 A) and (C) silica-ODS (300 A) columns.
Peaks: 1 = ginsenoside-Rg, 2 = ginsenoside-Re; 3 = malonyl-
ginsenoside-Rb,; 4 = malonyl-ginsenoside-Rc; 5 = malonyl-
ginsenoside-Rb,; 6 = ginsenoside-Rb; 7 = ginsenoside-Rc;
8 = ginsenoside-Rb,; 9 = ginsenoside-Rd; 10 = ginsenoside-
Ro (a pentacyclic terpenoid). Eluent, linear gradient from aceto-
nitrile-50 mM KH,PO, (15:85) to acetonitrile-50 ma KH,PO,
(50:50); flow-rate, 1.0 ml/min; detection, 203 nm.
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The correlations of the capacity factors (k) of
ginsenosides and estrogens on the MPG-ODS and
silica-ODS (80 A) columns were fairly good, as
shown in Fig. 3. To obtain similar k&' values for
ginsenosides under isocratic conditions, the content
of the organic solvent in the mobile phases was low-
er on the MPG-ODS than on the silica-ODS col-
umn. Under the common gradient conditions, ten
ginsenosides and six estrogens were retained on sil-
ica-ODS to a greater extent than on MPG-ODS.
These greater retentions may be attributed to the
smaller size and ink-bottle shape of the pores of the
silica gel.

The order of the elution of malonyl-ginsenoside-
Rd and ginsenoside-Rb; was reversed on MPG-
ODS and silica-ODS (80 A). Under isocratic condi-
tions, the same elution order of the two saponins
was observed on MPG-ODS and silica-ODS (300
A) (Fig. 4). The correlation of log k' of the ginseno-
sides and the estrogens on the MPG-ODS column
were larger with silica-ODS (300 A) than with sil-
ica-ODS (80 A). These results suggest that a dom-
inant factor of the retention order is the pore size.
The log k' values of eight panaxadiol ginsenosides
on the MPG-ODS column were plotted against the
content of acetonitrile in the mobile phase, as
shown in Fig. 5. Similar relationships were obtained
with silica-ODS (300 A), silica-ODS (80 A) and sil-
ica-phenyl (80 A) in the acetonitrile concentration
range 27-30%. The order of the elution of the eight
saponins did not change with variation in the con-
centration of acetonitrile in the range examined for
the four columns.

MPG and silica (80 A) were chemically modified
with alkyl groups of chain lengths C4, Cg and C,,
and with a phenyl group. The chemically modified
MPGs and silicas were packed into a stainless-steel
column (150 x 4.0 mm 1.D.). Mixtures of ginseno-
sides were chromatographed on the columns with
gradient elution. The results are summarized in Fig.
6.

The elution order of malonyl-ginsenoside-Rd and
ginsenoside-Rb; on MPG-phenyl and -C4 and the
silica (80 A) columns was reversed on MPG-Cg,
-C,, and -ODS and silica-ODS (300 A). Among the
silica columns, the silica-ODS (300 A) column
achieved the shortest retention times of the ten sa-
ponins. The best resolution of ginsenoside-Rg; and
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Fig. 2. Separation of ginsenoside-Rg, and -Re on MPG-ODS and silica-ODS (80 A) columns with isocratic elution. Mobile phase,

acetonitrile-water.

-Re was obtained on phenyl-modified MPG and sil-
ica.

Table I gives separation factors (&) of panaxadiol
ginsenosides with isocratic elution on the MPG-
ODS, silica-ODS (80 A), silica-ODS (300 A) and
silica-phenyl (80 A) columns. The resolutions be-

tween malonyl-ginsenoside-Rc and -Rb, (2-3) and
between ginsenoside-Rc and -Rb, (6-7) were better
on the MPG-ODS column than on the silica-ODS
columns. Ginsenoside-Rc and -Rb, are isomers at
the C-20-arabinose moiety, i.e., the former is o-1-
arabinofuranose whereas the latter is a-L-arabino-
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Fig. 3. Correlation of log k' values of ginsenosides and estrogens between MPG-ODS and silica-ODS (80 A). (A) Isocratic elution; (B)
gradient elution. Under isocratic conditions, the ratios of acetonitrile and 50 mAf KH,PO, for the MPG-ODS and silica-ODS (80 A)
columns were 25:75 and 30:70, respectively, for points (O), and 24:76 and 29:71, respectively, for points (). Ginsenoside-Rg, and -Re
were not separated under these conditions. Gradient conditions were the same as shown in Fig. 1. Symbol O represents the ten
ginsenosides as numbered in Fig. 1 arid A six estrogens, viz. estrone, estradiol, estriol, equiline, 17f-estradiol-3-(f-p-glucuronide) and

estriol-16a(f-D-glucuronide).
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Fig. 4. Correlation of log k' values of ginsenosides and estrogens between MPG-ODS and silica-ODS (300 A) columns and between
silica-ODS (80 A) and silica-ODS (300 A) columns. (A) Correlations between MPG-ODS and silica-ODS (300 A) with gradient elution;
(B) correlation between silica-ODS (80 A) and silica-ODS (300 A) with gradient elution; (C) correlation between MPG-ODS and
silica-ODS (300 A) with isocratic elution; (D) correlation between silica-ODS (80 A) and silica-ODS (300 A) with isocratic elution.
Under isocratic conditions, the ratios of acetonitrile and 50 mM KH,PO, for MPG-ODS and silica-ODS columns were 25:75 and
28:72, respectively. Gradient conditions were the same as shown in Fig. 1. The symbol O respresent the ten ginsenosides as numbered in
Fig. 1 and A the six estrogens listed in Fig. 3. M-Rd = malonyl-ginsenoside-Rd; Rbl = ginsenoside-Rb,.

pyranose. MPG-ODS achieved a better separation
of the isomeric glycosides at C-20. The fact that the
separation factors of the isomeric glycosides on sil-
ica-ODS columns (80 and 300 A) were similar sug-
gests that the pore size did not affect the separation
of these isomeric glycosides.
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TABLE I
COMPARISON OF SEPARATION FACTORS (x)

HPLC conditions: eluent, for MPG-ODS, acetonitrile~50 mM KH,PO, (25:75), for silica-ODS (80 A), acetonitrile-50 mM KH ,PO,
(30:70), for silica-ODS (300 A), acetonitrile-50 mAM KH ,PO, (28 72) and for silica-phenyl, acetonitrile-50 mM KH,PO, (27:73);
flow-rate, 1.0 mi/min; detection, 203 nm.

Compounds Separation factor ()
separated”
MPG-0ODS Silica-ODS Silica-ODS Silica-phenyl
80 A) (300 A)

1-2 1.29 1.32 1.31 1.21

2-3 1.40 1.31 1.30 1.19

34 1.61 1.66 1.63 1.34

5-6 1.31 1.35 1.32 1.22

6-7 141 1.30 1.34 1.20

7-8 1.60 1.70 1.62 1.34

“ 1 = Malonyl-ginsenoside-Rb,; 2 = malonyl-ginsenoside-Rc; 3 = malonyl-ginsenoside-Rb,; 4 = malonyl-ginsenoside-Rd; 5 =
ginsenoside-Rb,; 6 = ginsenoside-Rc; 7 = ginsenoside-Rb,; 8 = ginsenoside-Rd.
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ABSTRACT

Nutrient information concerning the specific needs in fermentation broth is crucial to the potency and production of an antibiotic.
Nutrient analysis of carbohydrate metabolism by HPLC is hindered by an array of fermentation broth interferences. These interfer-
ences can be effectively removed by solid-phase extraction. The fermentation broth was diluted with an equal amount of water and
vortexed. The sample mixture was eluted through an activated Acell QMA solid-phase cartridge. The resultant eluent was diluted with
an equal amount of a acetonitrile—ethanol (75:25) mixture, vortexed and filtered. The sample extract was chromatographed on a YMC
polyamine column using refractive index detection. The mobile phase consisted of acetonitrile-water (75:25) at a flow-rate of 1 m]/min.
Under these conditions, glucose, fructose, sucrose and maltose were separated in less than 13 min with baseline resolution. This method
is capable of monitoring the carbohydrate consumption and metabolism throughout the fermentation process.

INTRODUCTION

Nutrient information concerning the specific
needs of microorganisms in fermentation broth is
crucial to the potency and production of an anti-
biotic [1]. Two nutritional factors essential to mi-
crobial activity are a source of energy for cellular
metabolic processes and a source of starting com-
ponents for cellular synthesis. Carbohydrates are
excellent cources of carbon, oxygen and hydrogen,
and metabolic energy for many microorganisms.
They are available as simple sugars or sugar poly-
mers such as starch, dextrins, cellulose or hemicellu-
lose. Since the biomass is typically 50% carbon on a
dry weight basis, carbohydrates are frequently pre-
sent in the media in concentrations higher than oth-
er nutrients and can account for about 20% of the
total nutrient media [2].

The microbial environment is largely determined

Correspondence to: R. G. Bell, Barre-National Inc., 7205 Wind-
sor Boulevard, Baltimore, MD 21244-2654, USA (present ad-
dress).
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by the composition of the growth media. The pre-
ferred media in an industrial fermentation setting is
a complex or natural medium [3]. This media uses
ingredients of natural origin and is not completely
defined chemically. Although all carbohydrates
have an empirical formula of (CH,0),, they are not
equally available to microorganisms. In general,
availability may be ranked as hexoses > disacchari-
des > pentoses > polysaccharides. Many microor-
ganisms can grow well on a variety of carbohy-
drates, yet the yield of the product may be strongly
dependent on the source. This is demonstrated by
the microorganism Cephalosporium acrimonium in
which glucose favors cell growth, galactose maxi-
mizes antibiotic concentration and sucrose optimiz-
es antibiotic yield per cell [4]. Industrial fermenta-
tion broth contains a host of natural ingredients,
such as soy and cottonseed flours, peanut and corn
meals, molasses, starch, beef extract and lard oil, as
well as the starting culture. It is crucial to the pro-
duction and potency of an antibiotic to determine
these nutritional characteristics before selecting a
carbohydrate source for the cultivation of a specific

1993 Elsevier Science Publishers B.V. All rights reserved
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species. Determination of the carbohydrate needs
of a microorganism is accomplished by monitoring
the concentration of carbohydrates in the growth
media during the microorganism lifetime. Through
aerobic respiration, these starting materials under-
go enzymatic and chemical degradation which re-
sult in numerous metabolic by-products which can
interfere with chromatographic analysis. These fer-
mentation broth matrix interferences can be effec-
tively removed by the use of solid-phase extraction
(SPE) enabling carbohydrate analysis of the broth
by high-performance liquid chromatography
(HPLC). SPE is a rapid and reproducible sample
preparation technique that allows the SPE eluent to
be injected immediatley into the HPLC system
without further preparation. The main advantages
of SPE include small sample and solvent volumes,
extended column life, shorter sample preparation
times and better recovery levels [5,6]. This paper
will describe the sample preparation technique and
HPLC analysis for glucose, fructose, sucrose and
maltose in fermentation broth.

EXPERIMENTAL

Materials

HPLC grade acetonitrile, ethanol, isopropyl alco-
hol and water (Burdick and Jackson, Muskegon,
MI, USA) were used for extraction and chromato-
graphic analysis. Biochemical reagent grade glu-
cose, fructose, sucrose and maltose (J. T. Baker,
Phillipsburg, NJ, USA) were used for standard and
system suitability preparations. SPE cartridges were
Acell Plus QMA Sep-Paks (Waters Assoc., Milford,
MA, USA). Syringes (Becton Dickinson and Com-
pany, Rutherford, NJ, USA) were used for sample
delivery into the SPE cartridges.

Chromatographic system

The chromatographic system was equippped
with a constant flow, low pulse pump (Shimadzu
LC-600, Kyoto, Japan) a refractive index detector
(Shimadzu RID-6A), an autosampler (Shimadzu
SIL-9A) and an integrator (Shimadzu CR-501).
The separations were performed on a polyamine
column [250 X 4.6 mm, I.D., 5 um, (YMC, Morris
Plains, NJ, USA)]. The detector and column were
maintained at 35°C. The mobile phase consisted of
acetonitrile-water (75:25, v/v) at a flow-rate of 1
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ml/min. The mobile phase was filtered and de-
gassed. The injection volume was 50 pul.

Sample preparation

SPE cartridges were previously wetted and acti-
vated by flushing the cartridge with 2—4 ml of meth-
anol followed by 2-4 ml of water. Two ml of fer-
mentation broth were mixed with an equal amount
of water and rapidly agitated (vortex) for 1 min.
The mixture was centrifuged for 5 min at 14 000
rpm (1600 g) using an ultracentrifuge (Eppendorf
Centrifuge 5415C, Brinkman Instruments, Westbu-
ry, NY, USA). The resulting supernatant was trans-
ferred into a syringe with an activated SPE car-
tridge at its tip. The supernatant was slowly forced
through the SPE cartridge at an approximate rate
of 1 ml/min. The first milliliter that eluted was dis-
carded. A volume of 1 ml of the eluent was accu-
rately pipetted and added to 3 ml of a acetonitrile—
ethanol (75:25, v/v) mixture and rapidly agitated
(vortex) for 1 min. A precipitate was formed. The
mixture was filtered through a 0.45-um polypropy-
lene filter disc. The resultant eluate was ready for
HPLC analysis.

Standard and system suitability preparation

Standards were prepared from the individual sug-
ars (glucose, fructose, sucrose and maltose) by dis-
solving an accuratley weighed amount into a 100-ml
volumetric flask and diluting with mobile phase.
The concentration of the stock solutions of the sug-
ars was 1 mg/ml. Dilutions were made accordingly.
The system suitability solution contained the afore-
mentioned sugars at approximate concentrations of
0.1 mg/ml

Fermentation media

Defined media can be prepared by the procedure
outlined by Vogel and Bonner [7] or Davis and
Mingioli [8]. The end products of fermentation de-
pends on the type of bacteria used and the nature of
the fermentation media (i.e., wine, beer, yogurt,
yeast, antibiotics etc.)

Defined media [7] is prepared by dissolving 10 g
of magnesium sulfate, 100 g citric acid, 500 g dipo-
tassium hydrogenphosphate, 175 g ammonium so-
dium phosphate in 670 ml of water. This mixture
represents the nutrient concentrate. Final medium
is made by aseptically adding 1 ml of nutrient con-
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centrate to 49 ml of a sterilized solution of 3% corn
steep, 3% glucose, 4% soybean meal and 2% lard
oil.

RESULTS AND DISCUSSION

The chromatographic procedure was validated
for precision (n = 6) (<2.0%), accuracy (99%),
linearity (10%), recovery (99%) minimum detectable
quantity (10~®) and minimum quantitable quantity
(1077 g) for glucose, fructose, maltose and sucrose.
Fig. 1a illustrates the ability of the chromatograph-
ic system to separate the sugars present in the sys-
tem suitability mixture. Elution order is fructose (fz
= 7.1 min), glucose (tx = 8.5 min), sucrose (fx =
10.9 min) and maltose (zx = 12.5 min). There is
excellent resolution (R, > 1.25) for the sugars ex-
amined. SPE recovery efficiencies were performed
with the system suitability solution and spiked fer-
mentation starting broth. Recoveries were greater
than 99% (99.87% = 0.73% system suitability,
99.22% =+ 2.13% spiked broth). A calibration
curve for the sugars is linear (r > 0.999) in the con-
centration range 0.001-1 mg/ml.

Fig. 1b—e depict fermentation chromatograms at
fermentation times of 0, 6, 12 and 18 h. This chro-
matographic procedure is capable of identifying
and quantifying these sugars during the fermenta-
tion cycle. The relative concentrations of these sug-
ars can be plotted as a function of fermentation cy-
cle time. The carbohydrate demands of the mi-
croorganism undergoing fermentation can be opti-
mized by such plots by noting the metabolic con-
sumption and production patterns of the various
carbohydrates in relation to antibiotic production.
At specific times during the fermentation process,
carbohydrates can be spiked into the broth to en-
hance the growth or the production phases.

Fig. 2 compares extraction of SPE with an iso-
propyl alcohol liquid extraction at 5 and 17 h. (Iso-
propyl alcohol was chosen for its ability to extract
the carbohydrates and precipitate the proteinaceous
biomass simultaneously. An equal amount of iso-
propy! alcohol and fermentation broth were mixed
and then shaken for 30 min in a wrist shaker. The
mixture was centrifuged and filtered.) As illustrated
in Fig. 2, SPE provides an excellent means of effec-
tively removing the hydrophobic matrix interfer-
ences that exist in fermentation media. Compari-
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Fig. 1. Chromatograms of carbohydrate system suitability (a)
and SPE extracts of fermentation broth (b—¢) at 0,6, 12and 18 h
of a fermentation cycle. Elution order: fructose (f, = 7.1 min),
glucose (1, = 8.5 min), sucrose (f; = 10.9 min), maltose (1, =
12.5 min). RIUFS = Refractive index units full scale.

sons of the sample preparation techniques clearly
demonstrates that SPE will minimize extraneous
peaks and interferences and maintain baseline in-
tegrity better than solvent extraction. These hydro-
phobic interferences are due to the chemical and
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enzymatic by-products of fermentation metabolism
generally consisting of crude proteins and amino
acids, waxes, sterols, phospholipids, pigments, vita-
mins, minerals, soluble gums and other related nu-
trients needed for fermentation. Eliminating these
analytical interferences becomes increasing impor-
tant during the fermentation cycle. As aerobic res-
piration of the microorganism proceed, the con-
centration of metabolic by-products increase and
can interfere with identification and quantitation of
the sugars as depicted in Fig. 2d. SPE provides oth-
er advantages for the chromatographic system. Col-
umn cleanup and maintenance is minimized as well
as injector reproducibility and clogging.
Fermentation broth consistencies can vary from
a watery consistency to a mud-like sludge. This is
usually a function of the extent of fermentation and
processing. Accuracy of this procedure is dependent
upon proper sampling, dilution and resuspendabil-
ity of the fermentation broth. Failure to perform
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these may result in inadequate extraction, clumping
and/or SPE overload.

This procedure will provide a rapid and accurate
method for assessing carbohydrate needs and con-
sumption patterns of microorganisms in fermenta-
tion media. This procedure can also discern other
sugars, such as lactose, galactose, xylose, pyranose,
inositol, and mannitol that may be required for oth-
er types of fermentation processes. Elucidation of
these carbohydrate nutrient patterns will enable fer-
mentation engineers to define their complex natural
media, allowing adjustments to the broth using sci-
entific judgement rather than inherited art. Identifi-
cation of the metabolic processes and their nutrient
needs will enhance the potency of industrial anti-
biotics production.

CONCLUSIONS

HPLC analysis of carbohydrates using SPE pro-
vides a rapid and reliable means in which to analyze
individual sugars in fermentation media. SPE pro-
vides an excellent means to remove fermentation
broth matrix interferences, allowing a clear inter-
pretation of the chromatographic results. SPE pro-
vides several chromatographic advantages over tra-
ditional solvent extraction that result in less inter-
ferences, simultaneous elution and baseline shifting
as well as maintaining column and chromatograph-
ic system integrity. The chromatographic assay is
rugged and reliable allowing detection of carbohy-
drates in the fermentation extract throughout the
microorganism’s lifetime. This information can be
used to optimize the microorganism’s growth and
subsequent antibiotic production in the fermenta-
tion broth since the simple sugars are the preferred
carbon and energy source.
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ABSTRACT

An ion-pair method with sodium octanesulfonate and ethylenediaminetetraacetic acid was used for the analysis of extruded salmon
and trout feeds for ethyl cellulose-coated L-ascorbic acid and one of its more stable analogues, dipotassium ascorbyl-2-sulfate di-
hydrate. For enhanced sensitivity electrochemical detection was used. The procedure used to extract the vitamin C from the feeds
played a vital role in obtaining good recoveries. When the ascorbic acid was extruded manually, the recovery was poor. However, when
a polytron homogenizer was employed, the vitamin C recoveries were greatly improved.

INTRODUCTION

Although most animals are able to synthesize
their dietary requirements of vitamin C, certain
types of fish cannot {1]. It is, therefore, imperative
that these fish acquire vitamin C from their diet.
Since unprotected vitamin C is unstable under ordi-
nary conditions of light, temperature and moisture,
protected forms of vitamin C must be developed
and evaluated for use in vitamin-supplemented
feeds.

Two protected forms of vitamin C, ethyl cellu-
lose-coated L-ascorbic acid (C1) and dipotassium
ascorbyl-2-sulfate dihydrate (C2), were analyzed by
HPLC to determine their stability in manufactured
feed matrices. These feeds were extruded trout feed,
extruded salmon feed and moist salmon feed.

In order to evaluate effectively C1 and C2 in
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feeds, good methods of analysis are required to
identify and quantify these dosage forms. The im-
portant requirements for a reliable method are ade-
quate sensitivity and recovery, and the ability of
differentiate between the signal from the vitamin C
and the matrix.

Vitamin C and its analogues in feeds and tissues
have been analyzed by a variety of techniques. For
example, Quadri et al. [2] used a spectrophotomet-
ric method to analyze C2 in pelleted fish feed, as did
Soliman, et al. [3] who analyzed a variety of protect-
ed forms of vitamin C including C2. The stability of
these preparations was observed during both feed
manufacture and long-term storage. The analytical
method used was adapted from the method of Roe
[4]. De Antonis et al. [S] compared three HPLC
methods for the analysis of C1 and C2 in shrimp
tissues. Of these three methods, two used ion-pair
chromatography and one used ion-exchange chro-
matography; all three used UV detection. Skelbaek
et al. [6] analyzed two forms of vitamin C (not in-
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cluding C1 or C2) in pelleted fish feed both during
and after manufacture. The analysis was done using
reversed-phase HPLC with tetrahexylammonium
bromide as an ion-pairing agent and UV detection
at 243 nm. Schuep et al. [7] examined the stability of
C2 in pelleted fish feed using reversed-phase HPLC
with UV detection at 254 nm. Wang et al. 8] used
ion-pair chromatography with tetrabutylammoni-
um phosphate and electrochemical detection for vi-
tamin C analysis. In the present work, C1 and C2
were analyzed with sodium octanesulfonate (SOS)
as the ion-pairing agent and electrochemical detec-
tion for enhanced sensitivity.

Little is known about the stability of C2 during
extrusion manufacturing, which is more rigorous
than pelleting, and storage. This project was de-
signed to examine the stability of C1 and C2 in feeds
both during and after the manufacture process.

EXPERIMENTAL

Apparatus

Chromatographic analysis was performed using
a Series 3B liquid chromatograph (Perkin-Elmer,
Norwalk, CT, USA), a Model 625 autoinjector with
a 20-pl loop (Micromeritics, Norcross, GA, USA)
and an LC-4B amperometric detector with a silver/
silver chloride reference electrode and a glassy car-
bon working electrode (Perkin-Elmer). Peak
heights were recorded with an Omniscribe strip-
chart recorder (Houston Instruments, Austin, TX,
USA), and peak areas were electronically integrated
with a Model 3600 data station, using CHROM?2
software (Perkin-Elmer). A reversed-phase Nucleo-
sil C;g column (1. Molnar, Berlin, Germany; 25 cm
X 4.6 mm ID., 5-um particles) was used with a
guard column packed with Sepralyte C;5 (25 um).

Chromatographic method

The column was a Nucleosil C;g (I. Molnar; 25.0
cm X 4.6 mm 1.D.). The mobile phase was 500 ml
of an aqueous solution containing 3.2812 g of sodi-
um acetate, 0.0168 g of ethylenediaminetetraacetic
acid (EDTA), 0.1082 g of SOS and 26.3 ml of meth-
anol. The pH was adjusted to 4.0 with glacial acetic
acid. The mobile phase was filtered through a
0.45-um filter prior to use. The flow-rate was 1.0
ml/min, and column was at room temperature. The
electrochemical detector potential was varied from
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0.70 to 0.95 V. The optimal potential value for Cl1
was 0.75 V and the optimal potential for C2 was
095 V.

Chemicals

Two commercially available forms of vitamin C
were used as references, ethyl cellulose-coated L-as-
corbic acid (C1) (97% pure, 3% ethyl cellulose)
(Hoffman LaRoche, Nutley, NJ, USA) and dipo-
tassium ascorbyl-2-sulfate dihydrate (C2) (97%
pure, 48% ascorbic acid equivalence) (Pfizer, Spe-
cialty Chemicals Division, Groton, CT, USA).

The following chemicals, which were of reagent-
grade quality, were used without further purifica-
tion. EDTA and SOS were purchased from Sigma
(St. Louis, MO, USA), glacial acetic acid and meth-
anol from Fisher Scientific (Fairlawn, NJ, USA) so-
dium acetate from Matheson, Coleman, and Bell
(Norwood, OH, USA) and dithiothreitol (DTT)
from Eastman Kodak (Rochester, NY, USA).

Doubly distilled and deionized water was pre-
pared on site and filtered through a 0.45-um filter
(Millipore, Bedford, MA, USA) prior to use in the
mobile phase.

Dry extruded feeds

Three one-ton batches of dry extruded trout feed
and three one-ton batches of dry extruded salmon
feed were manufactured by Archer Daniel Midland
(Tuscalusa, AL, USA). The levels of Cl1 and C2
were different in the three batches of each feed.
Three target treatment levels were made: (1) 250
mg/kg C2, (2) 350 mg/kg C2 and (3) 2200 mg/kg
C1. These are further described as T1, T2 and T3 in
the trout feed and S1, S2 and S3 in the salmon feed.

Twenty-five-pound samples of the six types of
supplemented feeds (three treatment levels of trout
feed and three treatment levels of salmon feed) were
taken at three points in the manufacturing process.
The first sample was taken immediately after sup-
plementation, the second was taken at the die plate
and the head of the extruder and the third was tak-
en at the bagging operation after the feed was dried
and cooled. In addition, baseline samples were tak-
en prior to the addition of the vitamin C. The sam-
ples were frozen with dry ice and transported to the
University of Rhode Island for storage and analy-
sis.
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Moist feeds

Duplicate batches of a soft moist salmon (33%
moisture) containing the same ingredients as the ex-
truded salmon feed were made at the University of
Rhode Island’s aquaculture facility using a Hobart
(Toledo, OH, USA) laboratory-scale soft pelleting
machine. The first batch was supplemented at a lev-
el of 1000 mg/kg C1, and the second batch was sup-
plemented at a level of 350 mg/kg C2.

After cold pelleting, two samples of each feed
were taken. One was immediately frozen (—70°C)
using a bath of methanol and dry ice, and the other
was stored at room temperature for 3 h prior to
freezing. Samples of each feed were analyzed for C1
and C2 levels. In addition, the feeds were screened
for pro-oxidants prior to their long-term stability
evaluation.

In a separate study, C2 stability was examined in
a commercial soft moist feed and its respective pre-
manufacture mash provided by Conners Brothers
(Blacks Harbor, New Brunswick, NJ, USA). The
target potency of this batch was 250 mg/kg C2. The
feed samples were received in a thawed state 3 days
after manufacture and were stored at room temper-
ature. Samples of the premanufacture mash and the
finished feed were analyzed for C2 content five
times in an 8-day period.

Standard preparation

Standard solutions for C1 and C2 in the concen-
tration range 0.0001-0.01 mg/ml were analyzed.
The solution were prepared in water.

Sample preparation

The vitamin C was extracted from the fish feeds
using two techniques, a manual technique and a
more rigorous technique which employed a poly-
tron homogenizer.

In the manual extraction procedure, 0.5 g of the
feed sample was ground to a fine powder with a
mortar and pestle. The sample was then dissolved in
5 ml of a solution containing 6% metaphosphoric
acid (mPA) (to precipitate the proteins [9]) and
0.2% DDT (for protection of sulfhydryl groups
{10]) and vortexed for 2 min. The mixture was cen-
trifuged at 3000 g for 3 min, and the supernatant
was filtered through a 0.45-um filter (Millipore).
The filtrate was then diluted to 100 ml.

When the polytron was used, the feed sample was
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ground and dissolved as previously described. The
resulting solution was homogenized in three ali-
quots using the polytron. The supernatants from
each aliquot were then pooled, diluted to 100 ml
and filtered through 0.45-um filters as previously
described.

RESULTS AND DISCUSSION

Screening for pro-oxidants

There was no evidence of the presence of pro-
oxidants which can accelerate the degradation of
the ascorbic acid. The levels of moisture, lipid, pro-
tein, ash, fiber, calcium, potassium and phosphorus
were determined. The levels were found to be very
close to those measured in a typical commercial
trout or salmon feed, indicating that these are ap-
propriate batches of feed for this study.

Extraction procedure

The levels of C1 and C2 determined for the ex-
truded feeds using the manual extraction procedure
are significantly lower than the levels found using
the Polytron. The ascorbic acid levels were deter-
mined using each of the extraction techniques for
the samples taken after storage for 30 days at 25
and 40°C (Table I). The ascorbic acid way extracted
from the feed more thoroughly using the polytron
than the manual technique. In all cases there was an
increase in ascorbic acid level when the polytron
was employed.

Chromatographic method

Aqueous standard solutions containing C1 and
C2 were analyzed. The retention times of C1 and C2
were approximately 3.5 and 4.5 min, respectively.
The method exhibited good linearity for C1 and C2
in the concentration range 0.0001-0.01 mg/ml. The
correlation coefficients for both dosage forms were
1.000 over two orders of magnitude.

The two forms of ascorbic acid were adequately
separated from the feed matrix. All of the possible
interfering peaks from the matrix were eluted after
the ascorbic acid (see Figs. 1 and 2 for chromato-
grams of feeds containing C1 and C2).

Ascorbic acid stability
During manufacture, less than 5% of the C2 and
greater than 98% of C1 was lost. These data in-
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TABLE ]
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COMPARISON OF MANUAL AND POLYTRON SAMPLE PREPARATION

Sample® Dosage Target Level after 30 days (mg/g)
form level
(mg/g) 25°C 40°C
Polytron Manual Polytron Manual

Trout:

T1 C2 250 278 129 279 149

T2 C2 350 351 219 359 279
Salmon:

S1 C2 250 278 139 254 179

S2 C2 350 395 314 369 299

¢ T3 and S3 were not monitored since the C1 levels were so low after manufacturing. T1 = trout feed with 250 mg/kg C2; T2 = trout
feed with 350 mg/kg C2; T3 = trout feed with 2200 mg/kg C1; S1 = salmon feed with 250 mg/kg C2; S2 = salmon feed with 350

mg/kg C2; S3 = salmon feed with 2200 mg/kg C1.

dicate that C2 survived the rigorous extrusion man-
ufacture process whereas the C1 did not (Table II).

The amount of C2 remaining in the extruded
trout and salmon feeds was examined on a monthly
basis for 6 months after manufacture. C1 was not
monitored since there was an insignificant amount
remaining after manufacture. After 6 months of
storage, the extruded trout and salmon feeds re-
tained 81-85% of the potency after manufacture
which corresponds to 77-81% of the target poten-

TABLEII

cy. Due to inhomogeneity in the samples, the levels
appear to increase with time at some points

In the soft moist feed 87% of the C2 survived
cold pelleting, 85% remained after 3 h at room tem-
perature, and 81% remained after 24 h at room
temperature. Only 16% of C1 survived the cold pel-
leting. After 3 h at room temperature only 4.8% of
Cl remained, and after 24 h at room temperature
no C1 was detected.

In a separate study of C2 stability of the soft

ASCORBIC ACID LEVELS OBTAINED BY THE POLYTRON EXTRACTION TECHNIQUE

Sample Dosage Target Level after Level at head Level after Percentage
form level supplementation  of extruder drying after
(mg/kg) (mg/kg) (mg/kg) (mg/kg) manufacturing

Trout:

T1 C2 250 290 N.M.“ 286 98.6

T2 C2 350 379 N.M. 363 95.8

T3 Cl1 2200 2240 N.M. 10 0.04
Salmon:

S1 C2 250 292 N.M. 283 96.9

S2 C2 350 399 N.M. 395 98.6

S3 C1 2200 2199 N.M. 40 1.83

% N.M. = Not measured.



K. M. De Antonis et al. | J. Chromatogr. 632 (1993) 91-96

—
Q

Detector response (nA)

Time (minutes)

" Fig. 1. Chromatogram obtained using a Nucleosil C, ; column (1.
Motlnar; 25.0 x 4.6 mm 1.D.). The mobile phase was 500 ml of
an aqueous solution containing 3.2812 g of sodium acetate
0.0168 g of EDTA and 0.1082 g of SOS and 26.3 ml of methanol.
The pH was adjusted 1o 4.0 with glacial acetic acid. The flow-rate
was 1.0 ml/min, and the column was at room temperature. The
electrochemical detector was set at 0.75 V, 200 nA full scale. The
sample was a trout feed containing C1.

moist feed, samples of a commercial soft moist feed
and its premanufacture mash were provided by
Conners Brothers. When this feed was analyzed
over an 8-day period, 78% of the C2 remained in
the premanufacture mash after 2 weeks, and 66%
remained in the feed after 2 weeks (Table I1I). The
increase in C2 content from the premanufacture
mash to the finished product is due to the loss of
water in the feed.

TABLE 111

C2LEVEL OBTAINED IN MOIST FEED AND PREMANU-
FACTURE MASH FROM CONNERS BROTHERS

Day Premanufacture Feed*
mash (mg/kg) (mg/kg)

0 223 300

2 211 270

4 198 205

6 185 201

8 176 199

¢ Target amount is 250 mg/kg.
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Detector response (nA)
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Fig. 2. Chromatogram obtained using a Nucleosil C, 4 column (I.
Molnar; 25.0 cm % 4.6 mm 1.D.). The mobile phase was 500 m!
of an aqueous solution containing 3.2812 g of sodium acetate,
0.0168 g of EDTA and 0.1082 g of SOS, and 26.3 ml of metha-
nol. The pH was adjusted to 4.0 with glacial acetic acid. The
flow-rate was 1.0 ml/min, and the column was at room temper-
ature. The electrochemical detector was set at 0.95 V, 20 nA full
scale. The sample was a salmon feed containing C2.

CONCLUSION

The reversed phase HPLC system using ion pair-
ing with SOS gives good linearity of Cl and C2 in
the standard, and resolves the two forms of vitamin
C from the feed matrix in the extract samples. The
electrochemical detector gives adequate detection
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for the ascorbic acid at the levels found in the feed
matrices.

The extraction procedure greatly influenced the
recovery of C1 and C2 from the dry extruded feeds.
Data from samples extracted both with and without
the homogenizer indicate that the homogenizer pro-
vides a more complete ascorbic acid extraction. In
almost all cases, the homogenizer improved recov-
ery of C1 and C2 from the feed, and. the results are
much more reproducible.

The data in this paper show that while almost
none of the C1 activity remained dfter manufacture,
greater than 95% of the C2 activity remained after
manufacture, and les than 20% is lost during 6
months of storage at 40°C. In the most salmon
feeds, 81% of C2 activity and none of the C1 activ-
ity was retained after 2 weeks of storage. Thus, C2
in commercial feeds is very stable during and after
the manufacturing process of commercial feeds.
Due to the instability of oils and vitamins other
than vitamin C, commercial dry feeds are generally
not stored for more than 90 days and soft moist
feeds not longer than two weeks.
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ABSTRACT

Estimation of lipid peroxidation (LPQ) through malonaldehyde (MDA) formation measured by assaying thiobarbituric acid reactive
products remains the method of choice to study the development of oxidative stress to assess myocardial ischemic reperfusion injury.
However, MDA estimation by this assay is non-specific and often gives erroneous results. In this report, we describe a method to
estimate MDA, formaldehyde (FDA), acetaldehyde (ADA), and acetone, the degradation products of oxygen free radicals (OFR) and
polyunsaturated fatty acids (PUFA), as presumptive markers for LPO. Isolated rat hearts were made ischemic for 30 min, followed by
60 min of reperfusion. The perfusates were collected, derivatized with 2,4-dinitrophenylhydrazine, and extracted with pentane. Aliquots
of 25 ul in acetonitrile were injected on a Beckman Ultrasphere C, ; (3 pm) column. The products were eluted isocratically with a mobile
phase containing acetonitrile-water—acetic acid (40:60:0.1, v/v/v). The peaks were identified by co-chromatography with the hydrazine
derivatives of authentic standards. The retention times of MDA, FDA, ADA and acetone were 5.0, 6.3, 9.8 and 15.7 min, respectively.
The results of our study indicated progressive increase in all four lipid metabolites with reperfusion time. Thus, our results demonstrate
that the release of lipid metabolites from the isolated heart increased in response to oxidative stress. Since MDA, FDA, ADA, and
acetone are the products of OFR-PUFA interactions, this method allows proper estimation of LPO to monitor the .oxidative stress
developed during the reperfusion of ischemic myocardium.

INTRODUCTION

The extent of lipid peroxidation in biological tis-
sue and fluid is considered to be an important pa-
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rameter for the identification of the oxidative stress
developed under the pathophysiologic conditions
[1,2]. Formation of malonaldehyde (MDA) is a
widely recognized marker for lipid peroxidation [3],
and the most commonly used method to estimate
MDA formation is the spectrophotometric assay of
the MDA following its reaction with thiobarbituric
acid (TBA) {4,5]. Although this method is rapid and

1993 Elsevier Science Publishers B.V. All rights reserved
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relatively simple, the significance of the results is
often blunted because of the incorrect interpreta-
tion of the results. The TBA-reactive products (of-
ten referred to as TBAR) as a measure for malon-
aldehyde formation in non-specific, because TBA
not only forms a colored complex with malonalde-
hyde, but it also reacts with many other compounds
including ribose, biliverdin, amino pyrimidines and
sialic acid [6].

To overcome this problem a number of methods
was developed to estimate MDA-TBA adducts us-
ing high-performance liquid chromatography
(HPLCQ) [7,8]. Although these results are more re-
liable compared to the spectrophotometric methods
of TBAR detection, this HPLC technique did not
gain popularity because of the extremely complex
nature of sample preparation and slowness of the
technique.

In this report we describe a highly efficient tech-
nique to monitor the lipid peroxidation in biolog-
ical tissue. It is well known that reperfusion of an
ischemic tissue such as heart is associated with the
formation of oxygen-derived free radicals which
presumably attack the polyunsaturated fatty acids
in the membrane phospholipids causing lipid perox-
idation [9]. The extent of such lipid peroxidation
was measured by estimating MDA and related lipid
metabolic products after derivatizing with 2,4-di-
nitrophenylhydrazine (DNPH) using HPLC. Our
results indicated this method to be extremely effi-
cient and reliable to monitor the extent of lipid per-
oxidation in the ischemic reperfused myocardium
as compared to any other available techniques.

EXPERIMENTAL

Materials

TBA and DNPH were obtained from Sigma (St.
Louis, MO, USA). Malonaldehyde was purchased
from Aldrich (Milwaukee, WI, USA), while formal-
dehyde, acetaldehyde, and acetone were from Sig-
ma. DNPH standards were generated by derivatiza-
tion of the pure compounds.

All organic solvents were of HPLC grade (Bur-
dick & Jackson, Muskegon, MI, USA). Water was
purified with a Milli-Q system. The mobile phase
was filtered through a 0.22-um nylon-66 solvent fil-
ter (Rainin Instrument, Woburn, MA, USA). All
other chemicals were of analytical grade.
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Methods

Isolated rat heart preparation. Sprague Dawley
male rats of about 250 g body weight were anesthe-
tized with intraperitoneal pentobarbital (80 mg per
kg). Hearts were removed and quickly mounted on
a noncirculating Langendorff perfusion apparatus
as described previously [10]. Retrograde perfusion
was established at a pressure of 100 cmH,O (9.8 -
10® Pa) with oxygenated normothermic Krebs—
Henseleit bicarbonate (KHB) buffer containing 3%
bovine serum albumin. Hearts were allowed to be
equilibrated for 10 min at 37°C with noncirculating
KHB buffer. The retrograde aortic flow was then
terminated, and the heart was made ischemic for 30
min in physiological saline at 37°C. Reperfusion
was then performed with the fresh KHB buffer for
60 min at normothermia. Perfusate samples were
collected prior to ischemia (baseline), after ischemia
and during the reperfusion for the estimation of
MDA.

Assay for MDA as TBA-reactive materials. TBA-
reactive materials were estimated by the well-estab-
lished technique [11]. In short, 1 ml of the perfusate
was mixed with 0.2 ml of 15% trichloroacetic acid,
1 ml of 0.75% TBA in 0.5% sodium acetate, and
the mixture boiled for 15 min [11]. The red color of
the TBA-MDA complex was read with a spectro-
photometer using 535 nm wavelength.

Derivatization and extraction of lipid metabolites.
The lipid metabolites extracted with the perfusate
were derivatized using DNPH. For derivatization
purpose, 310 mg of DNPH was dissolved in 100 ml
of 2 M HCH, and 0.1 ml of this DNPH reagent (3.13
umol) was added to 1.5 ml of the perfusate in a
20-ml screw-capped PTFE lined test tube. An ali-
quot of 0.5 ml of water was added to the tube, the
contents were mixed by vortexing and then 10 ml of
pentane was added to the mixture. The tubes were
intermittently shaken for 30 min, and reactions
were allowed to occur at room temperature. The
organic phase was removed, and the aqueous phase
was extracted with an additional 20 ml of pentane.
The pentane extracts were combined, evaporated
under a stream of nitrogen at 30°C, and reconstitut-
ed in 200 ul of acetonitrile. This filtered acetonitrile
extract was directly injected onto the HPLC col-
umn.

HPLC procedure. A 25-ul volume of the filtered
(0.2-um Nylon-66 membrane filters in Microfilter-
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fuge tubes from Rainin, Woburn, MA, USA) sam-
ple was injected onto a Beckman Ultrasphere ODS
Cis (3 um particle size, 7.5 cm X 4.6 mm 1.D.)
column (Rainin, Woburn, MA, USA) in a Waters
chromatograph (Milford, MA, USA) equipped
with a Model 820 full control Maxima computer
system, satellite Wisp Model 700 injector, Model
490 programmable multi-wavelength UV detector
(4 channels), two Model 510 pumps, and a Bond-
apak C,g Guard-Pak pre-column. The DNPH de-
rivatives were detected at 307, 325 and 356 nm si-
multaneously with 3 channels of the M-490 detector
at a flow-rate of 1 ml/min with an isocratic gradient
of acetonitrile-water—acetic acid (40:60:0.1, v/v/v)
for a total run time of 18 min. The column was
washed with acetonitrile—acetic acid (100:0.1, v/v)
before each day’s work to remove any bound re-
agent.

Generation of standard curves. To make hydra-
zone standards, 30 ml of DNPH stock solution was
allowed to react with an excess (1 to 3 nmol) of
formaldehyde (FDA), acetaldehyde (ADA), MDA
or acetone at room temperature. The precipitated
hydrazones were filtered, dried, and recrystallized
from methanol. Solutions containing 50 ng/ul of
each of the four synthetic hydrazones were pre-
pared and chromatographed as described above.
The perfusion samples were spiked with the known
amounts of each of the synthetic hydrazones to
identify and confirm the presence of hydrazone de-
rivatives of the lipid metabolites.

RESULTS

Separation and identification of lipid metabolites

The DNPH derivatives of authentic standards of
FDA, ADA, MDA and acetone were separated us-
ing three different wavelengths: 307, 325 and 356
nm. MDA gives an absorption maximum at 307 nm
whereas the absorption maximum for FDA, ADA
and acetone is 356 nm. The retention times of
MDA, FDA, ADA and acetone were 5, 6.3, 9.8 and
15.7 min, respectively, making a total run time of 18
min (Fig. 1).

Construction of calibration curve

With MAXIMA 820 software, calibration curves
were produced and response factors were calculated
for all the lipid metabolites. Ten different concen-
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trations (10 pmol to 6.25 nmol) of each standard
were injected and chromatographed as described
previously. Various concentrations of each stan-
dard: (A) MDA, (B) FDA, (C) ADA, and (D) ace-
tone were plotted against the peak area obtained.
Standard curves were generated for all three wave-
lengths, 307, 325 and 356 nm.

The response factors were derived from the slope
of each curve. Table I shows the values for the re-
sponse factor, signal-to-noise (S/N) ratio, and the
lowest limit of detection for each wavelength.

Quantitative estimation of lipid metabolites in the
perfusate
Since reperfusion of ischemic myocardium is as-
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Fig. 1. Separation of MDA-DNPH, FDA-DNPH, ADA-
DNPH, and acetone-DNPH standards by reversed-phase
HPLC. Aliquots of 25 ul of standard solutions containing 2 nmol
of each DNPH standard were injected onto a C, 4 column as
described in Methods and the absorbance measured at three dif-
ferent wavelengths: (A) 307 nm; (B) 325 nm; (C) 356 nm.
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TABLE 1
RESPONSE FACTOR, » VALUE, LOWEST LIMIT OF DETECTION AND S/N RATIO FOR MDA, FDA, ADA AND ACE-
TONE
Standard 4 (nm) Response r Value? Lowest limit S/N
factor® of detection ratio
(1077) (pmol)
MDA-DNPH 307 3.357057 0.9985 10 2.4
MDA-DNPH 325 4.045774 0.9981 30 27
FDA-DNPH 356 2.086545 0.9984 10 2.8
FDA-DNPH 325 3.752380 0.9982 30 2.7
ADA-DNPH 356 1.446131- 0.9983 10 3.7
ADA-DNPH 325 3.534486 0.9987 30 4.0
Acetone—
DNPH 356 1.125031 0.9984 10 3.9
Acetone—
DNPH 325 3.195716 0.9982 30 3.1

“ Response factor equals the weight of the compound in the calibrating solution (nmol/injection) divided by the integrated peak area of

the compound.
r Value is the correlation coefficient for a linear standard curve with a perfect correlation at 1.0000.
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Fig. 2. Separation of MDA-DNPH in rat heart perfusates. Per-
fusates were collected, derivatized, extracted, and chromato-
graphed as shown in Experimental. Absorbance was measured at
307 nm. (A) Baseline; (B) after 30 min of ischemia and 15 min of
reperfusion; (C) after 30 min of ischemia and 60 min of reperfu-
sion.

sociated with the production of lipid peroxidation
products from the free radical-lipid interactions, we
attempted to measure the lipid metabolites in the
ischemic reperfused myocardium. The isolated rat
hearts were subjected to 30 min of ischemia fol-
lowed by 60 min of reperfusion. The perfusates ob-
tained from the heart were processed as described in
Methodology and the derivatized extracts were
loaded onto the HPLC column equipped with pro-
grammable multi-wavelength UV detector. The re-
sults from (A) the baseline, (B) 15 min reperfusion,
and (C) 60 min reperfusion heart perfusates are
shown in Fig. 2 (307 nm), and Fig. 3 (356 nm). As
shown in these Figs., the peaks for FDA, ADA, and
acetone are already present in the baseline samples,
and they increase progressively as the reperfusion
progresses. MDA peak is barely present in the base-
line sample, and it appears after the reperfusion and
like other metabolite peaks, it increases as a func-
tion of the duration of reperfusion. The exact values
are shown in Table II.

The identify of the peaks were confirmed by com-
paring the retention times with those of authentic
standards. In addition, spiking with the standards
was also performed [Fig. 4 (307 nm) and Fig. 5 (356
nm)]. Accuracy of the method was determined by
standard addition technique. Addition of 50 pmol
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Fig. 3. Separation of FDA-DNPH, ADA-DNPH, and acetone-
DNPH in rat heart perfusates under the same conditions as de-
scribed in Fig. 2 except that the absorbance was measured at 356
nm. (A).Baseline; (B) after 30 min of ischemia and 15 min of
reperfusion; (C) after 30 min of ischemia and 60 min of reperfu-
sion.
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Fig. 4. Peak addition of MDA-DNPH to rat heart perfusate
reperfused 15 min after 30 min of ischemia. Amounts of 0.33
nmol of MDA-DNPH standards were added to rat myocardial
perfusate and chromatographed as shown in Methods and the
absorbance measured at 307 nm. (A) Rat heart perfusate after 30
min of ischemia and 15 min of reperfusion; (B) same perfusate as
in A with the addition of 0.33 nmol of MDA-DNPH standard.

ESTIMATION OF MDA-DNPH, FDA-DNPH, ADA-DNPH AND ACETONE-DNPH IN RAT HEART DURING ISCHEMIA

AND REPERFUSION

Time of Amount £ S.D. (n =6) (nmol/ml perfusate)
reperfusion
(min) MDA-TBA MDA-DNPH FDA-DNPH ADA-DNPH Acetone-DNPH
(307 nm) (356 nm) (356 nm) (356 nm)

Baseline 0.23 = 0.08 0.049 + 0.016  3.10 + 0.17 2.84 + 0.28 21.34 + 1.16

1 1.15 £ 0.19 0.069 + 0.009 297 + 0.83 3.14 = 1.03 26.20 + 3.57
15 1.58 + 0.21 0.077-+ 0.014 323 + 0.53 4.15 + 1.88 19.76 + 3.80
30 1.61 + 0.42 0.109 + 0.033 531 £ 2.73 423 + 1.43 25.18 + 2.17
45 1.78 £+ 0.56 0.119 £+ 0.009 6.16 £ 191 570 £ 1.55 22.13 + 2.0
60 2.41 £ 0.84 0.136 + 0.024  4.69 + 1.92 524 + 1.48 26.11 + 1.82
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Fig. 5. Peak addition of DNPH standards to rat heart perfusate.
Conditions were the same as described in Fig. 4, except that the
absorbance was measured at 356 nm. (A) Rat heart perfusate
after 15 min of reperfusion; (B) perfusate with the addition of
0.33 nmol of FDA-DNPH standard; (C) perfusate with the ad-
dition of 0.33 nmol of ADA-DNPH standard; and (D) perfusate
with the addition of 0.33 nmo! of acetone-DNPH standard.

TABLE III

ESTIMATION OF MDA AS TBA-REACTIVE PRODUCTS
IN RAT HEART DURING ISCHEMIA AND REPERFU-
SION

Time of
reperfusion (min)

Amount of MDA + S.D. (n = 6)
(nmol/ml perfusate)

Baseline 0.23 £ 0.08

I 1.15 £ 0.19
15 1.58 + 0.21
30 1.61 + 0.42
45 1.78 £+ 0.56
60 241 + 0.84

G. A. Cordis et al. [ J. Chromatogr. 632 (1993) 97-103

of each of the standards were accurately reflected in
the peak heights. Within-run and inter-run varia-
tions were 1 and 5%, respectively.

TBA-reactive materials

The same perfusate samples were also estimated
by assaying the TBA-reactive materials. The values
for TBA-reactive materials are shown in Table II1.
As expected these values were much higher com-
pared to those obtained for MDAS from the corre-
sponding myocardial perfusate samples.

DISCUSSION

Lipid peroxidation is a complex process in which
polyunsaturated fatty acids are subjected to attack
by the oxygen-derived free radicals resulting the
formation of lipid hydroperoxides. In biological tis-
sues these lipid hydroperoxides are broken down
into variety of products including aldehydes and ke-
tones {11]. A large variety of methods are available
for the detection of lipid peroxidation products
which include determination of diene conjugation
[12], lipid hydroperoxides [13], chemiluminescence
[14], hydroxy acids [15], ethane [16] and TBA-reac-
tive materials [4,5]. Among these methods estima-
tion of TBA reactive products is most popular and
widely used to study the lipid peroxidation in bi-
ological samples. The success of the TBAR method
depends on the accuracy of the determination of
MDA content. However, as mentioned earlier,
TBA reacts with many other compounds besides
MDA, and as a result it often overestimates the
MDA content and yields erronious results. This
method was subsequently modified to determine
MDA-TBA complex by HPLC, but the slowness as
well as the complexity of the procedure could not
make it easily adaptable for the routine assay of
MDA.

In this report we have described a method which
can accurately estimate at least four different lipid
breakdown products, MDA, FDA, ADA and ace-
tone. In this method the carbonyls present in the
myocardial tissue are converted into hydrazone de-
rivatives by reacting with DNPH. This method was
previously used to examine the lipid metabolites in
the urine samples [17]. However, no attempt has
ever been made to use this method to estimate the
extent of lipid peroxidation under the pathophysi-
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ological conditions in biological tissues such as
heart. It has long been known that reperfusion of
ischemic tissue produces oxygen free radicals, which
subsequently attack the PUFA of the membrane
lipids causing lipid peroxidation. Accurate estima-
tion of the extent of lipid peroxidation is of utmost
importance to monitor the development of oxida-
tive stress in the ischemic reperfused tissue and to
understand the pathophysiology of reperfusion in-
jury. Our results indicate that DNPH method can
be successfully used to estimate the lipid peroxida-
tion in ischemic and reperfused heart.

Our results indicate that the values for TBA-reac-
tive products are much higher compared to actual
malonaldehyde values. This is not surprising, be-
cause TBA-reactive products estimates many other
compounds besides MDA as mentioned earlier,
thus overestimating the actual MDA values. MDA
formation indeed occurs during the reperfusion of
ischemic heart, but the amounts of MDA formed
are very low.
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Size-exclusion chromatographic determination of f-glucan
with postcolumn reaction detection

T. Suortti

Technical Research Cenire of Finland, Food Research Laboratory, P.O. Box 203, SF-02151 Espoo (Finland)

ABSTRACT

Using the specific interaction of -glucan with calcofluor dye as a detection method for size-exclusion chromatographic analysis, very
simple direct extractions can be used for sample preparation. Either fluorescence or UV detection is employed. The calibration graphs
are linear between 200 and 20 mg/l, although much more sensitive analyses are possible. The response remained independent of relative
molecular mass in the range studied (1.7 - 105-1.85 - 10°). Results for barley and malt show good correlation with those obtained by

flow-injection analysis using calcofluor.

INTRODUCTION

The major soluble component in barley and oat
cell walls is (1—3),(1>4)-f-D-glucan. Most of the
interest in oat f-glucan has been attributed to its
possible role in lowering serum cholesterol levels
[1]. It is also a good source of soluble fibre and in
recent studies purified soluble fibre extract (oat
gum) has been demonstrated to reduce postprandial
glucose and insulin increases [2]. Jenkins ez al. [3]
have reported that a positive correlation exists be-
tween viscosity and the efficiency of soluble fibres in
this reduction, hence oat gum with higher relative
molecular mass components should be the pre-
ferred product.

On the other hand, in barley f-glucan is consid-
ered to be responsible for several problems in the
brewing industry, including delayed filtration of
wort and beer and gel precipitations in lagering.
These problems are related not only to f-glucan
content, but also to its relative molecular mass (M,),
especially in the concentration of the S-glucan frac-
tion which is soluble in perchloric acid [4].

Correspondence to: T. Suortti, Technical Research Centre of Fin-
land, Food Research Laboratory, P.O. Box 203, SF-02151 Es-
poo, Finland.
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There are two widely used methods for f-glucan
determination. One is based on the utilization of
specific enzymes and the determination of released
oligosaccharide or glucose [5]. The other is based on
the specific interaction of §-glucan with calcofluor
dye [6-8]. This interaction results in an increase in
fluorescence intensity and also in a bathochromatic
shift. The increase in fluorescence has been widely
employed in flow-injection analysis (FIA) of §-glu-
can in beer and wort [9-12], and also in the determi-
nation of S-glucan fractions isolated by size-exclu-
sion chromatography (SEC), both off-line [13-15]
and recently for on-line post-column detection [16].
SEC of p-glucan has been studied by Varum et al.
[17], who showed that its structure is more rigid
than that of dextran or pollulan, and hence their
utilization as standards would result in servere
overestimation of the relative molecular mass of
p-glucan. Similar results were obtained also by
Wood et al. [16].

The injection of highly viscous samples easily re-
sults in deformation of peak shapes and thus in er-
roneous results. This effect is most serious in SEC as
dilution is less than in other chromatographic
modes [18]. f-Glucan is one example of samples
that have high viscosity and thus may easily result
in erroneous results because of deformed peaks. We

1993 Elsevier Science Publishers B.V. All rights reserved
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encountered this effect in our initial experiments
with a multi-angle laser light-scattering detector,
where in some instances no change in molecular size
could be seen with increasing elution volume. This
effect could also be seen by the much improved
peak shape on decreasing the sample concentration
from 2000 to 200 mg/l [19]. This level is near the
detection limit of the refractive index detector.
p-Glucan samples are also easily contaminated by
other polysaccharides, especially if more alkaline
extraction conditions are used. Hence universal de-
tection with a refractive index detector is by no
means adequate without extensive cleaning of sam-
ples.

We have previously employed 50 m A/ sodium hy-
droxide solution as an SEC eluent for starch sam-
ples [20] and showed that the chromatographic con-
ditions used give a linear calibration graph with
pullulan standards in M, range 853 000-5800 [21]
and with a separation potential for much larger
molecules. The employment of this elution system
in connection with specific detection using calcoflu-
or dye led us to a system for the determination of
p-glucans in which aqueous buffers of any pH may
be used for sample extraction followed by direct in-
jection of the sample into the HPLC system. As we
utilize the bathochromatic shift that occurs on in-
teraction of f-glucan with calcofluor, the method
has a much lower background signal than the on-
line postcolumn fluorimetric method utilizing only
the increase in the fluorescence signal caused by the
interaction of calcofluor with f-glucan. Hence our
method works in the concentration range 200-20
mg/l and UV detection can also be used in addition
to fluorimetric detection.

The good sensitivity also results in a sample/ex-
tractant ratio of 80-300, which in connection with
the minimum sample treatment required results in
high recoveries and reproducibility. Some results
obtained with this method have been presented pre-
viously [22].

EXPERIMENTAL

Chemicals

Oat f-glucan standard compounds were isolated
and their M, were determined as 1.50 - 10 and 4.6 -
10° by measurement with a Malls detector (Dawn,
Santa Barbara, CA. USA). Barley f-glucan with M,
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= 1.85 - 10% was obtained from Biocon (Sydney,
Australia). Wheat and rye arabinoxylans were ob-
tained from Megazyme (Cork, Ireland), birch xylan
from Roth (Karlsruhe, Germany) and calcofluor
(Fluorescent Brightener 28) from Aldrich Chemie
(Steinheim, Germany). The water used was distilled
water passed through a Milli-Q purification system
(Millipore, Bedford, MA, USA). All the other
chemicals were of analytical-reagent grade. Milled
barley and malt samples were obtained from the
Biotechnical Laboratory of the Technical Research
Centre of Finland and the oat bran samples were
from our laboratory.

Equipment

The chromatographic system consisted of an
M-590 pump, an M-715 automatic injector and
uHydrogel 250 and 2000 columns in series in a col-
umn oven maintained at 65°C. Calcofluor solution
(30 mg/1 in 50 mM NaOH) was fed into the eluent
by a reagent delivery module (RDM) at a flow-rate
of 0.3 ml/min. For detection an M-490 fluorescence
detector with A.,, = 415 nmand 4., = 445nmata
sensitivity setting of 10 X was employed, together
with an M-991 diode-array detector monitoring at
415 nm. The instrument was controlled and data
were handled by an M-820 Maxima workstation
(all equipment from Millipore-Waters).

The eluent was 50 mAM aqueous NaOH at a flow-
rate of 0.5 ml/min and was continuously purged
with helium.

Sample preparation

A 30-mg sample of milled barley or malt was
mixed either with 20 ml of 50 mM NaOH solution
(procedure A) or 20 ml of 50 mM sodium phos-
phate buffer (pH 11) (procedure B). A 300-mg sam-
ple of milled barley or malt was mixed with 20 ml of
1 M NaOH (procedure C), and a 100-mg sample
was mixed with 18 ml of 50 mAM perchloric acid
(procedure D). All the samples were stirred over-
night in a magnetic stirrer. The only sample prep-
aration before injection of 50-ul samples was dilu-
tion 1:10 with water of the samples prepared ac-
cording to procedure C. Oat bran samples were pre-
pared in a similar manner.
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Fig. 1. SEC analysis of f-glucan standards containing 180 and 18 mg/l of f-glucan using (A and B) fluorescence detection and (C and D)

UV detection. For other conditions, see text.

RESULTS AND DISCUSSION

The calibration graph based on the measurement
of the area of the f-glucan peak was linear between
p-glucan concentrations of 200 and 20 mg/1 for both
fluorescence and UV detection (Fig. 1). Both wave-
lengths chosen were optimum regarding the signal-
to-noise ratio, which is mostly determined by the
evenness of the flow of the calcofluor solution. At
higher concentrations the calibration graph started
to flatten because of too high a ratio of f-glucan to
calcofluor. Attempts to increase the linear range by
using more concentrated calcofluor solution result-
ed in a problem with the baseline. With lower con-
centrations the noise of the baseline started to affect
the linearity, although as we are utilizing the batho-
chromatic shift the background noise is less prob-
lematic than when working at lower wavelengths.
The background signal may be reduced by diluting
the calcofluor reagent and using a higher sensitivity
setting of the fluorescence detector. Thus the the
detection limit may be reduced to 0.2 mg/! but the
linearity of the calibration graph is inferior to that
obtained in the concentration range 200-20 mg/1.

The relative standard deviations for the retention
time of standards in a run lasting 70 h were 0.36%
and 0.17% (» = 8), although the first value was

obtained for a broader peak, which may be the rea-
son for the higher standard deviation.

The response for -glucans in this relative molec-
ular mass range remained independent of the latter.
First the hydrolysed §-glucan sample having an es-
timated M, of 30 000 showed a peak with a steeply
dropping end, which indicates reduced interaction
with calcofluor with small $-glucan molecules, as
mentioned by Foldager and Jergensen [13] and
Manzanares ef al. [15]. The-addition of 0.1 M NaCl
to increase the ionic strength of the calcofluor re-
agent, as suggested by Manzanares et al., did not
have any noticeable effect on the peak tailing, but
this may be because our samples still had too high
relative molecular masses to be affected by this phe-
nomenon. Manzaranes et al. [15] noticed this phe-
nomenon already for f-glucans having M,
<200 000,. but they calibrated their column with
dextran so their relative molecular mass was errone-
ously high.

The relative standard deviation for eight stan-
dards run during a 70-h analysis series was 2.2%. A
comparison between the f-glucan concentration
calculated on the basis of the peak area in chro-
matograms from barley and malt samples prepared
according to procedure B and with ordinary FIA
using calcofluor is presented in Table 1. As can be
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seen, the results are very similar. The relative stan-
dard deviation for parallel samples was 2.3% with
different extraction procedures. The f-glucan con-
centration obtained by procedure B varied from 19
to 47% in comparison with that obtained with pro-
cedure A. With procedure C the values varied from
77 to 94% and for procedure D, which measures

B8.00-

6.00-

x 102 volts

30.84

more the concentration of f-glucan that causes
problems in beer manufacture, the values varied
from 32 to 53%. As can be seen in Fig. 4, the rela-
tive molecular mass of these perchloric acid-soluble
B-glucans is smaller than that in the fraction soluble
in alkali. Figs. 3 and 4 also reveals that the relative
molecular mass of S-glucan is not reduced during

x 10 minutes

Fig. 3. Chromatogram of (A) Kymppi barley and (B-D) malts made from it during different stages of malting. Fluorescence detection.

For other conditions, see text.
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Fig. 4. Chromatogram of Kymppi barley with (A) alkaline extraction and (B) perchloric acid extraction. Chromatograms C and D are
from perchloric acid extractions of malts made from Kymppi barley. Sample amounts for perchioric acid extractions were three times

higher than for alkaline extraction.

malting, although the amount is reduced. The hy-
drolysis results in such small molecules that they are
no longer stained by calcofluor.

For the oat bran, procedure A again gave the
highest values, although the values from procedures

TABLE 1

DETERMINATION OF f-GLUCAN CONCENTRATION
BY THE CHROMATOGRAPHIC METHOD DESCRIBED
AND BY THE FIA METHOD WITH CALCOFLUOR

Sample B-Glucan concentration (g/kg)
SEC FIA
Barley
Kymppi 48 48
HJA 45 45
Mut1460 24 24
Mut737 31 35
Minerva 48 51
Prisma 34 32
Malt
SH 16 33 38
SH 17 17 17
SH 18 8 9

B and C ranged from 90 to 95%, which may reflect
the easier accessibility to f-glucan in oat bran than
in barley. The values for bran ranged from 55 to 47
g/kg.

Wood [8] has reported that calcofluor interacts
with some other polysaccharides such as xylans.
Some xylans and arabinoxylans were studied using
the present chromatographic system but none of
them showed any response in the relative molecular
mass range considered.

The use of strongly alkaline solutions for extrac-
tion may also dissolve starch, so its possible effect
was also studied. A 40-fold excess of starch in the
p-glucan standard did not have any effect on the
standard peak.

The method presented gives the possibility of
studying the concentration and relative molecular-
mass of f-glucan in barley, malt and oat with mini-
mum sample preparation and with good accuracy.
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ABSTRACT

A general method for the evaluation of phenolic compounds in fermented beverages, fruit juices and plant extracts was developed
using gradient HPLC and coulometric detection. In a single injection (10 ul) it was possible to identify and determine 36 different
molecules (flavonoids and simple and complex phenols), without sample extraction, purification or concentration, in several kinds of
beers, red and white wines, lemon juice and soya, forsythia and tobacco extracts. The analytical performance of the method is reported.
In addition to components already identified and described in the literature, a large number of other phenolic constituents were
resolved. These other components may also be useful for the characterization of these beverages and extracts.

INTRODUCTION

Phenolic compounds are present in both plants
and fruits and in their derived products such as
wines, beers, juices and plant extracts. These com-
pounds are very important in wines and beers as
their bitterness and astringency contribute to taste.
They also play a fundamental role in the ageing of
wine as they act as natural preservatives. Some phe-
nolic components are transferred from the barrel to
the wine. This improves the taste or, as with distill-
ed beverages such as brandy and whisky, generates
the fundamental characteristics of the product.

Many researchers have made detailed studies of
the characterization and determination of phenolic
compounds. However, the great complexity of nat-

Correspondende to: G. Achilli, Piazza Maggiolini 3, Parabiago,
Milan, Italy.

0021-9673/93/806.00 ©

ural beverages has been a major obstacle to the
identification of their constituents. In the last few
years, in most of the work published on this topic
high-performance liquid chromatography (HPLC)
was used to separate the compounds, with different
detection systems for determination of the separat-
ed compounds, e.g., UV [1-5], electrochemical
[6-8], photodiode array [9,10] and atomic absorp-
tion spectrometry [8]. Even though there have been
numerous publications on this subject, only a rela-
tively small number of phenolic compounds have
been investigated at one time in each individual
study.

This paper reports the separation and determina-
tion of 36 different compounds in a single run with-
out sample extraction, purification or concentra-
tion. This was achieved using gradient reversed-
phase HPLC and an array of sixteen coulometric
electrodes for electrochemical detection.

1993 Elsevier Science Publishers B.V. All rights reserved
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EXPERIMENTAL

Chemicals

The mobile phase used in the gradient runs was
purchased from ESA (Bedford, MA, USA). Mobile
phase A was 34.7 uM sodium dodecyl sulphate
(SDS)-0.1 M monobasic sodium phosphate-50 nM
nitrilotriacetic acid—50% aqueous methanol (pH
3.45) and mobile phase B was 173 uM SDS-0.1 M
monobasic sodium phosphate-50 nM nitrilotriace-
tic acid—50% aqueous methanol (pH 3.45). Solu-
tions A and B were filtered through 0.2-um PTFE
lyophilic filters (Millipore, Bedford, MA, USA) and
degassed by sonication under vacuum for 10 min
prior to use.

The water used for the dilution of the strandards
and of the samples was purified with a Milli-Q R/O
water purification system (Milipore).

Apparatus

A Coulochem electrode array system (CEAS)
from ESA was used. The instrument consisted of a
refrigerated autosampler capable of variable-vol-
ume injections with a 100-ul loop. A circulating
bath was used to maintain sample vials between 0
and 4°C prior to analysis. Gradient operation was
provided by two HPLC pumps capable of operating
from 0.05 to 10 ml/min. The output of the pumps
was connected to a dynamic gradient mixer. Solutes
were separated on an HR 80 column (ESA) con-
taining PTFE-lined ODS of 3-um particle size (80
mm X 4.6 mm I.D. The detection system consisted
of four cell packs in series, each pack containing
four porous graphite working electrodes with asso-
ciated palladium reference electrodes and platinum
counter electrodes. The detector, column and a
pulse damper were housed in a temperature-con-
trolled compartment. Two additional pulse damp-
ers were placed before the column and cell compart-
ment. The autosampler, pumps, detectors, temper-
ature-controlled box and all associated electronic
circuitry were monitored and controlled by the
CEAS software installed on a Model 386 computer
equipped with a 80 Mbyte hard disk and a 1.2
Mbyte floppy disk drive. The computer was cou-
pled to a high-resolution colour monitor with a
“touch screen” interface and to a matrix graphic
printer. The computer system also performed data
storage. analysis and report generation. An appro-
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priate software package was used for summary re-
ports of the final data (Lotus 123).

Chromatographic method

A method capable of completely separating the
36 compounds chosen was developed. It consisted
of a gradient where the organic modifier, pH and
counter ion were altered during the run. The time
line showing the gradient used in separation is pre-
sented in Fig. 1. The total flow-rate was 1.00 ml/min
and the temperature compartment was maintained
at 37°C. The sixteen detector potentials constituted
a symmetric array: — 250 mV at electrode 1 (to per-
form negative screening), 60 mV at electrode 2 with
increments of 60 mV at each subsequent electrode
until a value of 840 mV is reached at electrode 15,
and —250 mV at electrode 16 (to verify possible
generation of reversible components). The indicat-
ed potentials are referred to the solid-state palladi-
um reference electrode built in the coulometric cells;
their absolute value is about 250 mV lower than the
corresponding potential measured by using an Ag/
AgCl reference electrode.

Standard and sample preparation

All standards (Table I) were purchased from Sig-
ma (St. Louis, MO, USA). The primary stock stan-
dard solutions were made by dissolving 10 mg of
the component in 50% aqueous methanol. Individ-
ual secondary stock standard solutions were made
by diluting each component of the primary solu-
tions with deionized water in order to give a concen-
tration of 1 pg/ml. These concentrates were then
subdivided into 1-ml portions. They were stored at
—30°C and thawed when necessary at 4°C. A 36-

% phase "B"

8 & 8 3
I

L

T T T T T~ min
10 20 30 40 50

Fig. 1. Time line showing the gradient profile used in the method.
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TABLE 1
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CHROMATOGRAPHIC AND ELECTROCHEMICAL CHARACTERISTICS OF THE EXTERNAL STANDARDS

Identi- Name Retention Concentra-  Dominant Within-run ~ Between-run
cation time tion (ng potential R.S.D. R.S.D.
No. (min) per 10 ul) (mV) (%) (%)
1 Gallic acid 3.25 3.75 60 1.20 2.20
2 Tyrosine 4.88 3.75 540 2.50 1.80
3 Gentisic acid 5.13 3.75 60 1.60 1.90
4 Protochatechuic acid 6.12 3.75 120 3.70 4.20
S 3,4-Dihydroxyphenylacetic acid (DOPAC) 7.94 3.75 60 0.80 3.50
6 Vanillyl alcohol 10.54 3.75 300 0.70 2.50
7 4-Hydroxybenzoic acid (4-HBAC) 10.77 1.87 720 1.60 5.20
8 4-Hydroxyphenylacetic acid (4-HPAC) 13.32 3.75 540 1.80 3.40
9 Salsolinol 14.52 3.75 120 3.20 3.40
10 Tyrosol 15.27 3.75 600 2.80 2.60
11 Esculin 15.97 3.75 540 1.50 2.70
12 Vanillic acid 15.93 3.75 480 2.60 5.20
13 Salicylic acid 15.97 3.75 720 0.80 3.50
14 Cafeic acid 16.51 3.75 120 1.10 3.80
15 Catechin 16.58 3.75 480 2.50 2.20
16 Esculetin 17.14 3.75 180 2.40 4.40
17 Tannic acid (1) 17.47 56.20 120 3.20 4.80
18 Chlorogenic acid 17.98 3.75 120 2.50 3.80
19 Vanillin 18.17 3.75 480 1.10 4.30
20 Syringic acid 18.77 3.75 360 4.30 5.10
21 Coniferyl alcohol 20.78 3.75 300 3.80 3.70
22 Syringaldehyde 21.14 3.75 420 2.80 4.30
23 p-Coumaric acid 21.66 3.75 540 4.20 5.80
24 o-Vanillin 22.44 3.75 420 1.30 3.20
25 Tanic acid (2) 22.68 56.20 120 1.50 4.20
26 Ferulic acid 24.69 3.75 360 2.90 4.80
27 Tannic acid (3) 25.11 56.20 120 2.10 3.40
28 Narigin 28.71 7.50 660 3.80 5.50
29 Hesperidin 29.39 15.00 420 2.80 3.80
30 Rutin (1) 29.44 7.50 180 1.80 2.50
31 Rutin (2) 29.68 7.50 780 3.20 5.90
32 Myricetin 30.78 15.00 60 0.70 2.50
33 Quercitrin (1) 30.84 15.00 180 1.20 2.60
34 Quercitrin (2) 31.06 15.00 780 3.20 4.40
35 Naringenin 32.47 7.50 660 2.70 3.20
36 Quercetin 33.15 15.00 120 1.60 3.40
37 Hesperetin (1) 33.49 7.50 360 3.80 2.70
38 Hesperetin (2) 33.57 7.50 780 2.80 5.20
39 Kaempferol 35.71 11.20 180 1.90 3.40

component working standard solution was pre-
pared by combining and diluting the aliquots of
each of the secondary stock standard solutions to
the concentratiosn given in Table I. The concentra-
tions of the various components making up the
working standard solutions were chosen in order to

have a good compromise with those found in the
samples. Prior to injection all standard solutions
were filtered through a 0.22-ym membrane (Milli-
pore). This method was used to measure the phe-
nols present in four wines (Orvieto, Gewurtztra-
miner, Barbera, Barolo), three beers (Becks,
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Fig. 2. Chromatogram of a 10-41 sample containing the 36 stan-
dard components as external standard at the concentrations in-
dicated in the Table 1. Sensitivity full-scale, 0.5 pA.

Groschs, Splugen), several lemon juices and three
plant extracts. Soya , forsythia and tobacco extracts
were obtained by digesting their respective beans
(soya) or leaves (forsythia and tobacco) in methanol
for 1 week. Prior to injection all samples were fil-
tered through a 0.22-um membrane (Millipore) and
immediately diluted 1:100 with filtered, deionized
water.

Precision

To investigate the within-run precision, twenty
sets of pure standards (at the concentrations given
in Table II) were injected and analysed under the
conditions described previously. Analysis of the
same sample over a 10-day span (the sample was
stored in aliquots at —20°C between assays) was
used to measure the between-run precision.

RESULTS

The 36 standards are listed in Table I according
to their.retention times. Their injection concentra-
tions, the within- and between-run precisions and
their dominant potentials are also reported (the
dominant potential is that electrode potential where
the maximum signal occurs).

Confirmation of peak identification was carried
out by spiking samples with the relevant standard.
The peak identity confirmation was finally achieved
by comparing the matching ratio (R) between a
standard and the actual sample (R is the dominant
channel/subdominant channel ratio [11]).

G. Achilli et al. | J. Chromatogr. 632 (1993) 111-117

Fig. 2 shows the chromatogram of a 10-ul sample
containing the 36 components as external standard
at the concentrations reported in Table I. The total
analysis time was 36 min. Retention time reproduc-
ibility reported during the precision studies (carried
out over a 10-day span) of each individual standard
was found to be excellent (R.S.D. < 1.6%). This
was due to the strict control of both the gradient
profile and the column temperature. As a result, a
double injection (with and without standard added)
as suggested by Cartoni et al. [4] was avoided.

The reproducibility of the method was tested by
repeated injections (twenty times) of a standard so-
lution containing the concentration reported in Ta-
ble I. The within-run concentration variability
(R.S.D.) ranged from 0.70 to 4.30%. The between-
run reproducibility was investigated by analysing
the same standard solution over a 10-day span. The
R.S.D. ranged from 1.80 to 5.90%. All but three
standards were easily characterized as they had only
one peak. The tannic acid standard, one of the three
exceptions, produced three distinct peaks. All three
peaks showed the same oxidation potential maxi-
mum but different absolute amounts. The compo-
nents were identified as tannic acid 1, 2 and 3 ac-
cording to their increasing retention times. The tan-
nic acid 1-tanic acid 2-tannic acid 3 concentration
ratio found was 1:17.5:36.5. No attempt was made
to identify which structure corresponded to which
peak. Similarly, hesperetin generated two peaks at
two different retention times. In this instance the
hesperetin 1-hesperetin 2 concentration ratio was
1:1.7. Quercitrin, the glucoside of the flavonol quer-
cetin, contained two components in the standard.
They had similar retention times but very distinct
oxidation potentials with quercitrin 1 at 180 mV
and quercitrin 2 at 780 mV. Although this can be
interpreted as a single structure with two different
oxidation maxima, the observation of a single peak
with only one oxidation maximum in the samples
suggests that the standard contained two distinct
forms. The quercitrin 1—quercitrin 2 concentration
ratio was 1:1.22.

The standard mixture was used to examine phe-
nol levels in different kinds of wines, beers, lemon
juices and plant extracts. Four distinct Italian wines
were analysed: Orvieto, a white, dry, thin-bodied
wine from Umbria; Gewiirtztraminer, a white, aro-
matic, rich-bodied wine from Alto Adige; Barbera,
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TABLE II
CONCENTRATIONS OF THE COMPOUNDS IDENTIFIED IN THE DIFFERENT BEVERAGES AND EXTRACTS
Compound Concentration (mg/l of sample) Concentration (mg per
100 g of dry materidl):
Wines Beer: Fruit plant extracts
Becks Juice:
Orvieto  Gewlirtz- Barbera Barolo (Germany) lemon Forsythia  Soya Tobacco
traminer

4-HBAC 1.8 1.7
4-HPAC 1.7 34 1.2 4.5
Caffeic acid 17.6 6.5 2.1 45.7 44
Catechin 16.4 7.2 47.7 5.4 5.9
Chlorogenic acid 1.7 1.1 1.6 3.6 5.8 1708.9 2113
Coniferyl alcohol 5.2 3.1
DOPAC
Esculetin 1.4 5.6 1.1 203
Esculin 5.4
Ferulic acid 1.2 5.1 6.5 1.2 6.5 2.5
Gallic acid 52.6 188.9 480.9 231.2
Gentisic acid 5.0 14.6 7.5 2.9 0.6
Hesperetin (1) 3.2 3.1 2.1 4095.1
Hesperetin (2)
Hesperidin 34 5.5 15.8 1891.1 130.4 275.3
Kaempferol 16.4 4.5
Moyricetin 7.0
Naringenin 48.5
Naringin 16.4 220 53.5 11.8
o-Vanillin 2.1 1.6 0.7
p-Coumaric acid 2.0 1.9 7.5
Protochatechuic acid 14.2 14.1 61.1 26.7 4.4 10.7
Quercetin 5.0
Quercitrin (1) 6.1 59 3.2 6.0
Quercitrin (2)
Rutin (1) 33 1.8 24.5 1591.4 506.0
Rutin (2) 17.3
Salicylic acid 22.6
Salsolinol 32.2
Syringaldehyde 6.1 23.8 86.7 353 0.7 11.7
Syringic acid 1.6 1.2 0.7 25.2 0.5 13.8
Tannic acid (3) 28.9 138.5 62.4 211.6
Tannic acid (2) 327.0 145.5 102.0
Tannic acid (1) 4682.2 9332.2 4735.6 34 213.1 25.3
Tyrosine 73.5 237.3 64.5 3.6 54.8 36.2 15.3 14.5
Tyrosol 19.3 2.0
Vanillic acid 3.9 4.4 133.1 20.5 3.6
Vanillin 1.5 2.0 8.4 2.0 2.4
Vanillyl alcohol 1.3
Sum of the measured

phenolic compounds  5911.3 10 888.1 7179.6 35947.8 1093 2958 8121 398 137

a red, fresh, acidic, low tannin, medium-bodied

wine from Piemonte; and Barolo, a red, tannic,
high-bodied wine, aged 6 years in an oak barrel,
from Piemonte.

After injecting the wine samples, many hundreds
of peaks are obtained in addition to those generated
by the compounds contained in the extrernal stan-

dard. Such complexity of the natural matrix may
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Fig. 3. Chromatogram of a 10-ul Barolo wine sample showing
the components found with the results presented in Table I1.
Dilution 1:100, filtered with a 0.22-ym membrane. Sensitivity
full-scale, 1 uA.

cause problems in identifying and measuring the
peaks of the external standard, which may be very
close to or even overlap some peaks of the natural
product. To investigate better the validity of the
present separation for natural wines, we chose well
differentiated varieties of wines. In no instance did
the matrix effect represent a problem. We also fo-
cused our attention on three types of plants extracts
which contain in high concentrations certain com-
pounds. All three plants extracts and their major

8 16 24 32 min

Fig. 4. Chromatogram of a 10-ul beer sample (Becks) showing
the components found with the results presented in Table II.
Dilution 1:100, filtered with a 0.22-um membrane. Sensitivity
full-scale, 1 pA.
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compounds are described in the Merck Index [12].
Hesperidin, a major component of lemon juices,
and rutin, a major constituent of forsytia and to-
bacco leaves, are two examples.

Three different beers were also examined: Ger-
man (Becks), Dutch (Groschs) and Italian (Splugen
Double Malt). As they all presented similar data,
only one is reported here. Lemon juices from differ-
ent sources were also tested. The juice was produced
by squeezing the fruit. The suspension asfter filtra-
tion was used. They also presented homogeneous
data, hence only one is reported here. Lastly, meth-
anol extracts of soya beans, forsythia leaves and
tobacco leaves were analysed. The concentrations
of the various components found in these samples
are reported in Table II in alphabetical order.

The sixteen-channel chromatogram for one of the
wine samples (Barolo) is shown in Fig. 3 and that
for one of the beer samples (Becks) in Fig. 4.

DISCUSSION AND CONCLUSION

The use of the CEAS for the determination of
neurochemicals in tissues and biological fluids has
already been reported [13-15]. This type of separa-
tion and determination has been studied recently in
the determination of 33 neurochemicals in the cere-
brospinal fluid [11]. The coulometric efficiency of
each element of the array allows a complete voltam-
metric resolution of analytes as a function of their
reaction potential. Some peaks may be resolved by
the detector even if they are unresolved when they
leave the chromatographic column. In this study we
have demonstrated that this technique can also be
applied to phenolic compound in various natural
beverages and plant extracts.

We separated 36 phenolic compounds in less than
36 min with this method. For the samples analysed
here, we were able to measure 16-19 compounds in
the white wine, 22-26 in the red wines, 10 in the
beers, 4 in the lemon juices, 27 in the forsythia leav-
es, 3 in the soya beans and 6 in the tobacco leaves.
The complexity of the matrix, in most instances
showing hundreds of peaks, never interfered with
the identification and determination of the com-
pounds contained in the external standard.

In addition to those peaks which were measured,
other peaks of electroactive molecules were found
to be present in all the wine and beer samples. An
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electrogenic components profile could therefore
give a sort of fingerprint useful for characterizing
the product.

In conclusion, we have demonstrated that by
combining RP-HPLC with a highly selective array
electrochemical detector it is possible to determine
simultaneously large numbers of phenolic com-
pounds in very different beverages and extracts. The
reproducibility of the retention time coupled with
the selectivity inherent to this detector allows mea-
surements with high precision of a variety of differ-
ent compound families in a single sample. The char-
acterization among the various types of wines and
their ageing in wooden barrels are possible subjects
of future study.
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ABSTRACT

Supercritical carbon dioxide was used to extract nine synthetic organochlorine compounds (SOCs) from tissues of the aquatic plant
Hydrilla verticillata in an off-line supercritical fluid extraction configuration. Lyophilized plant tissues (50 to 100 mg) were fortified with
the SOCs at a level of 5 to 10 mg/kg and subjected to supercritical carbon dioxide extraction at 50°C and 38 MPa for 15 min. Mass
recoveries of the SOCs amended to plant tissues averaged between 89 and 109%. When Florisil was present in the outlet end of the
extraction vessel for the purpose of direct in-line clean-up during supercritical carbon dioxide extraction, mass recoveries of the

amended SOCs were markedly lower for four of the nine analytes.

INTRODUCTION

During the past decade, the explosion in biomass
of submerged aquatic vegetation (SAV) throughout
the tidal freshwater reach of the Potomac river near
Washington, DC, USA, particularly by the vascular
plant Hydrilla verticillata Royle [1], has prompted
interest in the role of SAV in influencing the envi-
ronmental behaviour and biogeochemical cycling of
synthetic organic compounds (SOCs) in the lower
Potomac river aquatic food web. The collective
SAYV abundance in the Potomac river during the
spring and summer growing seasons creates a siz-
able reservoir of plant lipids into which hydropho-
bic organic compounds may partition from con-
taminated water and sediments. To address this is-
sue, it has become necessary to measure refractory
organochlorine contaminants bioaccumulated in
Hydprilla tissues.

The recent application of supercritical carbon diox-
ide extraction (SCDE) in trace analysis has been

Correspondence to: G. D. Foster, Department of Chemistry,
George Mason University, Fairfax, VA 22030, USA.

0021-9673/93/$06.00 ©

reported for a wide variety of analytes and matrices
—including volatile food and fragrance constituents
[2—4], pesticides in soils and tissues [5-9], hydrocar-
bons in marine sediments [10], and air pollutants
collected on polyurethane foam sorbents [11] —
clearly demonstrating the benefits and usefulness of
this extraction technique. The supercritical fluid
state of matter has unique physical properties which
are now being exploited in environmental trace
analysis to lessen the need for using large amounts
of subcritical organic solvents, such as dichloro-
methane. Supercritical fluids generally have low vis-
cosities (e.g., 1073-10"% g/cm-s), moderate densi-
ties (e.g.; 0.3-0.8 g/cm?), and high diffusivities (e.g.,
1073-10~* cm?/s) enabling very efficient solubiliza-
tion and mass transfer processes to rapidly isolate
trace organics from solid matrices such as sedi-
ments, solid sorbents, and tissues. It was the overall
intent of this study to assemble a laboratory-built
SCDE apparatus and develop methods by which
SOCs could be extracted from Hydrilla tissues in an
off-line collection mode for subsequent analysis by
using gas chromatography-electron-capture detec-
tion (GC-ECD).

1993 Elsevier Science Publishers B.V. All rights reserved
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EXPERIMENTAL

Plant sample preparation

Hydrilla verticillata specimens were collected
with a rake, wrapped in clean aluminium foil, and
frozen upon return to the laboratory until further
processing. Hydrilla tissue was prepared for analy-
sis by lyophilization in a VirTis Unitrap II freeze
dryer (The VirTis Company, Gardiner, NY, USA)
utilizing a dry ice/2-propanol slush as a pump oil
fume trap to prevent sample contamination. The
freeze dried sample was then dry homogenized in a
Waring blender with a stainless-steel cup, trans-
ferred to a clean beaker, and placed in a desiccator
until analysis. Care was taken when sub-sampling
to obtain a consistent range of particle sizes when
placing them into the SCDE extraction vessel. Plant
tissue sample sizes ranged from 50 to 100 mg.

A 3-g portion of lyophilized, homogenized Hy-
drilla tissue was Soxhlet extracted with dichloro-
methane for 24 h to determine the percent weight of
extractable lipids in the plant samples. The dichlo-
romethane extract was subsequently evaporated to
dryness and the residue, regarded as extractable lip-
ids, was measured gravimetrically.

Apparatus

A schematic diagram of the SCDE setup is shown
in Fig. 1. The supercritical state was attained and
maintained through the use of a Perkin-Elmer Se-
ries 10 high-performance liquid chromatography
pump (Perkin-Eimer, Norwalk, CT, USA) which
had been modified for low-temperature liquid flow
by the addition of a custom-designed pump-head
heat exchanger according similar specifications re-
ported by Simpson et al. [12] for supercritical fluid
chromatography. Liquid carbon dioxide was
pumped first (Fig. 1) through a 4-m section of 1/16
in. (1in.. = 2.54 cm) (0O.D.) stainless-steel tubing (f)
which itself was immersed in a constant-temper-
ature water bath held at 50°C (e). Supercritical car-
bon dioxide then entered a flow-through pressure
gauge [g; Alltech, Deerfield, IL, USA, 6000 p.s.i. (1
p.s.i. = 6894.76 Pa) full scale] in route to the extrac-
tion vessel (h), also positioned in the water bath. An
SSI on/off valve (Alltech) followed the extraction
vessel (i), to which was connected a low dead vol-
ume stainless-steel union fitted with an internal re-
ducer (Suprex, Pittburgh, PA, USA), 1/32 in. gland

Fig. 1. Schematic diagram of apparatus used for supercritical
carbon dioxide extraction: (a) CO, source; (b) CO, pump; (c)
recirculating chiller for pump head cooling; (d) hot plate/stirrer;
(e) large Pyrex crystallization dish; (f) heat exchange coil; (g)
pressure gauge; (h) extraction vessel; (i) on/off valve; (j) low dead
volume connector; (k) fused-silica restrictor; and (1) collection
flask.

(Suprex), and 1/32 in. Vespel ferrule (Suprex); this
arrangement was used to connect 20-22 um (I.D.)
fused-silica restrictor tubing (Polymicro Technolo-
gies, Phoenix, AZ, USA) to the SSI valve. The
lengths of restrictors used were ca. 30-35 cm.

The extraction vessel (Fig. 2) was constructed by
fitting a Swagelock low dead volume 1/16 in. to 1/4
in. stainless-steel reducing union to a Swagelock
stainless-steel 1/16 in. to 1/4 in. fractional tube to
fractional tube stub (Washington Valve and Fit-
ting, Rockville, MD, USA). It was necessary to
modify the vessel to utilize a 1/4 in. diameter, 0.062
in. thick, 0.5 um porosity stainless-steel frit (All-
tech) by grinding 1/8 in. from the fractional tube
stub cylinder, giving an internal volume of about
0.31 ml.

Extraction and collection
The carbon dioxide used for SCDE was SFE
grade and was acquired from Scott Specialty Gases
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Fig. 2. Exploded view of supercritical fluid carbon dioxide ex-
traction 'vessel: (a) inlet, stainless-steel 1/16 in. fractional tube
and ferrules; (b) outlet, stainless-steel 1/16 in. male nut and fer-
rules; (c) Swagelock stainless-steel 1/16 in. fractional tube to 1/4
in. fractional tube stub; (d) 1/4 in. diameter, 0.5 um pore size
stainless-steel frit; and (e) Swagelock stainless-steel 1/4 in. to 1/16
in. low dead volume reducing union.

(Plumsteadville, PA, USA). During preliminary off-
line SCDE, a pressure of 38 MPa (ca. 5500 p.s.i.)
was maintained in the extraction vessel throughout
the extraction cycle and extractions were performed
in the dynamic mode. SCDE was performed for 15
min with a steady-state liquid carbon dioxide flow
of 0.25 ml/min registered at the pump (correspond-
ing to ca. 12 extraction vessel turnover volumes of
equivalent liquid carbon dioxide).

Approximately 3 ml of n-hexane (Burdick &
Jackson, Waukeegan, WI, USA) was placed in a
5-ml volumetric flask (Fig. 11) to collect the extract-
ed analytes from decompressing carbon dioxide.
The fused-silica restrictor (Fig. 1k) was immersed
directly in the collection solvent and was held in
place with the aid of a paper clip. Mirex was added
as a surrogate standard to the flask prior to extrac-
tion to evaluate the retention of the analytes collect-
ed in n-hexane during carbon dioxide sparging.
Holdup of analyte in the restrictor tube was eval-
uated (i) by performing SCDE using clean, empty
extraction vessels immediately following a sample
extraction with the same restrictor used in the sam-
ple extraction, and (ii) by analyzing n-hexane rinses
of the restrictor tube after sample extractions. Iso-
drin was added to the solution after SCDE as an
internal injection standard and contents in the col-
lection flask were diluted to volume with n-hexane.

SCDE performance

The synthetic organochlorine compounds used to
evaluate SCDE of Hydrilla tissue are shown in Ta-
ble I along with their important physicochemical
properties. Pure standards of each of these com-

TABLE I

ORGANOCHLORINE ANALYTES USED IN THIS STUDY
AND THEIR IMPORTANT PHYSICOCHEMICAL PROP-
ERTIES

Analyte pS,* log K" Ref GC peak No.?
Aldrin 7.4 na 13 4
a-Chlordane 6.9 6.0 14 7
y-Chlordane 6.9 6.0 14 6
4,4'-DDE 7.5 5.7 14 8
Dieldrin 7.2 54 14 9
y-HCH (Lindane) 6.3 3.8 14 3
Hexachlorobenzene 6.9 5.5 15 2
Oxychlordane na‘ na - S
Pentachlorobenzene 6.3 5.2 15 1

@ Inverse logarithm of molar water solubility.

Logarithm of n-octanol-water partition coefficient.

Physical property literature reference.

Gas chromatography peak reference number for Figs. 3 and 4.
na indicates parameter not available.

b
d
pounds along with isodrin and mirex were obtained
from the U.S. EPA Pesticides and Industrial Chem-
icals Repository (Research Triangle Park, NC,
USA) in neat form.

All general purpose glassware was scrupulously
cleaned with nitric acid solution, rinsed in distilled
water and burhed overnight at 450°C, stored cov-
ered by burned aluminum foil, and rinsed repeated-
ly with hexane before use. Volumetric glassware
was soaked in nitric acid solutions.for 12 h, rinsed
and sealed with foil, and hexane rinsed repeatedly
prior to use. Granular anhydrous sodium sulfate (J.
T. Baker, Haupauge, NJ, USA) was used as the
matrix for the initial optimization of SCDE condi-
tions. Finely cut glass wool was placed within the
extraction vessel along with Florisil sorbent and the
sample for the evaluation of in-line clean-up. Sodi-
um sulfate, Florisil, and glass wool were burned at
450°C overnight to remove any trace organic resid-
ues.

Initial optimization experiments involved spiking
sodium sulfate housed in the extraction vessel with
a hexane solution containing the nine analytes — the
hexane was allow to evaporate from the extraction
vessel before SCDE was initiated — and sequentially
extracting the sample over 15-min intervals, with
the collection flask and solvent renewed at each in-
terval, for a total of 60 min (4 fractions). In addi-
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tion, SCDE of spiked sodium sulfate was per-
formed under 23, 30 and 38 MPa pressure regimes.

Extraction performance involving actual samples
of Hydrilla were performed in several stages. First,
50-100-mg samples of lyophilized HydFrilla tissue
were loaded into the extraction vessel and SCDE
was performed with and without the analytes
amended to the sample. Secondly, Florisil was
placed in the extraction vessel along with the tissue
to minimize plant lipid carryover into the collection
flask (i.e., clean-up); the materials were loaded into
the extraction vessel in the order of Hydrilla, glass
wool (a neutral separator), and Florisil. Blanks
were extracted with only glass wool and Florisil
present. The analytes were amended to the samples
at a concentration of 5-10 mg/kg per component.
All SCDE experiments were performed either in
triplicate or quadruplicate.

GC analysis

All GC analyses were performed on a Hewlett-
Packard 5890 Series II gas chromatograph
equipped with a 3Ni electron-capture detector.
The gas chromatograph was fitted with a 30 m x
0.25mm 1.D., 0.25 um film thickness, SE-54 fused-
silica capillary column (Alltech). Samples were in-
troduced into the gas chromatograph via the split-
less mode of a split/splitless injector system. The
GC injector and detector were maintained at 250
and 300°C, respectively. Helium was used as the
carrier gas and its linear velocity through the col-
umn was 35 cm/s at 100°C, and 5% methane in
argon was used as make up gas for the detector and
its flow was maintained at 60 ml/min. Separations
on the GC were temperature programmed with an
initial temperature of 50°C (1 min hold), ramped
from 50°C to 120 °C at a rate of 10°C per minute
(with a 1-min hold at 120°C), then ramped again at
a rate of 4°C per minute to 280°C (9.5 min final
hold) for a total run time of 60 min. Analyte recov-
eries were obtained directly from auto-quantitation
routines programmed in a Hewlett-Packard 3396
recording integrator.

RESULTS AND DISCUSSION
SCDE optimization

Extraction temperature was partially decided on
by conforming to a temperature close to that com-

monly used in other SCDE experiments [16]. How-
ever, the most important factors in selecting the ex-
traction temperature were based on the following
considerations: (a) 50°C is safely above the 31°C
critical temperature of carbon dioxide; (b) 50°C was
a convenient temperature to use with the constant
temperature water bath; and (c) it was desirable to
keep the solubilization power of carbon dioxide at a
maximum with working pressures less than 40 MPa
by optimizing density. Although extraction temper-
ature is known to be an important variable in
SCDE, its effect on the target analyte recoveries was
not studied in the experiments described herein.

Initial experiments involving SCDE of analyte-
spiked anhydrous sodium sulfate demonstrated
that recoveries were essentially independent of ap-
plied pressure. Therefore, 38 MPa was used sub-
sequently in all SCDE experiments because it was
known this pressure was well above any pressure-
limited extraction condition, and this represented
the highest density state for supercritical carbon
dioxide (0.90 g/ml at 50°C and 38 MPa) that was
feasible to use in the lab-built system.

Extraction of the target analytes from anhydrous
sodium sulfate at 38 MPa and 50°C was essentially
complete during the first 15 min as evidenced by
Fig. 3. All of the analytes extracted during the sec-
ond 15 min were present at levels below quantita-
tive analysis. Because anhydrous sodium sulfate
was considered to be an inert surface, the results
obtained from the optimization experiments were
thought to reflect the most ideal SCDE conditions
from which a starting point for plant tissue analysis
was derived.

SCDE of Hydrilla tissue

Efficient isolation of the target analyses amended
to Hydrilla tissue was obtained after 15 min of ex-
traction at 50°C and 38 MPa as shown in Fig. 4 and
Table II. Less than 0.5% of the amended analytes
were recovered during a second 15 min extraction
of the same sample (see Fig. 4b). The third and
fourth 15 min extraction intervals over the cumu-
lative 60 min extraction showed similar chromato-
grams to that displayed in Fig. 4b. Chromatograms
of blank extractions (with and without the presence
of Florisil and glass wool) were nearly identical to
the chromatogram shown in Fig. 4b, with the only
exception from Fig. 4b being the absence of the
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Fig. 3. Chromatograms showing optimization results from supercritical carbon dioxide extraction of analyte-amended (10 mg/kg per
component) sodium sulfate: (a) first 15 min period of extraction; and (b) second 15 min period of extraction. GC peak designations are

listed in Table 1.

barely visible analyte peaks (isodrin and mirex ex-  from 89% to 109% for SCDE carried out on
cluded) in the blank chromatograms. amended Hydrilla tissue alone, and the R.S.D. val-
Recoveries of amended analytes in Hydrilla tis-  ues for the same extractions varied from 11.8 to

sues are shown in Table II. Mean recoveries ranged  20.4%. Mirex recoveries were greater than 85% in
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Fig. 4. Chromatograms showing supercritical carbon dioxide extraction of analyte-amended (10 mg/kg per component) Hydrilla tissue:
(a) first 15 min period of extraction; and (b) second 15 min period of extraction. GC peak designations are listed in Table I. Isodrin
internal standard (I) and mirex surrogate standard (S) peaks are also labeled in both chromatograms.



124 P. R. McEachern and G. D. Foster | J. Chromatogr. 632 (1993) 119-125

TABLE 11

RECOVERIES OF ORGANOCHILORINE ANALYTES FROM HYDRILLA TISSUE USING OFF-LINE SUPERCRITICAL
CARBON DIOXIDE EXTRACTION WITH AND WITHOUT FLORISIL SORBENT

Analyte Hydrilla alone® Hydrilla + glass wool + Florisil®
Mean recovery R.S.D. Mean recovery R.S.D.
(%) (%) (%) (%)
Aldrin 87.2 14.3 86.8 3.4
a-Chlordane 95.0 13.5 99.3 5.2
y-Chlordane 98.6 11.8 101 6
4,4'-DDE 89.8 12.9 73.0 19.3
Dieldrin 109 15 559 45.0
y-HCH (Lindane) 90.9 20.4 67.0 7.5
Hexachlorobenzene 94.6 18.7 88.5 2.8
Oxychlordane 104 12 106 5
Pentachlorobenzene 101 14 86.7 5.4
“n=4,
bn =3

all of the experiments, indicating that the collection
technique employed did not “purge out” the ana-
lytes isolated in n-hexane. Furthermore, there was
no evidence of analyte holdup in the restrictor dur-
ing a spiked tissue SCDE experiment.

Extractable lipids constitute a formidable inter-
ference problem in the conventional analysis of
SOC:s in tissues [17], and a lipid clean-up must usu-
ally be undertaken prior to GC-ECD analysis. The
lipid content of lyophilized Hydrilla verticillata tis-
sues was found to be 2.1% (w/w). Because it can be
expected that lipids and other plant products will
co-extract with the SOC analytes, a small amount
of Florisil was incorporated into the extraction ves-
sel in an attempt to fractionate interfering materials
from the analytes during SCDE.

Substantial reductions in recoveries were ob-
served for y-hexachlorocyclohexane (HCH), 4,4'-
DDE, dieldrin, and pentachlorobenzene when glass
wool and Florisil were present in the extraction ves-
sel (Table II), presumably due to the strong interac-
tion of these analytes with the polar Florisil sor-
bent. Interestingly, the R.S.D. values for most of
the analytes were consistently lower in samples with
attending glass wool and sorbent with the exception
of 4,4'-DDE and dieldrin. Dieldrin showed much
lower recoveries and much higher variability in re-
coveries with Florisil present in the extraction ves-
sel. None of the analyte physical properties shown

in Table I seem to correlate with the observed lower
recovery effect. It has recently been stated, however,
that supercritical fluid extraction efficiency is best
correlated with the dipole moments of the super-
critical fluids [18].

Florisil was selected in this study for in-line clean-
up because this sorbent is used extensively for con-
ventional column chromatography clean-up in pes-
ticide analysis. Sorbents other than Florisil have yet
to be evaluated in the SCDE of Hydrilla tissues. The
in-line deployment of Florisil in SCDE would ideal-
ly minimize the need to conduct further clean-up in
tissue analysis, substantially streamlining sample
preparation procedures. In addition, in-line clean-
up will be essential to the development of directly
coupled SCDE-GC in the analysis of SOCs in tis-
sues. It is important to note that one major observa-
tion concerning these particular samples was that
the collected products from Hydrilla alone in the
extraction vessel gave the n-hexane in the receiving
flask a distinct yellow color, whereas those of Hy-
drilla with glass wool and Florisil in the extraction
vessel showed a virtually no visible color in the col-
lection solution. It is possible that the co-extraction
of pigments or other natural plant substances may
have accounted for the relatively higher R.S.D. val-
ues of the samples where Florisil and glass wool
were not present, but further investigation was not
attemped.
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The SCDE procedure described herein would
provide a detection limit of 0.5 mg/kg (estimated as
an analyte response greater than three times the
standard deviation of the baseline signal deter-
mined from replicate blank analyses) for the orga-
nochlorine analytes if it 1s used without any further
modification. Unfortunately, this is well above
0.001 mg/kg detection limits that are typically avail-
able in more conventional tissue analysis methods
[18]. Lowering detection limits for the SCDE tech-
nique to make it more applicable to field studies
could, in fact, be accomplished in several ways, in-
cluding (a) increasing the sample size, (b) concen-
trating the n-hexane collection solvent to a small
volume, and (c) coupling SCDE with GC in an on-
line (i.e., directly coupled) configuration. It is strate-
gy (a) and (b) above that is presently being pursued
in developing a method for analyzing SOCs in Hy-
drilla tissues in our laboratory. The results of this
study suggest that SCDE has the potential to re-
place subcritical solvents, when Soxhlet extraction
is used for example, in the isolation of synthetic
organochlorine contaminants from plant tissues.
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ABSTRACT

The potential of capillary zone electrophoresis (CZE) for the analysis of metallothionein (MT) isoforms was investigated. CZE was
performed using two different systems, (1) a laboratory-constructed instrument with an ISCO UV detector and (2) a Waters Quanta
4000 system. Capillaries were of 75 um 1.D. X ca. 1 m in length and loading times were up to 40 s by gravity or 4 s by electrokinetic
migration at 30 kV. Samples were dissolved in 10 mA Tris—HCI buffer, pH 9.1, and electrophoresis was performed at 30 kV using a 50
mM Tris—HCI, pH 9.1 running buffer. Detection was by UV absorbance at 185 or 214 nm. Purified and semipurified MT samples were
analysed for qualitative assessment of purity, relative isoform abundance and separation characteristics of MT from different species.
As progress towards the development of a quantitative assay, the linearity of calibration curves and simple methods of sample
preparation for analysis by CZE were investigated. Complete separation of a mixture of the two major MT isoforms was achieved in
less than 5 min and the technique was found to be very useful for qualitative analysis of MT. Using a rabbit liver MT standard (500
pg/ml™"), a linear relationship was found between the gravity load time and the integrated peak area. Standard calibration curves were
also linear and the detection limit for both CZE instruments under our separation conditions was 1-10 ug MT ml~!. The successful use
of two solvent extraction procedures for tissue samples demonstrated the potential of CZE for routine quantitative analysis of MT.

INTRODUCTION

The unique chemical and physical properties of
metallothionein (MT) and its suggested role in
heavy metal metabolism and detoxification have
been the subject of intense investigation ever since
its initial discovery [1]. In most animal species, MT
has 2 major isoforms (MT-1 and MT-2) which have
a pI of between 3.9 and 4.6 and differences of charge
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due to certain amino acid substitutions [2]. Both
isoforms contain 33% cysteine residues with a high-
ly conserved sequence. Transition metals such as
Zn, Cd and Cu bind to MT through association
with the cysteine thiol groups.

Early separation techniques involved lengthy
chromatographic procedures in which MT quantifi-
cation was indirect, based on measurement of the
metal content of the protein [3]. Such techniques are
insensitive and impracticable for the study of MT
metabolism in some tissues including extracellular
fluid matrices in which endogenous MT levels are
low. Consequently, a number of different assays
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have been developed which are more rapid and
show improved sensitivity.

Immunological assays [radioimmunoassay (RIA)
and enzyme linked immunosorbent assay (ELISA)]
offer the highest level of detection sensitivity and
are particularly useful for analysing MT present in
low quantities such as in urine or plasma [4-6].
Complete crossreactivity of MT antibodies with
MT from different species or even between the ma-
jor isoforms of the protein in a single species is,
however, questionable. Indeed, an assay has been
developed specifically for the measurement of rat
MT-1 [4].

Various metal-saturation assays have been pub-
lished which depend on the displacement of metals
bound to MT with a radioactive isotope of Hg, Cd
or Ag [7-9]. These assays are of limited value since
Hg and Cd will not displace Cu from MT [10] and
the binding capacity for Ag is variable [11]. A more
recent version of this assay uses ammonium tetra-
thiomolybdate to remove Cu from MT prior to sat-
uration with 1°°Cd [12].

A number of high-performance liquid chroma-
tography (HPLC) techniques have been developed
to isolate and quantify MT in tissue extracts. Suzu-
ki [13] first developed an isolation procedure for
MT which coupled size-exclusion HPLC with metal
detection by atomic absorption spectrophotometry.
Because this technique relies on a combination of
size-exclusion and weak cationic exchange proper-
ties of the columns used, MT isoforms are not al-
ways completely resolved. Later, reversed-phase
HPLC (RP-HPLC) techniques were developed
which offer reasonably high detection sensitivity
combined with the ability to resolve individual MT
isoforms [14]. However, RP-HPLC requires the use
of organic solvents and expensive columns.

Recently, CZE has been applied to the analysis of
proteins and peptides [15,16] and is particularly
suitable for the separation of low M, molecules. MT
is well suited to separation by CZE since it is a low
M, protein (ca. 6600 daltons, including metals)
with, in most species, 2 major isoforms which differ
in charge over a range of pH conditions. Separation
of charged molecules is achieved in narrow-bore
capillaries, usually less than 100 um 1.D., and up to
1 m in length, filled with an appropriate buffer solu-
tion. The molecules separate in an applied electric
field according to their charge to mass ratio at the
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selected pH. The advantages of CZE over other
techniques include the speed of analysis (4-8 min
for the separation of MT using the conditions de-
scribed below), small sample requirements (1-100
nl), nanogram sensitivity, high resolution and im-
proved discrimination. Qur objectives were to as-
sess the practicability of using CZE to separate MT
isoforms for qualitative analysis and to develop a
quantitative assay for routine analysis of MT iso-
forms in tissue and cell samples.

EXPERIMENTAL

Instrumentation and electrophoresis conditions

Two instruments were used to develop a method
for the analysis for MT: a system constructed at the
Rowett Institute which is described below and a
Waters Quanta 4000 system with an autosampler
and 6/12 well carousel (Millipore/Waters Chroma-
tography Division, Watford, UK).

The laboratory-constructed capillary electropho-
resis system was made by attaching a plastic box
(150 mm X% 200 mm X 70 mm deep) with a trans-
parent hinged door, containing the anode and a re-
tractable sample/electrolyte holder, to an ISCO
CV* variable wavelength (190-750 nm) UV-visible
detector (ISCO, Lincoln, NE, USA). The cathode
was placed outside the box immediately above an
electrolyte vial holder on a retractable platform.
The electrodes were constructed out of fine plati-
num tubing (PT007200, Goodfellow Metals, Cam-
bridge, UK) and each end of a fused-silica, poly-
imide-coated capillary tube (94 cm x 75 ym 1.D;
Composite Metal Services, Worcester, UK) was
threaded coaxially through an electrode until they
were level. An optical window of about 1 cm length
positioned about 20 cm from the cathode end was
prepared by heating the polyimide tube coating
with a flame and removing the charred material
with acetone. The prepared tubing was carefully in-
serted into the flow cell cassette ensuring that the
optical window was located in the light path of the
detector. Absorbance was monitored at 214 nm.

The capillary tubing was filled with 50 mAM Tris—
HCI buffer, pH 9.1, under positive pressure applied
at the appropriate end. A 2-ml bottle containing the
same buffer was placed in position in the anode and
cathode cell holders to submerge the ends of the
capillary in electrolyte. When setting up the instru-
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ment each day, the tube was conditioned by purging
with 0.1 M KOH and then with electrolyte buffer. A
potential of 30 kV was then applied across the capil-
lary from a power supply (Brandenburg, alpha I1T)
for a period of not less than 1 h to allow the system
to stabilise. Each sample in 10 mM Tris—HCI buffer,
pH 9.1, was loaded electrokinetically at 30 kV.
Load time varied according to the sample concen-
tration of MT but was usually no more than 4 s.

Using the Waters Quanta 4000 instrument and
the same capillary dimensions described above, all
samples were loaded under gravity for periods of up
to 40 s (this being approximately equivalent to 4 s of
electrokinetic loading). The capillary was condi-
tioned with 0.1 M KOH at the start of each day and
at intervals when required. Sample and electrolyte
buffers were as described above and the conditions
of electrophoresis were similar. The capillary was
monitored for UV absorbance at 185 nm and data
were collected and integrated by computer using a
datalogging program.

Preparation of MT samples for electrophoresis

Purified rat liver Cd, ZnMT-1 and Cd, ZnMT-2
were gifts from Dr. Chiharu Toyama (National In-
stitute for Environmental Studies, Tsukuba, Japan)
and rabbit liver Cd, ZnMT isoforms were obtained
from Sigma Chemical Company (Poole, UK). The
isoform proteins from both species were used to
demonstrate the application of CZE to the asses-
ment of MT purity. In addition, rabbit MT-1 and
MT-2 were used routinely for evaluating capillary
condition and for investigating the potential of
CZE for quantitative analysis of MT isoforms. In
particular, the linearity of gravity loading time and
MT concentration against integrated absorbance
peak area was investigated using the Waters Quanta
4000 system. An attempt was also made to estimate
the detection limit for MT.

Since CZE analysis of MT is very rapid, we in-
vestigated the value of measuring sequential frac-
tions from a gel permeation column, thus adding a
second analytical dimension to the chromatography
profile. Using a Sephadex G-75 column (30 x 1.5
cm) equilibrated with 10 mM Tris-HCI, pH 8.6,
and cytosol from a 50% tissue homogenate, sheep
MT was separated from the liver of a single adult
grey-face ewe which had been dosed orally with 500
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mg Zn (as ZnSO, in saline-glycerol) and injected
intraperitoneally (i.p.) with 2 mg Zn kg~ ! and then
4 mg Zn kg~ ! (ZnSOy in saline) on the following 2
days. The Zn concentration in each fraction was
determined by atomic absorption spectrophotom-
etry and individual fractions corresponding to the
elution position of MT were analysed directly by
CZE.

Direct analysis of tissue cytosols by CZE was
found to be of little value for the quantification of
MT (see Discussion below) and the use of gel per-
meation chromatography as an initial separation
procedure was considered impracticable for routine
analysis of MT. An attempt was therefore made to
adapt and develop sample preparation techniques
that would facilitate the rapid analysis of MT iso-
forms. Two methods were studied: an acetone pre-
cipitation technique and a method using acetoni-
trile to remove high M, proteins. Liver homoge-
nates (20% (w/v) in 10 mM Tris-HCI, pH 8.6, 0.25
M sucrose) were prepared from rats which had been
injected i.p. with either saline or 3 mg Zn kg™*
(ZnSOy in saline) for 4 consecutive days. CdCl, (25
ug Cd/ml cytosol) was added to the homogenates to
stabilise MT before centrifugation at 105 000 g for
60 min. The addition of too much Cd at this stage
can cause precipitation of MT. Aliquots were treat-
ed with acetone using the procedure of Hidalgo et
al. [17]. The precipitated MT was reconstituted in
10 mM Tris—HCI buffer, pH 9.1, and subsequently
analysed by CZE. Further ice-cold aliquots of cyto-
sol were treated by the slow addition of cold aceto-
nitrile, while vortexing, to a final concentration of
50% (v/v). The samples were left to stand at 4°C for
1 h before centrifugation at 1000 g for 15 min. The
supernatants were analysed directly using CZE.

We were interested to investigate whether very
small amounts of tissue could be used for analysis
and so 8 mg replicate samples of liver from the sa-
line- and Zn-injected rats were homogenised by
sonication in 200 ul of 10 mM Tris—HCI buffer, pH
8.6. After centrifugation at 1000 g for 30 min (4°C),
150 ul of acetonitrile was slowly added, while vor-
texing, to an equal volume of the supernatant. The
precipitate was removed by centrifugation at 1000 g
for 15 min and the supernatant was analysed direct-
ly by CZE.



130
RESULTS

Purity analysis

Due to the high resolution of the CZE technique
and the difference in charge between MT-1 and
MT-2, the two isoforms of rat and rabbit liver MT
showed complete separation (Figs. 1 and 2). When
corrected for changes in the endo-osmotic front
(EOF), there was no difference in the MT-1 and
MT-2 separation characteristics between rat and
rabbit. As expected from their negative charge at
pH 9.1, both isoforms were detected after the EOF.
The migration times for replicate electrophero-
grams of purified MT-1 and MT-2 were consistently
reproducible although some variation in migration
times were noted when analysing tissue extracts.
Marked improvements were made by re-condition-
ing the capillary with 0.1 M KOH between analyses,
although this routine treatment was not found to be
practicable with the laboratory constructed equip-
ment where the capillary had to be purged manual-
ly.

In agreement with established knowledge con-
cerning the charge differences between the isoforms,
MT-2, which is more highly charged than MT-1,
had the longest migration time (ca. 260 s compared
to 230 s for MT-1; Fig. 1). The rat MT isoforms
were found to be of high purity (>95%), although
a very small component with a migration time inter-
mediate to MT-1 and MT-2 was detected. However,
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Fig. 1. Capillary zone electropherograms of rat liver MT and the
individually purified MT-1 and MT-2 isoforms (inserts). Sam-
ples of MT (1.14 mg ml~'), MT-I (0.61 mg ml™') and MT-2
(0.53 mg ml~") were dissolved in 10 mM Tris—HCI buffer, pH
9.1, and loaded into the capillary by electrokinetic migration at
30 kV for 2 (MT) or 3 (MT-1 and MT-2) s. The running buffer
was 50 mM Tris-HCI, pH 9.1, and the running voltage was 30
kV.
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Fig. 2. Capillary zone electropherogram of rabbit liver MT (0.50
mg mi~ 1) loaded by electrokinetic migration for 1 s. The buffers
used to dissolve the sample and for running were the same as
those described in the legend to Fig. 1.

the combined rabbit MT isoforms contained at
least 4 small peaks in addition to the MT isoforms
(Fig. 2). It is not clear whether these were contami-
nants or perhaps variant metalloforms of MT (i.e.,
the same MT isoform with different metal composi-
tion). From absorbance peak area calculation, the
relative proportion of MT-1 and MT-2 appeared to
vary from lot-to-lot of the commercial rabbit pro-
tein but replicates from a single lot gave consistent
results (data not shown).-

Analysis of gel chromatography fractions

Most of the zinc from the sheep liver cytosol sam-
ple subjected to gel permeation column chromatog-
raphy on Sephadex G-75 eluted, bound to MT, in
fractions 12 through 17 inclusive and the CZE anal-
yses of consecutive fractions are shown in Fig. 3.
Fractions 13 to 17 show a prominent component
which was found to have the same migration time
as sheep MT-1 purified by ion-exchange chroma-
tography. The migration time of MT-2 was also
identified by CZE analysis of the purified isoform
and it is clear that its cytosolic concentration was
very much lower than that of MT-1. In contrast to
MT-1 and MT-2, other contaminants-clearly visible
in fraction 12, were increasingly less conspicuous in
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Fig. 3. A two-dimensional analysis of MT from a Zn-treated sheep. The first dimension (top panel) consisted of a gel permeation
fractionation of cytosol on a column packed with Sephadex G-75 and eluted with 10 mM Tris-HCI, pH 8.6. The MT-containing
column fractions (denoted by bar) were identified by an atomic absorption spectrophotometric analysis for Zn. These fractions (12-17)
were then subjected directly to the second dimension analysis of CZE with loading by electrokinetic migration for 4 s at 30 kV and run

in 50 mM Tris-HCI, pH 9.1, at 30 kV.

subsequent fractions. During purification of MT-1
and MT-2 on an anion-exchange column (Sephadex
DEAE A-25), the appearance of some red colora-
tion was noted in the MT-2 fraction. A sample was
therefore desalted and concentrated on a Centri-
con-3 molecular filtration unit (Amicon, UK) and
analysed by CZE. The resulting electropherogram
showed 3 components (Fig. 4a), the first of which
had the same migration time as the purified sheep
MT-1. In order to distinguish the remaining 2 com-
ponents, the sample was re-analysed by CZE, this
time monitoring absorbance at 414 nm. Since the
ion-exchange fraction showed a small absorption
maximum at 414 nm and MT does not absorb light
at this wavelength, the resulting electropherogram
clearly demonstrated that the second component
(presumably haemoglobin) was the contaminating
red protein (Fig. 4b).

Standard calibration

The relationship between gravity loading time of
MT sample (500 ug ml~') and integrated absor-
bance peak area was found to be linear over the
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Fig. 4. (a) Capillary zone electropherogram of sheep liver MT-2
previously purified by anion-exchange chromatography and de-
salted by ultrafiltration. The lower panel (b) represents CZE of
the same sample except that absorbance at 414 nm was mon-
itored to detect the presence of a red protein contaminant (pre-
sumably hemoglobin, Hb). The endo-osmotic front (EOF) and
contaminant MT-1 are also indicated.
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Fig. 5. Integrated peak areas of MT-1 and MT-2 isoforms from a rabbit liver MT sample (0.50 mg m!~ 1) plotted as a function of (a) the
gravity loading time or as a function of (b) the concentration of MT loaded into the capillary. A standard curve for the lower
concentration range 10-100 pg ml~ ! is also shown (insert). Each sample was dissolved in 10 mAf Tris-HCI, pH 9.1, and run at 30kVin

50 mM Tris-HC], pH 9.1.

range of 2 to 30 s for both MT-1 and MT-2 (Fig.
5a). In addition, the ratio of MT-1:MT-2 remained
constant over this range indicative of the fact that
both isoforms loaded in the same proportion at
each time. CZE of standard rabbit MT solutions
also gave linear calibration lines across the entire
concentration range (10-500 ug mi~! of MT-1 +
MT-2) as can be seen in Fig. 5b. From linear regres-
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Fig. 6. Liver cytosol from control and zinc-injected rats was frac-
tionated with acetone to enrich for MT and the 80% acetone
insoluble pellet was redissolved in 1.0 ml of 10 mM Tris—=HClI,
pH 9.1, and subjected to CZE as described in the legend to Fig. 1.

sion of the data, the absolute limit of detection was
estimated to be approximately 1 ug mi~'. Never-
theless, under our separating conditions, it would
be appropriate to assume a working detection limit
in the range 1-10 ug ml~ 1,

Analysis of MT in rat liver

Both MT isoforms were readily detected in the
acetone-extracted hepatic cytosol samples from Zn-
injected rats (Fig. 6). Relatively little contamination
from other components was observed confirming
the specificity of this preparation method for MT.
MT-2 was clearly identificable in the acetone ex-
tract from the livers of saline-injected (control) rats
although the level of MT-1 was considerably lower.

The treatment of cytosol samples with acetoni-
trile was simple and rapid but could not remove all
contaminants, particularly low M, components.
The isoforms were identified by standard additions
of MT-1 and MT-2 to the acetonitrile-treated sam-
ples prior to re-analysis by CZE (Fig. 7). As with
the acetone treatment, MT-2 was readily detected in
the liver extract from saline-injected rats (Fig. 7a)
but MT-1 was barely detectable. The presence of
both isoforms in the liver extract from Zn-injected
rats (Fig. 7d) confirmed the acetone treatment re-
sults.

MT was readily detected in the 8-mg liver sam-
ples from rats injected with Zn (Fig. 8). In agree-
ment with the results for the 2 previous solvent ex-
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Fig. 7. Liver cytosol as described in the legend to Fig. 6 was
treated with acetonitrile (50%, v/v) to remove contaminating
proteins and the resulting supernatant after centrifugation was
subjected to CZE. MT isoforms were detected in control cytosol
(a) and in cytosol from Zn-injected rats (d). The identity of each
isoform was confirmed by standard additions of MT-1 (b & e)
and MT-2 (c & f) to the extract from Control and Zn-injected
animals prior to CZE.
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Fig. 8. Capillary electropherograms of acetonitrile-treated cyto-
sol derived from a small (8 mg) sample of liver from (a) control
and (b) zinc-injected rats. CZE was conducted as described in the
legend to Fig. 1.
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traction methods, considerably more MT-2 than
MT-1 was detected in the liver of the saline-injected
rats (Fig. 8a). A similar isoform ratio was also evi-
dent in the Zn-injected sample (Fig. 8b) and is con-
sistent with co-ordinate induction of MT-1 and
MT-2 isoforms by zinc.

DISCUSSION

The separation of the major MT isoforms by
CZE was found to be simple, rapid and reproduc-
ible. In contrast to other electrophoresis techniques,
CZE can be automated for batch analysis and
would therefore be suitable for the routine analysis
of MT-1 and MT-2 in large numbers of samples.
The high resolution achieved is characteristic of this
technique and was not seriously affected by increas-
ing the sample load time up to at least 40 s (gravity)
or 4 s (electrokinetic). The estimated detection limit
concentration of 1-10 ug MT ml~? is high com-
pared to, for example, immunological assays. How-
ever, since the volume of sample entering the capil-
lary is usually <100 nl, it is technically possible to
analyse very small sample volumes (<5 ul) repeat-
edly using positive or negative pressure loading
techniques e.g. gravity. Thus very small quantities -
of MT can be extracted into a small volume to
achieve an appropriate concentration for analysis
by CZE. Consequently both MT-1 and MT-2 were
readily determined from only 8 mg of liver using the
acetonitrile preparation technique (Fig. 8). Further
improvements in the sensitivity of analyses by CZE
should accompany current advances in detector
technology, particularly in the areas of electro-
chemical, mass spectrometry and laser-induced flu-
orescence detection.

The application of CZE to the qualitative analy-
sis of MT isoforms has been discussed briefly [18]
and the results would indicate that it is an invalu-
able technique for this purpose. For example, the
commercially available rabbit liver MT samples
consistently contain at least 4 components in addi-
tion to the 2 major MT isoforms. Monitoring the
effluent from Sephadex G-75 column chromatogra-
phy of Zn-induced sheep liver cytosol was valuable
in determining the fractions of highest M T content
and purity. Without any further chromatographic
analysis, it was clear from the CZE data that the
liver concentration of MT-1 was much higher than
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that of MT-2 following injection of sheep with Zn.
The preferential induction of MT-1 has been noted
previously in sheep using traditional chromato-
graphic methods of isoform separation [19]. Since
there are 3 functional sheep MT-1 genes [20], we
were interested to observe if the corresponding pro-
teins could be resolved by CZE. However, only one
peak for MT-1 was detected and it is unclear wheth-
er this contained unresolved components or wheth-
er only one MT-1 isoform had been induced. Con-
sidering the small number of amino acid substitu-
tions [20,21] with relatively little or no change in the
molecular weight or charge between MT-1 iso-
forms, it is perhaps not surprising that these pro-
teins could not be resolved, if indeed they were pres-
ent. It is also possible that the relative abundance of
the MT-1 isoform compared to the MT-2 isoform
reflects the combined contribution of different
MT-1 isoforms unresolved by CZE. The power of
CZE for checking MT purity might be further en-
hanced using an alternative method of analysis for
multi-component identification such as CZE-mass
spectrometry since modern mass spectrometers
have the required mass resolution and sensitivity
for this purpose. Alternatively, a different form of
capillary electrophoresis might prove useful in the
resolution of MT-1 isoforms, one that does not rely
solely on differences in charge-to-mass ratio as CZE
does. For example, micellar electrokinetic capillary
chromatography (MECC) which resolves compo-
nents partly on the basis of their hydrophobicity
could be employed. Since all of the individual MT-1
isoforms from human liver samples are resolved
with RP-HPLC [22], MECC may likely contribute
added resolving capability to a separation of MT
isoforms.

The linearity and reproducibility of the calibra-
tion curves for MT indicate that CZE is suited to
the quantitative analysis of this protein. However,
using the above described conditions of electropho-
resis analysis of MT in a complex matrix such as
liver cytosol was not possible due to the dominating
presence of other proteins. Removal of these pro-
teins by precipitation with solvents such as ethanol-
chloroform and acetone has frequently been used in
the purification procedure for MT [23,24]. Using rat
cytosol as starting material, purification of MT for
CZE analysis using acetone was successful but the
method is relativelv time consuming. Acetonitrile is
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advantageous in that it provides reducing condi-
tions and can be applied directly to the capillary
column. Moreover, it has been demonstrated by ra-
dioimmunoassay, that the recovery of MT-1 from
hepatocyte cytosol (5 - 10° cells) treated with 50%
acetonitrile was over 90% (unpublished data). The
successful analysis of MT in 8-mg liver samples
(Fig. 7) demonstrated the feasibility of using the
acetonitrile preparation method with small
amounts of tissue such as could be obtained by
biopsy or from a single culture dish containing in
the order of 5 - 10 hepatocytes. We therefore be-
lieve that acetonitrile extraction shows greatest po-
tential for sample preparation prior to automated
CZE analysis.

In conclusion, qualitative analysis of semi-puri-
fied or purified MT by CZE is of great value in the
assessment of purity and the relative abundance of
the two major MT isoforms. CZE also reveals in-
formation about differences in the charge to mass
ratio of MT isoforms from different animal species.
We have not as yet detected any difference in migra-
tion time of individual isoforms due to the type of
bound metal but this area requires further investi-
gation. Multiple isoforms of MT-1 in species such
as sheep could not be resolved probably due to the
relatively minor changes in charge to mass ratio as-
sociated with substitutions of individual amino
acids. Standard calibration curves indicated linear-
ity over an acceptable concentration range with an
estimated detection limit of 1-10 yg MT ml~*. Pri-
or removal of major protein contaminants by sol-
vent precipitation offers a rapid method of prepar-
ing samples for CZE analysis. The use of acetoni-
trile is recommended for the preparation of small
tissue or cell samples prior to quantification of MT
by CZE.
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ABSTRACT

High-performance base-specific separations of oligodeoxynucleotides were performed by temperature-programmed capillary affinity
gel electrophoresis (CAGE), in which poly(9-vinylacenine) (PVAd) was utilized as an affinity ligand. The migration behaviour of
oligodeoxynucleotides was investigated at different capillary temperatures. The migration time and resolution of oligodeoxyadenylic
acids, which do not interact with PVAd, decrease with increase in temperature as in capillary gel electrophoretic separation. The
migration behaviour of oligothymidylic acids, which interact with PVAd, is manipulated by varying the capillary temperature, which
leads to changes in the dissociation process of specific hydrogen bonding between oligothymidylic acids and PVAd. The implementation
of temperature-programmed CAGE was illustrated by the selective and sensitive base recognition of oligodeoxynucleotides with

efficiencies as high as several times 10° plates per metre.

INTRODUCTION

Capillary gel electrophoresis (CGE) [1] is rapidly
becoming an important tool for the separation of
single- and double-stranded polynucleotides (DNA
and RNA). Extremely high-resolution and high-
speed separations could be performed by CGE.
However, CGE is not applicable to the sequence-
specific separation of polynucleotides, such as se-
quence isomer separations, as the separation by
CGE is based on a molecular sieving effect. Devel-
opment of new CGE columns with special selec-
tivity extends the versatility of CGE, as in HPLC.

Recently we developed capillary affinity gel elec-
trophoresis (CAGE) as an alternative format of
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CGE, incorporating an affinity ligand within a po-
lyacrylamide gel matrix, for the specific base recog-
nition of oligodeoxynucleotides [2-5]. The incorpo-
ration of an affinity ligand within a gel can be used
to manipulate the selectivity of CGE separations.
CAGE using poly(9-vinyladenine) (PVAAJ) as an af-
finity ligand was effective for the selective separa-
tion of oligothymidylic acids from a mixture of
oligodeoxynucleotides [2—4]. Additionally, CAGE
separated completely the sequence isomers of hexa-
deoxynucleotide (TTTATT, TTTTAT and
TTTTTA) [5], which could not be separated by
CGE [5]. PVAA has been shown to form in vitro the
complex with the complementary strand of polynu-
cleotide by complementary hydrogen bonding [6,7]
and to be an excellent affinity ligand [8-10] for high-
performance affinity chromatography and affinity
gel electrophoresis. The selectivity and efficiency of

1993 Elsevier Science Publishers B.V. All rights reserved
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base-specific separations by CAGE were strongly
affected by several parameters, such as the size of
PVAJ, capillary temperature and concentrations of
PVAd and urea [2—4]. In this study, the effect of
temperature on the migration behaviour of oligode-
oxynucleotides was investigated in CAGE separa-
tions. It is demonstrated that temperature-pro-
grammed CAGE is effective for the high-perform-
ance base-specific separation of oligodeoxynucleo-
tides.

THEORY

The migration time, ¢, of an oligodeoxynucleo-
tide in CAGE in the presence of the interaction
(eqn. 1) of oligodeoxynucleotides (N) and affinity
ligands (L) is expressed as eqn. 2 [2]:

[N - L]
(NJ[L]

N+L=N-L K,= )]

t = 1o(1 + KJL)) 2

where ¢, is the migration time of oligodeoxynucleo-
tide in the absence of affinity ligand, K, is the appar-
ent association constant between oligodeoxynucle-
otide and an affinity ligand (L) and [L], is the total L
concentration. Temperature affects two parameters
in eqn. 2, viz., ty and K,. The relationship between
temperature and £, was formulated by Guttman
and Cooke {11] as follows:

to = 1 6mrn/EQ
n = Ciexp(E,/RT)
In to = In(/ - constant/EQ) + E,/RT 3)

where / is the effective length of the capillary up to
the detection point, # is the viscosity of the sur-
rounding gel-buffer medium, r is the root mean
square radius of the polynucleotide, C; is a con-
stant, E is the applied field, Q is the net charge of
polynucleotides, E, is the activation energy for the
viscous flow, R is the universal gas constant and T'is
the absolute temperature. The effect of temperature
on K, was expressed as

In K, = —AG/RT

“ C = g N,N'-methyle
amide + g Bis per 1€
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where AG is the free energy change in the equilib-
rium of eqn. 1.

EXPERIMENTAL

Chemicals

Unless stated otherwise, chemicals were of ana-
lytical-reagent or electrophoretic grade from Wako
(Osaka, Japan). Oligodeoxyadenylic acids, pdA;,_
18, and oligothymidylic acids, pdT;,_;s, were ob-
tained from Pharmacia (Uppsala, Sweden). The
pdT;s sample was chemically synthesized using a
Applied Biosystems (ABI, Foster City, CA, USA)
Model 391 DNA synthesizer. Samples were diluted
to 2.5 units per 500 ul with distilled water and
stored at — 18°C until used. PVAd was prepared by
the method reported previously [2,6,7]. The PVAd
sample thus obtained had a relative molecular mass
ranging from 10 000 to 30 000.

Capillary electrophoresis

An ABI Model 270A capillary electrophoresis
system was used for the CAGE separations. Poly-
imide-coated fused-silica capillaries (375 um O.D.
and 100 um 1.D.) (GL Sciences, Tokyo, Japan) were
used, with an effective length of 22 cm and a total
length of 42 cm. The buffer was a mixture of 0.1 M
Tris and 0.1 M boric acid with 7 M urea (pH 8.6)
for the preparation of the gel-filled capillaries and
as the running buffer. Capillaries filled with poly-
acrylamide-PVAd conjugated gel (8% T, 5% C and
0.05-0.1% PVAJ)* were prepared by the method
reported previously [2,12-14]. The percentage of
PV Ad was calculated by the equation 100 PVAd(g)/
[acrylamide(g) + Bis(g) + PVAd(g)]. Gel-filled
capillaries were mounted in the ABI Mode] 270A
system and run with buffer solution at 9 kV (214
V/cm). Samples were electrophoretically injected in-
to the capillary by applying a voltage of 5 kV for
0.1-1 s. The temperature of the agitated air sur-
rounding the capillary was maintained constant
within £0.1°C. Oligonucleotides were detected at
260 nm.

RESUII.TS AND DISCUSSION
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arations of oligodeoxynucleotides. Oligothymidylic
acids were selectively separated from a mixture of
oligodeoxynucleotides by using CAGE utilizing
PVAd as follows. In CGE separations, each oligo-
deoxynucleotide with the same chain length and dif-
ference base composition would elute with almost
the same electrophoretic mobility [2]. On the other
hand, the mobility of oligothymidylic acids shows
strong retardation due to its specific interaction
with PVAd, whereas the mobilities of other oligode-
oxynucleotides that cannot interact with PVAd are
unchanged. A difference in the mobilities resuits in
the specific recognition of oligothymidylic acids
over other oligodeoxynucleotides.

Effect of temperature in the capillary affinity gel elec-
trophoretic separations
Figs. 1 and 2 compare the separations of the

pdA;,_;s and the pdT;,.,s mixture by CAGE at
different temperatures. It can be seen in Fig. 1 that

(A) 30 °C

(B) 40 °C

(C) 50°C

10 15 min

Fig. 1. Separation of pdA,_,, by CAGE at (A) 30, (B) 40 and
(C) 50°C. Capillary, 100 um I.D., 375 um O.D,, total length 42
cm, effective length 22 cm. Running buffer, 0.1 M Tris-borate
and 7 M urea (pH 8.6). Gel contained 8% T, 5% C and 0.05%
PVAd with a relative molecular mass range of [0 000-30 000.
Field, 214 V/cm; current, 9 pA; injection, 5 kV for 1 s; detection,
260 nm.
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(A) 30°C

pdT,,
(B) 40 °C PdTm\

pdT,,
EN

T —]

(C) 50 °C

pdT,,

10 15 min

Fig. 2. Separation of pdT,, ,; by CAGE at (A) 30, (B) 40 and
(C) 50°C. Conditions as in Fig. 1.

the migration time and resolution of pdA,, 15 de-
crease as the temperature increases. The results in
Fig. 1 were comparable to the effect of temperature
on the migration time of pdA;,_ ;s in CGE without
an affinity ligand [15]. This suggests that a decrease
in the migration time of pdA;,_;g is mainly caused
by a decrease in the viscosity of the surrounding
gel-buffer with an increase in temperature as ex-
pressed in eqn. 3 [11]. The effect of temperature on
K, in eqn. 4 is not taken into account in this in-
stance, because the interaction of pdA;,_;s with
PVAAd is negligible.

The effect of temperature on the electrophero-
gram of pdT;,_;s as shown in Fig. 2 was different
from that in CGE, which was similar to the results
in Fig. 1 [15]. The migration time of pdT;,_;5 was
more affected . by temperature than that of
pdA,,_is, as shown in Fig. 1. In addition, some
band broadening was observed at lower temper-
ature. This indicates that temperature affects not
only the viscosity process in eqn. 3, but also the
association process expressed as eqn. 4. As the affin-
ity ligand would bind tightly to pdT;,_;¢ by hydro-
gen bonding at lower temperature, band broaden-
ing increased as temperature decreased. Dissocia-
tion of hydrogen bonding, which occurred at elevat-
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ed temperature, resulted in a decrease in the associ-
ation constant, K,, in eqn. 4. Therefore, the
migration times at 40 and 50°C (Fig. 2B and O]
were almost comparable to those in CGE [15].
Some peaks that appeared in Fig. 2B and C in addi-
tion to the peaks for pdT;,_;s would correspond to
the peaks for dephosphorylated oligodeoxythymi-
dylic acids.

We tried the base-specific separation of pdT;,_ ;5
from a mixture of oligodeoxynucleotides by using
isothermal CAGE as shown in Fig. 3. Oligothymi-
dylic acids were selectively separated from the mix-
ture at 30°C, but the resolution of pdT;,_ ;s de-
creased considerably as shown in Fig. 3A. The base
selectivity of pdT;,_15 over pdA;,_;5 was signif-
icantly diminished above 40°C (Fig. 3B). Conse-
quently, sensitive base-specific separation was not
be achieved by using isothermal CAGE. We next
turned to the use of temperature-programmed
CAGE for high-performance specific base recogni-
tton.

High-performance base-specific separation by tem-
perature-programmed CAGE

As in chromatographic methods [16], the main
purpose of using temperature programming in
CAGE is to improve the speed and/or the efficiency

pdA,,  + pdT,,
(A) 30 °C

]

(B) 50 °C

10 15 min
Fig. 3. Separation of a mixture of pdA,, ,, and pdT,,_,, by
capillary affinity gel electrophoresis at (A) 30 and (B) 50°C. Con-
ditions as in Fig. 1.
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PATu PTie  pdA,,.,, + PAT,,.,
(A) 30 °C (0-1 min)]

50 °C (1- min
( ) pdTu pdT,; pdT,

pdT,, pdT,;

(B) 30 °C (0-4 min)

50 °C (4- min) pdT,, pdT, pdTu pdT,;

(C) 30 °C (0-5 min)

50 °C (5- min) pdT,, pdT,, pdT, pdT,

10 15 min
Fig. 4. Influence of temperature programming on the separation
of a mixture of pdA |, ;g and pdT,,_,.: (A) 30°C for 1 min, then
step to 50°C; (B) 30°C for 4 min, then step to 50°C; (C) 30°C for 5
min, then step to 50°C. Conditions as in Fig. 1.

of a separation. Fig. 4 demonstrates the effect of
temperature programming on the electrophoretic
behaviour of a mixture of pdA;,_;5 and pdT;, ;5
in CAGE. CAGE was initially performed at 30°C.
After an appropriate time as shown in Fig. 4, the
temperature was elevated to 50°C. The temperature
programming was actually performed as a gradient
in which the temperature was gradually increased
from 30 to 50°C during a ca. 3-min interval during
electrophoresis rather than as stepwise changes. An
attempt to improve the resolution by temperature
programming in Fig. 4A was not successful. The
base-specific separation can be further improved by
employing temperature programming with a longer
period at the initial temperature during electropho-
resis, as shown in Fig. 4B and C. The migration
time of pdT;,_;¢ in Fig. 4C decreased substantially
in comparison with isothermal CAGE at 30°C in
Figs. 2A and 3A. In addition, temperature pro-
gramming resulted in sharper bands compared with
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pdA12-1a + pdT15
(A) 30 °C (0-2 min)

50 °C (2- min) pdT,
‘(B) 30 °C (0-5 min)
50 °C (5- min) pdT,,
10 15 20 min

Fig. 5. Influence of temperature programming on the separation
of a mixture of pdA,,_,5 and pdT,: (A) 30°C for 2 min, then
step to 50°C; (B) 30°C for 5 min, then step to 50°C. Gel contained
8% T, 5% C and 0.1% PVAdJ with a relative molecular mass
range of 10 000-30 000. Other conditions as in Fig. 1.

isothermal conditions. The pdT;;_;s bands were
separated completely from pdA;,_ s, but the pdT,
band partially overlapped that of pdA;s. The
pdTi4 ;6 bands were severely broadened owing to
the strong interaction with PVAd. A relatively sim-
ple mixture of oligodeoxynucleotides was next sep-
arated by temperature programming to show the
performance of the base-specific separation by
CAGE.

Fig. 5 demonstrates that the base-specific separa-
tion of a mixture of pdA;,.1s and pdT;s was
achieved using CAGE with temperature program-
ming, which was similar to that in Fig. 4, whereas
that without an affinity ligand did not [2]. However,
the pdT, s band was severely broadened and the effi-
ciency of CAGE was not improved, probably owing
to the strong interaction of pdT;s with PVAd. An
increase in the initial temperature of the programme
would be effective in achieving high-efficiency rec-
ognition of pdT;s.

Fig. 6 shows the effect of elevating the initital
temperature on the efficiency of the base-specific
separation of a mixture of pdA,,_;s and pdT;s. An
attempt to reduce the band broadening by raising
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PdA,,.,; + PdT,

(A) 40 °C (0-3 min)
60 °C (3- min)

pdT,s

(B) 50 °C (0-3 min)
60 °C (3- min)

pdT,

10 15  min
Fig. 6. Influence of initial temperature on the separation of a
mixture of pdA,,_,, and pdT 4: (A) 40°C for 3 min, then step to
60°C; (B) 50°C for 3 min, then step to 60°C. Other conditions as
in Fig. 4.

the initial temperature to 40°C was not totally suc-
cessful, although the analysis time was shortened
(see Fig. 6A). The band broadening was further di-
minished by employing an initial temperature of
50°C, as shown in Fig. 6B. The plate number of
pdT;s was 1 - 10°-3 - 10% per metre in Fig. 6B. This
value was slightly reduced compared with that ob-
tained by CGE [2], but much higher (by several tens
of thousands) than that achieved by high-perform-
ance affinity chromatography [16]. The results in
Fig. 6 clearly demonstrate that the resolving power
and separation speed of temperature-programmed
CAGE in base-specific separation compare favour-
ably with those of high-performance affinity chro-
matography [16].

In conclusion, temperature programming was
found to be effective for manipulating the selectivity
and improving the speed and the efficiency of
CAGE, and for achieving sensitive and high-resotu-
tion base-specific separations of oligodeoxynucleo-
tides. This method will allow its application to the
complex mixture of DNA, where inadequate sep-
aration is obtained in isothermal CAGE experi-
ments.
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ABSTRACT

B-Adrenergic blocking agents are of therapeutic value in the treatment of migraine and various cardiovascular disorders (angina
pectoris, cardiac arrythmia, hypertension). Owing to their sedative effect, they are also used as doping agents in sport. A characteristic
feature of f-blockers is the alkanolamine side-chain terminating in a secondary amino group. The pK, values vary from 9.2 to 9.8.
Because some f-blockers are hydrophilic and some lipophilic, simultaneous determination is difficult. In this work, a method based on
micellar electrokinetic capillary chromatography (MECC) was developed for the separation and determination of f-blockers. The 0.08
M phosphate buffer (pH 7.0) solution contained 10 mM N-cetyl-N,N,N-trimethylammonium bromide (CTAB). Ten parent S-blockers
in human urine could be separated in a single run and determined quantitatively by the internal standard (2,6-dimethylpheno!) method.
Neither endogenous compounds in urine nor caffeine and its metabolites interfered with the analysis. The clean-up procedure for urine
consisted of a simple filtration through 0.5-um PTFE membranes. The MECC method exhibited good repeatability and a linear range

of 25-150 ug/ml. The method was applied to determination of oxprenolol in real samples.

INTRODUCTION

The determination of drugs in biological fluids is
growing in importance owing to the need to under-
stand better the biochemical effects of drugs and the
continuing development of more selective and effec-
tive drugs.

Methods for the screening and identification of
B-blockers have been studied over several decades.
TLC, HPLC and high-resolution GC-MS [1,2] are
the conventional approaches after the drugs have
been isolated from the matrices. Although these
methods meet the demands of selectivity and sensi-
tivity, the character of B-blockers complicates the
necessary preparation of biological fluids for their
determination. Some f-blockers are lipophilic and
others hydrophilic. In addition, their relatively high
pK, values (9.2-9.8), caused by hydrogen bonding

Correspondence to: M.-L. Riekkola, Department of Chemistry,
Analytical Chemistry Division, University of Helsinki, P.O. Box
6 (Vuorikatu 20), SF-00100 Helsinki, Finland.
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between the free clectron pair on the nitrogen atom
of the terminal amino group and the hydrogen
atom of the f-hydroxyl group, complicate their ad-
sorption and extraction. At physiological pH (pH
7.4), B-blockers exist as single cations [3], which per-
mits their separation and determination by methods
based on ion-pair and micellar formations.

Capillary zone electrophoresis (CZE) has devel-
oped rapidly since Jorgenson and Lukacs [4,5] first
realized the advantages of using narrow-bore (I.D.
<100 pm) silica capillaries. In CZE, charged parti-
cles can be separated on the basis of differences in
their electrophoretic mobilities (pep). Electroosmot-
ic flow (EOF), which occurs in an electrolyte-filled
capillary under an electric field, has a flat flow pro-
file and mobility peo; normally e, > pep. This effect
forces all solutes (anionic, cationic and neutral) to
migrate towards the cathode end of the capillary.
Even anionic compounds are carried to the cathode
as.the EOF is much stronger than the p, of the
charged particles. Under the influence of EOF, neu-
tral particles migrate together at the velocity of the
electrolyte.

1993 Elsevier Science Publishers B.V. All rights reserved
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Micellar electrokinetic capillary chromatography
(MECC), which is an adaptation of CZE, was de-
scribed by Terabe ef al. in 1984 [6]. In MECC, an
ionic surfactant added to the electrolyte facilitates
the separation of neutral particles, something that is
not achieved by CZE. Although MECC is useful for
the separation of electrically neutral compounds, it
is also effective for separating ionic compounds,
which, because of their similar electrophoretic mo-
bilities, are not adequately resolved by CZE {7,8]. It
is thought that chromatographic distribution prin-
ciples ‘are involved in MECC. Also, MECC has
been used in drug analyses [9-12].

In this paper we present an MECC method for
the determination of ten parent f-blockers. The
separation mechanism is based on the differential
partitioning of analytes between an electroosmot-
ically purged aqueous 0.08 M phosphate buffer
phase and an electrophoretically retained cetyltri-
methylammonium (10 mM) micellar pseudo-phase.
With this method the ten parent -blockers (spiked)
in urine were separated during a single run, after
sample preparation consisting only of filtration of
the urine. The linear concentration ranges were
studied for eventual application of the method to
real samples obtained after oral administration of
the drug. In addition, the possible interference of
caffeine was investigated.

EXPERIMENTAL

Apparatus

MECC was performed in a 68 cm x 50 um 1.D.
fused-silica capillary tube (White Associates, Pitts-
burgh, PA, USA) where 600 mm was the effective
length for separation. A Waters Quanta 4000 capil-
lary electrophoresis system (Millipore, Waters
Chromatography Division, Milford, MA, USA)
was employed. Detection was at 214 nm. All experi-
ments were done at ambient temperature. Injections
were made hydrostatically for 30 s and the running
voltage was —26 kV at the injector end. The data
(peak height) were collected with an HP 3392A in-
tegrator and the identification of oxprenolol and its
hydroxy-substituted metabolites was performed
with GC-MS using a Hewlett-Packard (Avondale,
PA, USA) Model 5890A gas chromatograph and a
Hewlett-Packard Model 5989A single-stage qua-
drupole mass spectrometer.

P. Lukkari et al. | J. Chromatogr. 632 (1993) 143148

Materials

The p-blockers studied were acebutolol hydro-
chloride, alprenolol hydrochloride, atenolol, labe-
talol hydrochloride, (& )-metoprolol (+)-tartrate,
nadolol, oxprenolol hydrochloride, pindolol, (S)-
{(—)-propranolol hydrochloride and timolol ma-
leate, all from Sigma (St. Louis, MO, USA). 2,6-
Dimethylphenol (internal standard), sodium dihy-
drogenphosphate monohydrate, disodium hydro-
genphosphate dihydrate and N-cetyl-N,N,N-tri-
methylammonium bromide (CTAB) were obtained
from Merck (Darmstadt, Germany) and were used
as received. Other reagents used in the development
of the method were of analytical-reagent grade and
were used as received. Distilled water was purified
through a Water-1 system from Gelman Sciences
(Ann Arbor, M1, USA). All the micellar buffer so-
lutions were filtered through 0.45-um membrane fil-
ters (Millipore, Molsheim, France) and degassed
before use. Samples and other solutions were fil-
tered through Millex filters of 0.5-um pore size (Ni-
hon Millipore, Yonezawa, Japan).

Procedure

To ensure reproducible separations, before each
injection the capillary was purged for 2 min with the
buffer solution.

Preparation of spiked human urine samples

A human urine pool was diluted with water (1:2)
and the mixture was spiked with a solution contain-
ing an accurately measured amount of each
p-blocker. The urine samples were filtered through
filters of 0.5-um pore size and then analysed.

RESULTS

Optimization of MECC conditions

A standard solution of the ten f-blockers was
prepared for optimization of the MECC conditions
in the absence of the matrix. The elution order of
the compounds was studied by individual spiking,
but all ten S-blockers were always included in the
solution. A pH of 7.0 produced by phosphate salts
was chosen for the eluent on the basis of past expe-
rience in the analysis of f-blockers by ion-pair
liquid chromatography.

The parameters investigated were the concentra-
tions of phosphate and the micelle former, CTAB,
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which normally is used as the ion-pair former in
HPLC, and the applied voltage. Phosphate concen-
trations from 0.05 to 0.15 M and CTAB concentra-
tions of 5, 8, 10, 12 and 15 mAf were studied. On the
basis of their simultaneous effect on the resolution,
we chose concentrations of 0.08 M phosphate buff-
er and 10 mM CTAB. Under these buffer and micel-
lar conditions the best value for the voltage was
—26 kV. The analysis could thus be performed and
almost a baseline separation achieved with the low-
est current of the apparatus.

Choice of internal standard

An internal standard was required for quanti-
tative MECC analysis because the ambient temper-
ature and the temperature in the sample space influ-
ence the migration times. The negative temperature
effect could have been reduced if our CZE equip-
ment had included a temperature control unit.

A suitable internal standard was not easily found
as two main requirements had to be met: it had to
resemble the structure of the f-blockers, i.e., it had
to have at least either a hydroxyl or an amino
group, and it had to migrate in the middle of the
drug zone. 2,6-Dimethylphenol, met both of these
criteria and was chosen as the internal standard
(ISTD). Its resolution from drugs migrating nearby
was complete. A further advantage of 2,6-dimethyl-
phenol is that it is unlikely to be found in the human
body. Diphenylamine and probenecid were also
evaluated as internal standards but were found to
be unsuitable, the former because it did not absorb
well enough at 214 nm and the latter because it mi-
grated together with timolol and atenolol.

Samples and technique

The samples were prepared by adding various
amounts of the standard mixture to human urine
diluted with water (1:2). The internal standard was
added. The only preparation applied to the samples
was filtration. A blank pooled urine sample ob-
tained from people drinking coffee or tea, but not
smoking and not using drugs, was prepared simul-
taneously, without internal standard addition.

As can be seen in Fig. 1, neither endogenous com-
pounds in urine nor caffeine and its metabolites in-
terfered with the analysis as they migrated to the
detector within 5 min. After their migration was
complete. all ten f-blockers and the internal stan-
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Fig. 1. Electropherogram of blank human urine sample in 0.08
M sodium phosphate buffer containing 10 mM CTAB. Capil-
lary, 68 cm X 50 ym I.D.; pH, 7.0; hydrodynamic injection
mode, 30 s at 10 cm height; detection, UV at 214 nm; applied
voltage, —26 kV; temperature, ambient. In the electrophero-
gram caffeine migrates in zone 1.
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Fig. 2. Electropherogram of a human urine sample in 0.08 M
sodium phosphate buffer with 10 mM CTAB. Capillary, 68 cm
x 50 um 1.D.; pH, 7.0; hydrodynamic injection mode, 30 s at 10
cm height; detection, UV at 214 nm; applied voltage, —26 kV;
temperature, ambient. The concentrations of the f-blockers were
75 pg/ml, except for timolol and 2,6-dimethylphenol (150 pg/ml).
Elution order and relative retention times of the solutes: 1 =
acebutolol (0.84); 2 = nadolol (0.87); 3 = timolol (0.90); 4 =
atenolol (0.92); 5 = metoprolol (0.94); 6 = 2,6-dimethylphenol
(1.00) (internal standard); 7 = oxprenolol (1.06); 8 = pindolol
(1.08); 9 = alprenolol (1.15); 10 = labetalol (1.20); 11 = propra-
nolol (1.26).



146

i 2
113
M‘L\f‘m{‘\f i

2 4 6 8 10 12 14 16 18 20

Time (min)

Fig. 3. Electropherogram of a real human urine sample after
eightfold concentration by solid-phase extraction in 0.08 M sodi-
um phosphate buffer with 10 mAf CTAB. Capillary, 58 cm x 50
um 1.D.; pH, 7.0; hydrodynamic injection mode, 60 s at 10 cm
height; detection, UV at 214 nm; applied voltage, —26 kV; tem-
perature, ambient. Peaks: 1 and 2 = hydroxy-substituted metab-
olites of oxprenolol; 3 = oxprenolol. The urine was taken 0—4 h
after administration.

dard were eluted with high efficiency and resolution
(Fig. 2) within 20 min. As can be seen in Fig. 1, the
zone in which the S-blockers migrated was entirely
free from other drugs and compounds.

The described method was also applied to the
screening f-blockers in real samples. Oxprenolol
and its two hydroxy-substituted metabolites were
separated after eightfold concentration in less than
12 min from a human urine sample (Fig. 3). The
compounds were identified using GC-MS.

The elution order of the drugs was determined by
adding them one by one to a standard solution and
was found to be acebutolol, nadolol, timolol, ateno-
lol, metoprolol, 2,6-dimethylphenol, oxprenolol,
pindolol, alprenolol, labetalol and propranolol.
The detector responses of the drugs differed widely
when their UV absorption was measured at 214 nm
(one of the constant wavelengths in the apparatus).
They absorb more strongly in the wavelength range
220-230 nm and the availability of this range would
improve the determination.

Repeatability
Repeatability of the injections, which took 30 s at
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TABLE 1

REPEATABILITY OF INJECTION AT THE LEVEL OF 150
ug/ml (TIMOLOL 300 pg/ml)

Analyses were performed using 150 pg/ml of 2,6-dimethylphenol
as the internal standard. y is the mean (n = 6) of (peak height of
compound)/(peak height of internal standard), S.D. the standard
deviation and R.S.D. the relative standard deviation.

Compound X S.D. R.S.D. (%)
Acebutolol 1.23 0.03 2.4
Nadolol 093 0.02 2.6
Timolol 0.24 0.02 8.2
Atenolol 0.68 0.01 2.0
Metoprolol 0.72 0.03 4.2
Oxprenolol 0.64 0.02 2.5
Pindolol 3.65 0.07 2.0
Alprenolol 0.99 0.03 2.6
Labetalol 1.35 0.04 27
Propranolol 4.18 0.09 2.2

a height of 10 cm, was studied at concentrations of
150 pug/ml, except for timolol, which was studied at
300 ug/ml. 2,6-Dimethylphenol (150 ug/ml) was
added to ensure the repeatability of the injections.
The relative standard deviations varied from 2.0 to
8.2% (n = 6) (Table I). These relatively high values
are probably due to the hydrodynamic injection
technique and the strong matrix effect.

The repeatability of the method was studied at
two concentration levels, 25 and 150 ug/ml (50 and
300 ug/ml for timolol). The relative standard devia-

TABLE II

REPEATABILITY OF THE METHOD AT THE LEVEL OF
25 pg/mi (TIMOLOL 50 pg/ml)

Details as in Table I, except n = 5.

Compound ¥ S.D. R.S.D. (%)
Acebutolol 0.34 0.01 2.8
Nadolol 0.35 0.02 5.6
Timolol 0.12 0.01 7.0
Atenolol 0.23 0.01 2.0
Metoprolol 0.25 0.01 5.1
Oxprenolol 0.23 0.01 38
Pindolol 0.67 0.04 6.3
Alprenolol 0.31 0.02 5.0
Labetalol 0.57 0.01 24
Propranolol 1.18 0.08 6.7
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TABLE 111

REPEATABILITY OF THE METHOD AT THE LEVEL OF
150 ug/ml (TIMOLOL 300 ug/ml)

Details as in Table 1.

Compound ¥ S.D. R.S.D. (%)
Acebutolol 0.88 0.02 2.7
Nadolol 0.82 0.03 4.1
Timolol 0.31 0.01 2.7
Atenolol 0.60 0.02 3.2
Metoprolol 0.64 0.02 38
Oxprenolol 0.61 0.02 3.8
Pindolol 2.01 0.07 34
Alprenolol 0.86 0.03 3.8
Labetalol 1.26 0.04 33
Propranolol 3.67 0.11 2.9

tions varied from 2.0 to 7.0% (n = 5) at the 25
ug/ml (timolol 50 ug/ml) level and from 2.7 to 4.1%
(n = 6) at the 150 pg/ml (timolol 300 ug/m) level
(Tables II and III). The repeatability can be consid-
ered to be satisfactory.

Linearity
The linearity range for the compounds in human
urine was 25-150 pg/ml, except for timolol, for

TABLE IV

LINEARITY OF THE METHOD IN THE RANGE 25-150
pg/ml (TIMOLOL 50-300 g/ml)

Analyses were performed using 150 ug/ml of 2,6-dimethylphenol
as the internal standard. The concentrations of f-blockers in the
determination of the linear range were 25, 50, 75 100 and 150
ug/ml (for timolol 50, 100, 150, 200 and 300 pg/ml). r is the
correlation coefficient. The equation for the straight lineis y =
bx + a, where a is the intercept on the y-axis and b is the slope.
The f-blockers were eluted in the order listed.

Compound r ' a b

Acebutolol 0.998 2.00 0.01
Nadolol 0.994 0.14 0.01
Timolol 0.997 0.05 0.02
Atenolol 0.994 0.09 0.01
Metoprolol 0.992 0.06 0.01
Oxprenolol 0.996 0.05 0.01
Pindolo] 0.999 0.07 0.02
Alprenolol 0.998 0.06 0.01
Labetalol 0.998 0.33 0.01
Propranolol 1.000 0.12 0.03
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which it was 50-300 ug/ml. At concentrations high-
er than 150 ug/ml, (for timolol higher than 300 ug/
ml) the calibration graphs were parabolic. The cor-
relation coefficients of the straight lines ranged
from 0.992 to 1.000 (Table IV).

Detection limits

The detection limits for the drugs were calculated
from electropherograms obtained using human
urine spiked with the ten B-blockers. The detection
limits were 10 ug/ml for all compounds except tim-
olol, for which it was 20 ug/ml, with a signal-to-
noise ratio of 3. This meant ‘that, for detection at
214 nm, the concentration of the drugs in samples
had to be at the ug/ml level before injection.

CONCLUSIONS

The described MECC method was successful for
the simultaneous determination of acebutolol, na-
dolol, timolol, atenolol, metoprolol, oxprenolol,
pindolol, alprenolol, labetalol and propranolol
added to human urine. Under the conditions ap-
plied, the ten B-blockers can be separated with high
efficiency and resolution in less than 20 min. The
repeatability is good when the sample contains an
internal standard such as 2,6-dimethylphenol. Also,
this MECC method is suitable for the determina-
tion B-blockers in real urine samples. The sample
preparation method for isolation of the drugs is ex-
tremely simple and, unlike normal clean-up meth-
ods such as.liquid-liquid and solid-phase extrac-
tion, it is not time consuming. Complicated clean-
up techniques limit the number of routine analyses
that a laboratory can handle, and transfer of ex-
tracts, evaporation and other procedures are likely
to result in sample losses through adsorption.

The MECC method is highly practical as the
samples do not require more than a simple filtration
before injection. The use of GC- and LC—electron-
capture detection and GC-MS techniques requires
derivatization of analytes, which makes screening
very expensive. Chromatographic separation is nev-
ertheless commonly used for pindolol, propranolol,
alprenolol, oxprenolol, practolol and timolol [13].
In some of the methods another -blocker is used as
an internal standard on the basis that patients are
unlikely to be using two of the drugs together. In
published methods, only a few drugs are deter-
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mined simultaneously [14], which makes those
methods unsuitable for screening.

The detection limits achieved were 10 ug/ml for
all the ff-blockers except timolol (20 ug/ml). In com-
parison, the detection limit for atenolol is as low as
2 ng/ml using HPLC with fluorescence detection
[15]. However, the detection limits are at the ug/ml
level for atenolol, metoprolol and labetalol in
HPLC analysis with UV detection. Injection vol-
umes can be very low with MECC, which should
make it possible to preconcentrate the sample with-
out taking larger volumes of the sample to the
clean-up stage.

The MECC method offers an alternative to cur-
rent methods for the screening of f-adrenoceptor
antagonists. The poor sensitivity, the main disad-
vantage of the method as it now exists, might be
overcome by preconcentration of the drugs. The ef-
fect of preconcentration, and of other pretreatment
methods such as hydrolysis, will be studied and de-
veloped further.
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Voltage programming in capillary zone electrophoresis
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ABSTRACT

Temperature is an important factor in capillary zone electrophoresis since it affects the viscosity and the pH of the buffer solution. In
this study, a capillary tube with a large radius (130 ym I.D.) and filled with buffer at a high ionic strength is used to generate substantial
joule heat within the capillary tube to force a significant increase in temperature, in turn to decrease the viscosity and to change the pH
of the buffer solution. From a study of the degree of dissociation of analytes at different voltages, we show that voltage-induced pH
change is significant in 0.1 M tris(hydroxyamino)methane (THAM) but not in 0.025 M hydrogencarbonate buffer system. A step
change in voltage from 15 to 25 kV is implemented to generate a pH gradient in the THAM buffer solution. The results show that the
method is useful for separating phenols which cannot be separated at a fixed voltage.

INTRODUCTION

Temperature [1,2] is an important parameter in
capillary zone electrophoresis [CZE] since it affects
not only the flow through convection, but also ion-
ization of the analyte and the capillary surface, the
viscosity and the pH of the buffer solution. The ef-
fects are smaller than 0.5% per degree for all these
terms except for viscosity which has a 2% per de-
gree change. In CZE, temperature control is often
used to provide efficient heat removal [3,4]. Manip-
ulation of chemical equilibria such as metal chela-
tion and micelle partioning [5,6] within the capillary
tube through temperature control has also been
proposed.

pH is also an important factor to determine selec-
tivity in CZE since it will affect the dissociation of
analytes and ionization of the capillary surface,
which in turn changes the electrophoretic mobility
of charged analyte and the electroosmotic flow
coefficient [7,8]. pH gradients have been used to im-
prove the separation process. Bo¢ek and co-work-
ers [9,10] used a two-buffer system to force the mi-
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gration of varying ratios of two ions into the capil-
lary during separation. Although pH change as a
function of temperature is insignificant for most
buffers, it is possible to generate a substantial pH
change if a buffer system with a large temperature
(T) coefficient (dpH/dT) is used. Whang and Yeung
[11] demonstrated the effect of temperature-induced
pH change on the separation of dyes. In their study,
tris (hydroxyamino)methane (THAM) buffer which
has a large temperature coefficient is used to gener-
ate a pH gradient via controlling the temperature of
the column.

Joule heat is evolved when electrical current pas-
ses through the capillary tube. This is usually not
desirable because it will distort the zone distribu-
tion. However, it is possible to increase the temper-
ature significantly by using a high concentration of
buffer, running at a high voltage and using a capil-
lary tube with a large radius [12]. One can then dra-
matically decrease the viscosity and change the pH
of the buffer. As viscosity decreases, the electropho-
retic mobility and electroosmotic flow coefficient
will increase. Thus, shorter separation time and bet-
ter resolution may be achieved. Altering the pH fur-
ther modifies the selectivity for components such as
weak acids and bases.

In this paper, the effect of Joule heat on CZE is

1993 Elsevier Science Publishers B.V. All rights reserved
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examined. THAM (with large dpH/d7) and hy-
drogencarbonate (with small dpH/dT) are used to
study the effect of voltage-induced pH change on
the separation of phenols. We also show the imple-
mentation of a step change in voltage from 15 to 25
kV to generate a pH gradient for separating phenols
in 0.1 M THAM buffer system.

THEORY

Separation in CZE is dependent on the electroos-
motic flow coefficient and the electrophoretic mo-
bility. Careful consideration of the factors that af-
fect these parameters is important to obtaining
good separations. Eqn. 1 [13] can be used to relate
the decrease in electromomostic flow coeflicient,
M., 1O the increase in viscosity

Meo = &{c/4mn 0))

where ¢ is the dielectric constant, {. is the { potential
at the slipping plane and # is the bulk viscosity.
Electrophoretic mobility, m.,, can be given by [14]

Mep = €(,/6mn 2)

where (, is the { potential of the analyte. Eqns. 1
and 2 show that both the electroosmotic flow coeffi-
cient and the electrophoretic mobility increase when
the viscosity of the buffer decreases. In order to
force fast flow, low viscosity of the buffer is needed.
Temperature is an important factor in determining
the viscosity of the buffer solution. They are related
by

Ifn=Ae ™" A3)

where 4 and B are constants related to the medium.
From eqn. 3, fast flow will be achieved at high tem-
peratures.

Since the effective electrophoretic mobility, .,
is proportional to the fraction of free ion of the
analyte, Tiselius (see ref. 15) derived the equation

Megr = Z Ol Mep (4)

where o; is the degree of dissociation and mi, is the
absolute mobility of the ith ionic form of a mole-
cule. To relate the effective electrophoretic mobility,
degree of dissociation for a monovalent ion and vis-
cosity of the bulk solution, eqn. 4 can be combined
with eqn. 2 to give

Megs = ;60a/47n ®)
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In order to simplify the problem for estimating the
changing mobilities of an analyte {, is assumed to
be constant at different voltages. The ratio of mo-
bilities at different conditions i and j is then

(Megei/megs) = (oufo)(nim:) (6)

In this study, #;/; can be calculated from the m,, of
benzoic acid at different voltages since it is com-
pletely dissociated over the range of pH used.

Since the temperature of the capillary tube is an
important factor in establishing the viscosity, pH of
the buffer, and the degree of dissociation of the ana-
lyte, it is important to know the temperature of cap-
illary tube. It can be estimated by eqn. 7 [16]

T = 1820/[In(Me01) — In(Meoz) + 6.11] (7)

where m.,; and m.,, are the electroosmotic flow
coefficient at 298 K and T K. Therefore, T can be
determined by measuring m.,; at a low voltage
where we assume little heat is generated, and then
measuring m.,» at a high voltage. As soon as the
temperature of capillary tube is determined, the pH
of the buffer can be calculated from the temperature
coefficient of the buffer. Then, o can be estimated
from eqn. 8

o = K.J(Ka + [H'] ®)

where K, is the dissociation constant of the analyte.
EXPERIMENTAL

A commercial electrophoresis instrument (Isco
Model 3850, Lincoln, NE, USA) was used for all
electrophoretic experiments. The fused-silica capil-
lary (Polymicro Technologies, Phoenix, AZ, USA)
was 55 ¢cm x 130 um L.D. At 35 cm from the in-
jection end, the polyimide coating was burned off to
form the detection window. A digitizer (Data
Translation Model DT 2802, Palo Alto, CA, USA)
and a computer (PC/AT, IBM, Boca Raton, FL,
USA) were used to collect and store all of the data.

All chemicals were of reagent grade and were ob-
tained from Aldrich (Milwaukee, WI, USA), except
that THAM and sodium hydrogencarbonate were
from Fisher (Fair Lawn, NJ, USA). Buffer solu-
tions were adjusted by HCl and NaOH to pH 8.5.
The injected concentration of each analyte is 2 -
10™* M, except that mesityl oxide is present at 2 -
1073 M. Mesityl oxide was used to measure the
electroosmotic flow coefficient. Benzoic acid was
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TABLE 1

THE EFFECT OF TEMPERATURE ON pH OF 0.1 M
THAM AND 0.025 M HYDROGENCARBONATE BUFFER
SOLUTIONS

Temperature (°C) pH
THAM HCO;

30 8.44 8.56
40 8.29 8.60
50 8.06 8.64
60 7.92 8.73
70 7.77 8.79
80 7.70 8.87

used as the other marker to estimate the change of
electrophoretic mobility as a function of the change
in viscosity. The sample solution was raised to 10
cm high for hydrodynamic injection from the anod-
ic end of the capillary for 8 s.

RESULTS AND DISCUSSION

In order to demonstrate the effect of voltage-in-
duced pH change within the capillary tube on the
electrophoretic mobilities of analytes, two electro-
phoresis buffers which have different temperature
coefficients are chosen. THAM with a large temper-
ature coefficient and hydrogencarbonate with a
small temperature coefficient are suitable buffers in
our study. From Table 1, which lists actual experi-

TABLE 11
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mental measurements in our laboratory, the pH of
THAM buffer at different temperatures can be esti-
mated from the following equations

pH, = pH, — 0.023 (T, — T1) 40-50°C  (9)
sz = pH1 — 0.007 (Tz - Tl) 70-80°C (10)
pH, = pH; — 0.015(T, — T;) 3040 and

50-70°C  (11)

On the other hand, pH of the hydrogencarbonate
buffer increases as temperature increases. The pH of
bicarbonate buffer at different temperatures can be
calculated from eqns. 12 and 13

pH, = pH; + 0.007 (T> — T})

30-50°C  (12)
50-80°C  (13)

The decrease in the viscosity of the buffer is sig-
nificant as can be seen from the dramatic change in
electroosmotic flow coefficient in both systems as
the voltage changes from 10 to 25 kV. From Tables
IT and III, the fractional changes in electroosmotic
flow coefficient and the electrophoretic mobility be-
tween 10 and 25 kV based on the two markers, mes-
ityl oxide (neutral) and benzoic acid (completely
dissociated), are 2.1 and 2.2 for THAM and 2.0 and
2.0 for hydrogencarbonate buffers, respectively.
The results show that our markers are well suited
for predicting the change of m,, and m,, due to the
change in viscosity of the buffer solution. Also this
shows that the dissociation effect.of these two
markers can be neglected in the range of voltage-
induced pH change in this work. Based on the m,,

ELECTROOSMOTIC FLOW COEFFICIENT (m,) AND ELECTROPHORETIC MOBILITIES (m,) OF ANALYTES IN 0.1 M

THAM BUFFER SOLUTION AT DIFFERENT VOLTAGES

Units arein 10™*cm V™1 571, 1 = Mesityl oxide; 2 = 4-chlorophenol; 3 = 3-chlorophenol; 4 = 2-chlorophenol; 5 = 3-nitrophenol;
6 = 2.4-dichlorophenol; 7 = 3-methyl-4-nitrophenol; 8 = 4-nitrophenol; 9 = 2-nitrophenol; 10 = benzoic acid.

Voltage m,, m,
{kVv)

[ 2 3 4 5 6 7 8 9 10
10 =45 0.4 0.8 1.7 1.8 2.2 2.5 2.8 2.8 2.9
15 —5.2 0.3 0.7 1.7 1.8 24 2.9 3.3 33 3.4
20 —-6.7 0.3 0.7 1.7 2.0 2.8 3.6 4.1 4.1 4.4
25 -9.5 0.2 0.7 1.3- 1.8 2.7 4.4 5.1 5.3 6.3
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TABLE 111
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ELECTROOSMOTIC FLOW COEFFICIENT (m,) AND ELECTROPHORETIC MOBILITIES () OF ANALYTES IN 0.025
M HYDROGENCARBONATE BUFFER SOLUTION AT DIFFERENT VOLTAGES

Units are in 10™* cm V™! s™'. 1-10 represent the same analytes as those in Table II.

Voltage m,, me,
kV)

1 2 3 4 5 6 7 8 9 10
10 =50 0.8 1.3 22 23 2.5 2.7 3.0 3.0 3.0
L5 —6.0 1.0 1.6 2.6 2.7 29 32 3.5 3.5 3.5
20 =177 1.3 1.6 2.6 2.7 29 32 3.5 3.5 3.5
25 -9.9 1.8 3.1 4.5 4.8 5.0 5.5 6.0 6.0 6.0

values obtained (mesity! oxide), one can calculate
the temperature of the liquid at the various oper-
ating voltages by using eqn. 7. This is shown in Ta-
ble IV.

TABLE 1V

THE CALCULATED TEMPERATURE AND pH OF 0.1 M
THAM AND 0.025 M HYDROGENCARBONATE BUFFER
SOLUTIONS AT DIFFERENT VOLTAGES

Voltage THAM HCOZ
Temperature  pH Temperature  pH
(o) O
10 32 8.41 28 8.54
15 40 8.29 37 8.59
20 54 8.00 51 8.65
25 76 7.73 66 8.77
TABLE V

Since the electrophoretic mobility of an analyte
depends on the fraction of its free ion, the degree of
dissociation should be determined. It is a function
of pH as expressed in eqn. 8. Hence, in order to
illustrate the effect of voltage-induced pH change, it
is important to know the degree of dissociation of
the analytes at different voltages. Based on the re-
sults shown in Tables IT and III, the ratio of the
degree of dissociation of analytes at different volt-
ages can be calculated from eqn. 6. The results are
shown in Tables V and VI. From Table V, it is obvi-
ous that the pH of THAM buffer decreases when
the voltage increases since the ratio decreases. The
results of observed and calculated values agree each
other, which means that the trend of pH change we
estimated is correct. The ratios decrease in the
THAM system while they increase a little in the hy-

COMPARISON OF THE OBSERVED AND CALCULATED RATIOS OF THE FRACTIONAL DISSOCIATION («) OF ANA-
LYTES IN 0.1 M THAM BUFFER SOLUTION AT DIFFERENT VOLTAGES

I = a,5/a,0; 2 = ay0f/0t,05 3 = ay4/a,,; the subscript refers to kV operating voltage.

Analytes Observed Calculated
1 2 3 1 2 3

2-Nitrophenol 1.01 0.97 0.87 1.01 0.95 0.86
4-Nitrophenol 1.01 0.97 0.84 1.01 0.95 0.85
3-Methyi-4-nitrophenol 0.99 0.95 0.81 1.01 0.95 0.85
2,4-Dichlorophenol 0.93 0.84 0.56 1.03 0.81 0.59
3-Nitrophenol 0.85 0.73 0.46 1.06 0.72 0.46
2-Chlorophenol 1.12 0.86 0.46 1.07 0.68 0.41
3-Chlorophenol 1.19 0.92 0.46 1.10 0.61 0.34
4-Chlorophenol 0.64 0.49 0.23 1.11 0.59 0.32
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TABLE VI

COMPARISON OF THE OBSERVED AND CALCULATED RATIOS OF THE FRACTIONAL DISSOCIATION (x) OF ANA-
LYTES IN 0.025 M HYDROGENCARBONATE BUFFER SOLUTION AT DIFFERENT VOLTAGES

I = o, 5/a,0; 2 = a,0/010; 3 = a,5/a;; the subscript refers to kV operating voltage.

Analytes Observed Calculated
1 2 3 1 2 3
2-Nitrophenol 1.00 0.96 1.00 1.00 1.01 1.02
4-Nitrophenol 1.00 0.96 1.00 1.00 1.01 1.02
3-Methyl-4-nitrophenol 1.02 0.97 1.02 1.00 1.01 1.02
2,4-Dichlorophenol 0.99 0.94 1.00 1.02 1.04 1.08
3-Nitrophenol 1.01 0.97 1.02 1.04 1.09 1.17
2-Chlorophenol 1.01 0.96 1.02 1.05 1.12 1.24
3-Chlorophenol 1.05 1.03 1.19 1.09 1.20 1.45
4-Chlorophenol 1.07 1.04 1.13 I.11 1.24 1.56
(A
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5
2 2
1
8 10 8 3 4 6 89 1
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Fig. |. Separation of analytes in pH 8.5, 0:! M THAM buffer solution at different voltages. Column: 130 yum I.D. x 360 yum O.D. x §5
cm total length (35 cm effective length). Detection wavelength = 218 nm. (A) 10 kV, (B) 15 kV, (C) 20 kV, (D) 25 kV. Peaks: 1 =
mesityl oxide; 2 = 4-chlorophenol; 3 = 3-chlorophenol; 4 = 2-chlorophenol; 5 = 3-nitrophenol; 6 = 2,4-dichlorophenol; 7 =
3-methyl-4-nitrophenol; 8 = 4-nitrophenol; 9 = 2-nitrophenol; 10 = benzoic acid.
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drogencarbonate system as the voltage increases. It
is worth noting that the ratio changes significantly
in the THAM buffer, implying that large voltage-
induced pH changes can be obtained in the THAM
buffer.

A group of phenolic compounds which have pK,
ranging from 7 to 9.5 are selected to demonstrate
the separation improvement due to voltage-induced
pH change. The effect of voltage-induced pH
change on the separation of phenols can be shown
in Figs. 1 and 2 for constant voltage operation. In
the THAM system, 2-nitrophenol (pK, = 7.15) and
4-nitrophenol (pK, = 7.17) cannot be separated at
the lower voltages while they can be separated at 25
kV. The result also agrees with our estimation of the
pH of the buffer system in Table IV because the
change in the degree of dissociation of an analyte is

(A)

8,9,10

Absorbance

8,9

Absorbance

min
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more significant when the pH is near its pK,. The
other advantage is that electroosmotic flow increas-
es as viscosity decreases, speeding up the separa-
tion. However, resolution among the first three ana-
lytes became worse at the high voltage.

In the hydrogencarbonate system, benzoic acid,
2-nitrophenol and 4-nitrophenol, which all have
low pK, values, cannot be completely separated.
This is due to the insignificant increase in pH in the
hydrogencarbonate buffer as voltage increases.
Comparison of the result of separation ability in
these two buffer systems again supports our conclu-
sion that there is a higher voltage-induced pH
change in the THAM buffer than in the bicarbonate
buffer.

As discussed in the introduction, pH gradient is a
well known method to improve the separation abil-

(8)

5 8,9,10

Absorbance
o
~

(0)

89,10

Absorbance

min

Fig. 2. Separation of analytes in pH 8.5, 0.025 M hydrogencarbonate buffer solution at different voltages. Other conditions as in Fig. 1.
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Absorbance

min

Fig. 3. The effect of voltage-induced pH program on the sep-
aration of phenols in pH 8.5, 0.1 A THAM buffer solution.

ity in CZE. To demonstrate the possibility of pH
gradient generated via a step change in voltage, we
use Fig. 3 as an example. Voltage programming
starts from 15 kV for 3 min, then jumps to 25 kV for
the remainder of the run. All analytes can be sep-
arated in 6 min with little overlap. There is a base-
line shift due to the temperature change, as has been
reported earlier [11]. From this result, we can con-
clude that voltage programming is advantageous
for certain CE separations. As in the case of pH
programming [9-11], groups of analytes that can-
not be separated at any single pH can thus be re-
solved.

In summary, we have demonstrated the use of
Joule heat to increase the temperature of the buffer
during CZE separation. The resulting increase in
temperature is able to generate a noticeable voltage-
induced pH change and a change of the viscosity of
0.1 M THAM buffer to alter selectivity. Implemen-
tation is best in large-diameter capillaries, with high
operating voltage, and at high buffer concentra-
tions. In fact, efficient cooling of the capillary; e.g.
in certain commercial CE instruments, is counter-
productive in this mode of operation. There is the
possibility that high Joule heating can reduce the
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efficiency of the separation. However, for the sys-
tems studied here, degradation in efficiency was not
observed. The use of voltage programming i$ in
general simpler than the use of temperature pro-
gramming [11]. The recycle time is also shorter since
only the capillary and not the coolant needs to be
returned to the initial temperature before the start
of the next run.
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Fundamental and practical aspects of coupled capillaries
for the control of electroosmotic flow in capillary zone

electrophoresis of proteins

Wassim Nashabeh and Ziad El Rassi

Department of Chemistry, Oklahoma State University, Stillwater, OK 74078-0447 (USA)

ABSTRACT

This article represents an extension to a new approach, which was introduced very recently by our laboratory, for the control of the
magnitude of electroosmotic flow in capillary zone electrophoresis. In this new approach, short fused-silica capillaries having different {
potentials were coupled in series, and the amount of the electroosmotic flow was conveniently varied by changing the lengths of the
individual capillary segments. The different coupled capillary systems evaluated in this study comprised various combinations of
untreated fused-silica capillaries and polyether-coated capillaries having various electroosmotic flow characteristics. A general equation
relating the average electroosmotic flow velocity in the coupled capillaries to the intrinsic electroosmotic velocity of the connected
segments and their corresponding lengths has been derived and verified experimentally. The rate of the electroosmotic flow in a given
system of coupled capillaries could be tuned over a range bordered by the lowest and highest intrinsic flow-rates of the connected
capillary segments. In addition, a system of coupled capillaries that permitied a stepwise change in the rate of the electroosmotic flow
during analysis was introduced and evaluated. These elution schemes were useful in the rapid separation of oppositely charged proteins

in a single electrophoretic run and in the rapid analytical determination of the various components of heterogeneous proteins.

INTRODUCTION

In capillary zone electrophoresis (CZE), the ob-
served migration behavior of charged species is
determined by the electroosmotic flow (EOF) of the
bulk solution inside the capillary and the electro-
phoretic mobilities of the analytes. While separation
in CZE is based on differences in the electrophoretic
mobilities of the analytes, the amount of time the
solutes spend in the capillary is affected by the
direction and magnitude of the EOF, which con-
tribute to the migration of all analytes to the same
extent regardless of their charges. While a relatively
low level of electroosmotic flow is advantageous for
the separation of closely related positively or nega-
tively charged species, the analysis of basic, neutral
and acidic solutes in a single electrophoretic run

Correspondence to: Dr. Z. El Rassi, Department of Chemistry,
Oklahoma State University, Stillwater, OK 74078-0447 USA.

0021-9673/93/806.00  ©

would require a relatively strong electroosmotic
flow velocity.

Recently, Lee and co-workers [1,2] demonstrated
that the direction and velocity of the EOF can be
changed by the application of an external electric
potential across a buffer-filled sheath capillary sur-
rounding the separation capillary. More recently,
Hayes and Ewing [3] proposed the use of a radial
voltage with capillaries having an external film of
conductive polymer for the control of EOF in CZE.
However, the control of the electroosmotic flow by
virtue of electronic means, i.e., application of an
external electric field, is only effective at low pH or
with the use of surface modified capillaries whereby
the concentration of the ionized surface groups are
quite low and thus can be overcome by the electro-
static charges induced by the external potential.

Very recently, we have introduced a new electro-
phoretic system for the control of EOF in CZE. In
this system, two capillaries having different wall {

1993 Elsevier Science Publishers B.V. All rights reserved
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potential were coupled in series beyond the detection
point [4]. When fused-silica capillaries with poly-
ether coatings were connected to untreated fused-
silica capillary tubes, the average eclectroosmotic
flow velocity throughout the tandem capillary sys-
tem was found to be a linear function of the
fractional length of the individual connected capil-
lary segments. This enabled the tuning of the rate of
EOF independently of the applied voltage within the
upper and lower limits of the intrinsic electro-
osmotic mobilities in the individual connected capil-
laries. The tandem operation allowed the rapid
analysis of acidic proteins that would repulse elec-
trostatically from the negatively charged fused-silica
surface.

The aim of the present article is to investigate the
potentials of other coupled capillary systems in the
control of EOF and to extend the utility of the new
approach to the rapid analysis of oppositely charged
proteins in a single electrophoretic run with mini-
mum solute-wall interaction. This was accomplished
by connecting in series fused-silica capillaries of
different intrinsic electroosmotic flow characteris-
tics whose inner surfaces were either naked or
modified with polyether chains of various length.
Such coupling has reduced the analysis time of
model proteins by a factor of 2 on the average. In
addition, a configuration of coupled capillaries
which allowed a stepwise increase in the electro-
osmotic flow during analysis was introduced. This
elution scheme permitted a 3-fold decrease in the
analysis time of model proteins without sacrificing
the high separation efficiencies that can be achieved
with surface-modified capillaries.

EXPERIMENTAL

Apparatus

The instrument for capillary electrophoresis used
in this study was assembled in-house from commer-
cially available components, and resembled that
reported earlier [4,5]. It comprised two high-voltage
power supplies of positive and negative polarity
Models MJ30P400 and MJ30N400, respectively,
from Glassman High Voltage (Whitehouse Station,
NJ, USA) and a Linear (Reno, NV, USA) Model
200 UV-VIS variable wavelength detector equipped
with a cell for on-column capillary detection. The
elctropherograms were recorded with a Shimadzu
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TABLE 1
PROTEINS USED IN THIS STUDY

Proteins M, pl
Lysozyme 14 100 11.0
Ribonuclease A 13 700 9.40
Carbonic anhydrase 31 000 6.20
o-Lactalbumin 14 200 4.80
p-Lactoglobulin A 35 000 5.23
Albumin, egg 45 000 4.63

computing integrator Model C-R6A (Columbia,
MD, USA) equipped with a floppy disk drive and a
cathode-ray tube (CRT) monitor.

Reagents and materials

Lysozyme from chicken egg white, ribonuclease A
from bovine pancreas, carbonic anhydrase from
bovine erythrocytes, a-lactalbumin and S-lactoglob-
ulin A from bovine milk and albumin from chicken
egg were purchased from Sigma (St. Louis, MO,
USA). Table I compiles the molecular weights (M)
and isoelectric points (p]) of these proteins. Reagent
grade sodium phosphate monobasic, hydrochloric
acid, sodium hydroxide and HPL.C grade methanol
were obtained from Fisher Scientific (Pittsburgh,
PA, USA). Phenol which was used as an inert tracer
for measuring the electroosmotic flow (EOF) was
obtained from J. T. Baker (Phillipsburg NJ, USA).

Capillary columns

Polyimide-coated fused-silica capillary columns
of 50 um 1.D. and 365 um O.D. were obtained from
Polymicro Technology (Phoenix, AZ, USA). Both
untreated and coated capillaries were used in this
study. The coated capillaries were modified in-house
with surface-bound hydroxylated polyether chains
of various length according to previously described
procedures [6]. The capillary coding I-200 and
F-2000 is used to denote capillaries with interlocked
coatings having polyethylene glycol 200 chains and
capillaries having fuzzy coatings with polyethylene
glycol 2000 moieties, respectively.

Other procedures

The capillary segments of the tandem capillary
systems were connected butt-to-butt using PTFE
tubes the inner diameter of which matched the outer
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diameter of the connected capillary columns. In all
cases the connection was made beyond the detection
point. While the length of the individual capillaries
having different surface characteristics was varied to
span a wide range of fractional length, the total
length of the coupled capillaries was kept constant at
80 cm with a detection window at 30 cm from the
inlet reservoir. It has to be noted that in all
experiments, the background electrolyte was 0.1 M
sodium phosphate, pH 6.50. Solute introduction
was by hydrodynamic flow (i.e., by gravity flow) ata
differential height of 5 cm between the electrolyte
reservoirs for 10 s. The detection wavelength was set
at 210 nm for sensing the various proteins as well as
the inert tracer.

To ensure reproducible separations the capillary
column was flushed successively with fresh buffer,
water, methanol, water, and again running buffer.
In addition, the running electrolyte was renewed
after each run and the capillary was allowed to
equilibrate with the new buffer for 10 min before
each injection.

RESULTS AND DISCUSSION

Control of elctroosmotic flow by coupled capillaries

We have previously shown [4] that for a system of
n coupled capillaries having the same inner diameter
but differing in their { potentials, the average
electroosmotic mobility, pe,, across the tandem
system is a weighted average of the intrinsic or local
electroosmotic mobilities in the individual connected
segments as follows [4]:

Z AuCO,ili
Heo = :11— (0
t

where [; is the length of the individual capillary
segment, i, / is the total length of the connected
capillaries and ., is the intrinsic electroosmotic
mobility in each capillary segment, i, measured on a
separate length /. Eqn. 1 can be rearranged as a
linear function of the fractional length of a given
capillary segment, i, in the tandem capillaries as in
eqn. 2.

where j and k are random variables. It follows then
that the average electroosmotic flow or bulk flow
across the tandem capillary system can be in prin-
ciple controlled to any desired value bordered by the
lowest and highest intrinsic electroosmotic mobili-
ties in the individual capillaries.

Due to the differences between the intrinsic
electroosmotic flows in the connected segments and
the uniform bulk flow across the tandem capillary
system, a compensating hydrostatic pressure would
develop. Consequently, a change from a plug flow
profile to a laminar or poiseuille profile would
result. As the difference between the intrinsic elec-
troosmotic flow and the bulk flow increases, the
laminar flow profile would become more pro-
nounced. Although a purely pressure driven laminar
flow is known to introduce band broadening, it has
been shown recently that the superposition of poi-
seuille flow on an electroosmotic flow may not
necessarily deteriorate the separation efficiencies [7].
In addition, under conditions whereby the pressure
driven flow opposes the bulk flow, the electrokinetic
dispersion coefficient may be even reduced [7]. A
detailed treatment concerning the effects of super-
posed laminar and electroosmotic flow profiles on
electrokinetic dispersion in CZE can be found in
ref. 7.

Eqn. 2 was verified experimentally by measuring
the EOF in 3 different tandem capillary systems, i.e.,
F-2000 — I-200, F-2000 — untreated and I-200 —
untreated, using phenol as the inert tracer. The
results are shown in Fig. 1 by plots of the electro-
osmotic mobility versus the fractional length of the
capillary segment having the highest intrinsic EOF.
This will be the untreated capillary segment in the
F-2000 — untreated and I-200 — untreated tandem
capillaries, and I-200 capillary in the F-2000 — 1-200
coupled capillaries (see legend of Fig. 1 for details).
As expected, the EOF changed linearly with the
fractional length of the coupled capillaries and fitted
quite well to eqn. 2 with correlation coefficients of
0.997 on average. The data points in Fig. 1 show
clearly that the EOF can be changed in a predictable
manner by varying the length of the connected
capillary segment(s). The slope of these curves,

Heo = (.ueo,i -

n li n
Z :ueo,j> Z + Z Heo,j

J=1j#i J=1j#i

1 _k=l;k#i,j (2)
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Fig. 1. Plots of the electroosmotic mobility versus the fractional
length of the untreated capillary segment in (1) and (2) or versus
the fractional length of the I-200 capillary segment in (3). (1)
1-200 — untreated; (2) F-2000 — untreated; (3) F-2000 — I-200
tandem capillaries, 30 cm (to the detection point), 80 cm (total
length) x 50 ym I.D.; running voltage, 20 kV; background
electrolyte, 0.1 M sodium phosphate solution, pH 6.50. Inert
tracer, phenol.

Heoi — 2. fheo,j» is indicative of the range over
J=1sj#i

which the EOF can be varied. The greater the slope,
the wider is the range of variation. For instance, and
at the voltage of the experiments of Fig. 1, the
F-2000 - untreated coupled capillaries with the
highest slope allowed the tuning of the EOF to any
value between 28 and 115 nl/min, while with the
F-2000 — I-200 tandem capillary system the change
in the EOF was limited to the interval 28 to
58 nl/min.

Evaluation of the F-2000 — 1-200 coupled capillaries
with proteins

An important feature of coupled capillaries is
their ability to adjust the analysis time to suit a
particular separation problem. To realize this attrac-
tive advantage, the tandem system should meet three
major criteria: (i) solute-wall interactions must be
absent, (ii) the coupled capillaries should not intro-
duce band broadening and (iii) the connected capil-
lary segments should allow the tuning of the EOF
over a wide range to accommodate the electro-
phoresis of a broad range of analytes.

Although, our initial studies with the I-200 — un-
treated capillaries showed promise in the rapid and
efficient analysis of acidic proteins [4], this system
was not suitable for the simultaneous separation of
both acidic and basic proteins. In fact, as the basic
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proteins entered the untreated segment of the
I-200 — untreated tandem system, the EOF started
to decrease during the clectrophoretic run due to
solute adsorption on the inner surface of the capil-
lary, and concomitant decrease in the magnitude of
the negative { potential of the capillary wall. This
phenomenon drastically delayed and in some in-
stances inhibited the elution of the later eluting
acidic proteins.

A better approach that would enable the analysis
of oppositely charged species in the absence of
solute-wall interactions is the use of the F-2000 —
I-200 coupled capillaries. The polyether chains of
these coated capillaries have been shown effective in
minimizing solute-wall interaction [6]. Further-
more, due to the difference in the length and the way
in which the polyether chains are attached to the
capillary inner surface, the F-2000 and I-200 capil-
laries possess different levels of electroosmotic flow
[6]. Therefore, their coupling would allow the tuning
of the EOF so that oppositely charged solutes could
be analyzed in a single electrophoretic run with high
separation efficiencies.

The feasibility of the F-2000 — I-200 tandem
capillaries in the rapid analysis of biopolymers was
demonstrated by using a mixture of 5 model proteins
the p7 values of which ranged from 4.8 to 11.0 (see
Table I). Fig. 2a depicts a typical electropherogram
of this protein mixture performed on an F-2000
capillary at an applied voltage of 20 kV using 0.1 M
sodium phosphate solution, pH 6.50, as the running
electrolyte. Due to the low electroosmotic flow
obtained with the F-2000 capillary (ca. 28 nl/min),
carbonic anhydrase was eluted after ca. 65 min while
the elution of a-lactalbumin would require 235 min
as calculated from the EOF and the electrophoretic
mobility of this solute. On the other hand, -lacto-
globulin A, having an electrophoretic mobility greater
in magnitude and opposite in direction to the
electroosmotic flow, would leave the F-2000 capil-
lary and enter the inlet buffer reservoir after intro-
ducing the sample by gravity-driven flow. Although
high separation efficiencies could be achieved, the
F-2000 capillary can be only used for the analysis of
basic and moderately acidic solutes. Fig. 2b and ¢
illustrates the electropherograms of the same protein
mixture performed on the F-2000 — I-200 coupled
capillaries with 0.25 and 0.5 fractional length of the
1-200 capillary segment, respectively. under other-
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Fig. 2. Typical electropherograms of proteins obtained on F-2000 coated capillary in (a) and on tandem F-2000 — I-200 capillaries with

0.25 and 0.5 fractional length of the 1-200 capillary segment in (b) and (c), respectively. Proteins: 1 = lysozyme; 2 = ribonuclease A;
3 = carbonic anhydrase; 4-= a-lactalbumin; 5 = B-lactoglobulin A. All other conditions are as in Fig. 1.

wise identical conditions as in Fig. 2a. It can be seen 2.50 . . ‘ . . .
from these electropherograms that the analysis time 2.00 .

of the model proteins decreased as the fractional 1.50 | ]
length of the I-200 capillary increased. At 0.5 100 - /Lo/ j
0.50 | / ]

fractional length of the I-200 capillary, the EOF
0.00 |- T

generated (43 nl/min) by the tandem capillaries was

enough to bring about the analysis of all 5 proteins

within 50 min. 0sor . i, -
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plots of the electroosmotic mobility versus the

fractional length of the I-200 capillary segment in 3.00

F-2000 — I-200 coupled capillaries. In both cases,

the electrophoretic mobility of the two test proteins

remained practically unchanged while the overall

and electroosmotic mobilities increased linearly and

paralleled each other. This observation indicates

that the variation in the analysis time of the model

MOBILITY x 10° (cm?/Vs)

MOBILITY x 10* (cm?/Vs)
> @
(-] (-]
T T
13 1.

proteins is solely due to the change in the EOF, and 0.50 - T
no significant interaction between the proteins and 0.00 : : ) ! ‘ ;
the inner surface proper of the capillaries was -0.10 0.00 0.10 0.20 0.30 0.40 0.50 0.60

present. FRACTIONAL LENGTH OF 1-200 CAPILLARY

The effect of the tandem system on the bandwidth Fig. 3. Plots of overall (2) and electrophoretic (3) mobilities of (a)

. . . carbonic anhydrase and (b) lysozyme as well as plots of the
of the separated proteins was also investigated. electroosmotic (1) mobility of phenol versus the fractional length

Table IT summarizes the plate height obtained with  of the 1-200 capillary segment in the F-2000 —1-200 tandem
three model proteins at each fractional length stud- system. All other conditions are as in Fig. 1.
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TABLE 11

VALUES OF PLATE HEIGHT (H) MEASURED FROM
SELECTED PROTEIN PEAKS

Protein H (um)

Fractional length of 1-200 capillary in

the F-2000 — 1-200 system

0.00 0.125 0.25 0.375 0.50
Lysozyme 7.05 6.12 6.70  7.59 7.50
Ribonuclease A 3.50 4.10 5.00 5.80 6.67

Carbonic anhydrase 204 18.8 152 16.5 19.2
Average plate height* 10.3 9.67 897 996 11.1

¢ Average plate height was calculated for all three proteins at
each fractional length. Conditions are as in Fig. 2.

ied. It can be seen from Table II that while the
average plate height of the three model proteins
remained almost the same, the analysis time de-
creased by a factor of ca. 2.0 at 0.5 fractional length
of each of the connected capillaries. It is believed
that shortening the residence time of the separated
analytes has decreased the amount of molecular
diffusion, and subsequently may have compensated
for band broadening caused by the laminar flow
profile.

Analysis of ovalbumin

Ovalbumin, the major protein constituent of egg
white, is a heterogeneous protein due to the varia-
tion in its phosphate content [8]. About 75% of this
protein possesses two phosphate groups per mole-
cule of the protein, and is designated A,;. The
remaining ovalbumin consists largely of another
component, A,, having only one phosphate group
per molecule. In addition, small amounts of phos-
phate-free component, A;, are also present. Obvi-
ously, when ovalbuminisanalyzed by electrophoresis
it shows different bands [9].

Therefore, ovalbumin was a good example to
evaluate the effect of the magnitude of EOF as far as
the quality of the analytical information generated
during CZE separation is concerned. In other
words, the goal was to determine whether there
would be a loss in the analytical information when
the speed of separation is increased. On this basis
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two tandem capillary systems of moderate and
relatively high EOF were evaluated. As demon-
strated in Fig. 1, F-2000 — 1-200 offers a tunable
flow over a moderate range whereas F-2000 — un-
treated allows a higher EOF to be realized. Fig. 4a
and b represents typical electropherograms of oval-
bumin performed on the F-2000— I-200 and
F-2000 — untreated tandem capillaries, respective-
ly. Similarly to previous observations in free-bound-
ary electrophoresis [9], this protein showed different
electrophoretic components due to the variation in
its phosphorous content. Comparison of Fig. 4a and
b reveals that both electropherograms clearly show
all the differently phosphorylated components of
ovalbumin; the only difference is that the analysis
time on the F-2000 — untreated system was decreas-
ed by a factor of ca. 4.0. Thus, while drastically
decreasing the analysis time, the analytical informa-
tion remained almost the same when going from low
to high EOF by the use of coupled capillaries.

Rapid separation of proteins by stepwise increase in
the EOF

The analysis time of oppositely charged proteins
was further decreased by increasing the EOF during
the electrophoretic run. This was carried out by
switching manually from one tandem capillary
system of relatively low EOF to another set of
coupled capillaries of higher EOF, see Fig. 5. At the
beginning of the run, the tandem system consisted of
three capillary segments connected in series and
containing F-2000, I-200 and untreated capillary at

a i b A1
2
g sI Az A
< 3 2
S A3
A3
(0} 40 80 0 20
Min

Fig. 4. Typical electropherograms of ovalbumin obtained on (a)
F-2000 — 1-200 and (b) F-2000 — untreated at 0.5 fractional
length of the 1-200 and untreated capillary, respectively. All other
conditions are as in Fig. 1.
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0.5, 0.25 and 0.25 fractional lengths, respectively.
Thereafter, a stepwise increase in EOF was carried
out by connecting in series F-2000 and untreated
capillary at 0.5 fractional length each. In both
tandem capillary systems, the F-2000 capillary hav-
ing the most inert surface toward proteins, was
selected as the separation capillary. Under these
conditions, the EOF was increased stepwise from
58.2 to 72.5 nl/min. Fig. 5 is a typical electrophero-
gram of the five model proteins using the stepwise
increase in the EOF. The arrow in Fig. 5 indicates
the time at which the stepwise increase in EOF was
performed. It should be noted that the voltage was
turned off at the time the first set of coupled
capillaries was disconnected and replaced by the
untreated capillary segment. This manual operation
required less than 20 s.

As can be seen in Fig. 1, a relatively high level of
EOF can only be achieved with the incorporation of
an untreated capillary segment in the tandem capil-
laries. But, no basic solute should come into direct
contact with the inner surface of the untreated fused-
silica capillary to avoid solute—wall interactions, and
in turn the unpredictable change in the level and
polarity of EOF. For this reason, the length of the
1-200 segment in the first set of coupled capillaries
was adjusted to trap all the basic proteins as they
elute from the fuzzy capillary after being separated
and detected. Thus, while the I-200 segment provid-
ed the shielding from wall interaction, its presence in
conjunction with the untreated segment afforded a
moderate EOF. Once all basic solutes entered the
I-200 capillary, a stepwise increase in EOF was
performed whereby both the I-200 and untreated
capillaries were disconnected and replaced by one
untreated segment at 0.5 fractional length to speed
the net migration of the acidic solutes.

The above elution schemes involving two-step
coupled capillaries yielded an increase in the EOF by
a factor of 1.35in I and 1.69 in II (see Fig. 5), when
compared to the F-2000 —1-200 tandem capillary
system at 0.5 fractional length of the I-200 capillary
segment in Fig. 2c. Furthermore, comparison of
Figs. 2a and 5 reveals that the average plate height
for lysozyme, ribonuclease A and carbonic anhy-
drase increased slightly from 10.3 to 12.5 ym, a
factor of 1.2, while the migration time for these
proteins decreased by factors of 1.9, 2.4 and 4.7,
respectively. The slight increase in the plate height
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Fig. 5. Rapid capillary zone electrophoresis of proteins with
stepwise increase in the electroosmotic flow. I, initial flow:
F-2000 - I-200 — untreated coupled capillaries at 0.5, 0.25 and
0.25 fractional length of the F-2000, 1-200 and untreated capil-
laries, respectively. 1I: F-2000 — untreated capillaries at 0.5 frac-
tional length each. All other conditions are as in Fig. 1. The arrow
is to indicate the time at which the stepwise increase in EOF
occurred.

may be attributed to the presence of a more pro-
nounced laminar flow as a result of the large
difference between the bulk flow and the intrinsic
EOF in the F-2000 capillary segment.

To develop this concept further and permit the
realization of several stepwise increases in the EOF
during analysis, a multiple capillary device which
will allow the switching between several coupled
capillary systems having different electroosmotic
flow characteristics is under development [10].

The two-step tandem capillaries provided the
rapid analysis of proteins at relatively moderate
applied voltage. To obtain nearly the same EOF
(i.e., 65.0 nl/min) with the F-2000 capillary as with
the two-step coupled capillaries, the F-2000 capil-
lary had to be operated at an applied voltage of 28 kV
whereby the current was relatively high (155 pA).
Fig. 6 illustrates a typical electropherogram of the
protein mixture obtained at high voltage with
F-2000 capillary. As can be seen in Fig. 6, with the
exception of ribonuclease A the proteins underwent
severe sample degradation. The peak of f-lacto-
globulin A disappeared, lysozyme eluted as a tailing
peak and only short peaks were observed for
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Fig. 6. Electropherogram of model proteins on fuzzy 2000-coated
capillary at an applied voltage of 28 kV. All other conditions are
as in Fig. 2a.

carbonic anhydrase and a-lactalbumin. These obser-
vations may be attributed to system overheating
[11,12] and/or to the binding of the proteins to the
coating proper by hydrophobic interactions at ele-
vated temperatures due to heat-induced conforma-
tional changes as previously shown in liquid chro-
matography [13,14]. Very recently, it has been
shown that capillary temperature can dramatically
affect the electrophoretic patterns of proteins in
CZE via the reduction of the structural metal in
metalloproteins and by inducing conformational
changes [15].
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Determination of sulphonamides in pharmaceuticals by

capillary electrophoresis
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ABSTRACT

A mixture of seven sulphonamides was separated using capillary electrophoresis with f-cyclodextrin as modifier. The-separation was
carried out with on-column UV detection at 210 nm. The effects of.the pH of the electrophoretic media and ff-cyclodextrin concentra-
tion on the selectivity and migration times of the sulphonamides were investigated. In addition, the migration behaviour of this group of
compounds was examined. This technique was then applied to the determination of sulphonamides in pharmaceuticals.

INTRODUCTION

Sulphonamide drugs are used for the treatment
of susceptible bacterial infections, such as those re-
lated to the respiratory, digestive and urinary tracts.
This group of compounds has been analysed suc-
cessfully by thin-layer chromatography [1] and
high-performance liquid chromatography (HPLC)
using isocratic and gradient elution [2-5], but these
methods are time consuming [2-3]. Interest in sul-
phonamides mainly lies in the determination of
residues in animal tissues. However, sulphonamides
can be toxic when they are used at therapeutic doses
[6]. Pharmaceutical assays on these drugs have also
been published [7]. As sulphonamides are mostly
polar compounds, capillary electrophoresis (CE)
might be expected to be a good alternative for their
analysis.

CE has become popular in recent years mainly
because of its ability to separate charged and neu-
tral species with high efficiency. Micellar electroki-
netic chromatography (MEKC), one of the modes
of CE, involves the use of surfactant solutions such

Correspondence to: S. F. Y. Li, Department of Chemistry, Na-
tional University of Singapore, Kent Ridge, Singapore 0511,
Singapore.

0021-9673/93/$06.00 ©

as sodium dodecyl sulphate (SDS). Selectivity in
MEKC separations can be enhanced by adding
modifiers to the system. The introduction of cyclo-
dextrin into the micellar solution has been reported
to provide additional selectivity for chiral separa-
tions via host-guest-type complexation [8]. To date,
CE has been successfully employed in analyses of
environmental pollutants [9,10], biological com-
pounds {11,12] and pharmaceutical products
[13,14].

In this work, the separation of seven sulphona--
mides using capillary zone electrophoresis (CZE)
with f-cyclodextrin (8-CD) as modifier was exam-
ined. This technique was applied to the determina-
tion of sulphonamides in commercial drug tablets.
In addition, the effects of pH and f-CD concentra-
tions on the migration behaviour of the sulphona-
mides in the system are discussed.

EXPERIMENTAL

Experiments were conducted on a laboratory-
built CE system. A Spellman (Plainview, NY, USA)
Model RM15P10KD power supply capable of de-
livering up to 15 kV was used. A fused-silica capil-
lary tube of 50 um I.D. (Polymicro Technologies,
Phoenix, AZ, USA) and 50 cm effective length with
an optically transparent coating was employed. A

1993 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Structures of sulphonamides, their abbreviations and some pK, values. The pK, value refers to the ionization of the hydrogen

attached to N-1.
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Shimadzu (Kyoto, Japan) Model SPD-6A UV spec-
trophotometric detector was used for the detection
of peaks. Chromatographic data were collected and
analysed using a Shimadzu Chromatopac C-R6A
data processor.

The pH of the buffer solutions used in the CE
system was adjusted by mixing appropriate por-
tions of sodium dihydrogenphosphate and sodium
tetraborate solutions. p-Cyclodextrin was pur-
chased from Fluka (Buchs, Switzerland). The seven
sulphonamide standards used were purchased from
Sigma (St. Louis, MO, USA). The structures of the
seven sulphonamides, their abbreviations and some
of the pK, values are shown in Fig. 1. The sulphon-
amide standards were dissolved in HPLC-grade
methanol (BDH, Poole, UK), each at a concentra-
tion of 1000 pg/ml.

Sample solutions were introduced manually. One
end of the capillary was placed in a sample vial con-
taining the sample solution and the sample was in-
troduced by siphoning from the sample solution at
a height of 9 cm higher than the electrophoretic so-
lution in which the other end of the tube was im-
mersed. The injection time was about 4 s. Each in-
jection was estimated to be 1 nl.

Sample preparations

The method for the extraction of sulphonamides
from pharmaceuticals is as follows. The sample was
first ground into powder in a mortar, 100 mg of the
powder were accurately weighed into a 100-ml volu-
metric flask, 75 ml of 0.025 M NaOH solution were
added and the solution was shaken for 30 min. The
solution was then diluted to volume with 0.025 M
NaOH, mixed and filtered. The solution was then
diluted to half its concentration with 0.025 M
NaOH solution before injection into the CE system
for analysis.

For the determination of the percentage recovery
of the extraction procedure, 100 mg of standard sul-
phonamide were weighed into a 100-ml volumetric
flask. Then the extraction procedure described was
followed. A 50-ml volume of 0.025 M NaOH solu-
tion was used to dilute the solution before injection
into the system.

RESULTS AND DISCUSSION

Preliminary experiments were conducted at a
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Fig. 2. Variation of migration times of sulphonamides with
B-CD concentration. ® = 0; A = 5; 8 = 10 mM (-CD. Elec-
trophoretic medium, 0.05 M phosphate-0.05 M borate buffer
(pH 7); separation tube, 50 cm x 50 um 1.D. fused-silica capil-
lary; voltage, 15 kV; detection wavelength, 210 nm.

constant pH of 7 and varying the concentration of
B-CD at 0, 5 and 10 mM. The effect of the concen-
tration of f-CD on the migration times of the sul-
phonamides is shown in Fig. 2. As can be seen,
there is a decrease in the migration times of the sol-
utes with increase in f-CD concentration. This
could be attributed to the fact that with an increase
in f-CD concentration, the solutes would have a
higher propability of being incorporated into the
neutral cavity of f-CD. Terabe et al. [15] successful-
ly separated neutral polycyclic aromatic hydrocar-
bons (PAHs) using cyclodextrin-modified micellar
electrokinetic chromatography. These compounds
have at least two benzene rings that can be effective-
ly incorporated into the cavity of CD, which conse-
quently resulted in separation. The same could be
said of the sulphonamides. These compounds have
at least one benzene ring.each and a heterocyclic
ring in their structures, as shown in Fig. 1, which
could easily be incorporated into the cavity of
B-CD. In addition, Fig. 2 shows that the migration
order does not change with increase in -CD con-
centration. This indicates that the addition of f-CD
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to the electrophoretic medium does not significantly
affect the overall ionization state of the sulphona-
mides. Nevertheless, the resolution between the
peaks was observed to improve with higher concen-
trations of f-CD because of the increase in the for-
mation of inclusion complexes.

This observation of decreasing migration times of
the sulphonamides with increase in -CD concen-
tration is in contrast to the observations of Fanali
[16], who found that the migration times increased
with increase in -CD concentration for chiral com-
pounds. This is not surprising because at this pH
(7), some of the sulphonamides would be partially
ionized or totally deprotonated, depending on their
pK, values (given in Fig. 1). The partially ionized
solutes (SMZ and SM, pK, = 7) were also found to
elute earlier than solutes that were totally ionised
(pK. < 7). As the experiments were conducted at a
constant pH, we would expect the change in the
electroosmotic flow velocity with increase in -CD
concentration to be minimal. In the absence of
B-CD, the partially negatively charged sulphona-
mides would be experiencing an electrophoretic pull
towards the positive electrode. These partially ion-
ized solutes would be incorporated into the -CD
on addition of f-CD, which is moving at a speed
equal to the electroosmotic velocity. Under CE con-
ditions, the neutral §-CD would travel faster than
the anionic solutes towards the cathode. In addi-
tion, inclusion complexation of the solutes with
B-CD would increase with increase in f-CD concen-
tration. Hence the electrophoretic pull towards the
anode would be diminished. Subsequently, an in-
crease in the apparent velocity and thus a decrease
in the migration times for the neutral or partially
ionized compounds was observed. The migration
times for the anionic solutes was also observed to
decrease even though there was no effective com-
plexation, as incorporation of the negatively
charged compounds into the neutral B-CD cavity
would be hindered. The observed shorter migration
migration time of the negatively charged sulphona-
mides could be attributed to hydrogen bonding be-
tween the OH groups on the glucose ring of -CD
and the nitrogen moiety of the sulphonamides. As a
result, the anions would be dragged along with the
B-CD towards the negative electrode. Consequent-
ly, a decrease in migration times was observed for
the sulphonamides with increase in -CD concen-
tration.
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Fig. 3. Variation of migration times of sulphonamides with pH
of the buffer. Electrophoretic medium, 0.05 M phosphate-0.05
M borate buffer—10 mAf -CD,; separation tube, 50 cm X 50 ym
1.D. fused-silica capillary; voltage, 15 kV; detection wavelength,
210nm. 1 = SD;2 = SCP;3 = SM; 4 = SQX; 5 = SMP; 6 =
SS; 7 = SMZ.

The effect of pH on the migration behaviour of
sulphonamides was also investigated. Experiments
were carried out at different pH values at a constant
f-CD concentration of 10 mM. The effect of pH on
the migration times of the sulphonamides is illus-
trated in Fig. 3. There is a general increase in migra-
tion times of the analytes with increase in pH. From
the structures of the sulphonamides, it was noted
that they can act as weak acids in dilute alkaline
solutions or weak bases in dilute acidic solutions.
Therefore, at high pH (8), the sulphonamides tend
to be deprotonated at N-1, the nitrogen bonded
next to the sulphur moiety. Consequently, these
compounds would be negatively charged at this pH
and would not be effectively incorporated into the
neutral cavity of the -CD. Instead, they would ex-
perience a stronger attractive pull towards the
anode. It is known that electroosmotic flow velocity
increases with increase in pH [17]. In the present
instance, as the increase in electroosmotic flow is
less than the electrophoretic velocity of the ana-
lytes, the overall effect is a net decrease in the appar-
ent velocity, which accounts for the increase in mi-
gration times of the sulphonamides. It was found
that at a pH of 7 and with 10 mM B-CD, satis-
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Fig. 4. Electropherogram of the seven sulphonamides. Electro-
phoretic medium, 0.05 M phosphate-0.05 M borate buffer (pH
7)- 10 mM B-CD; separation tube, 50 cm x 50 um 1.D. fused-
silica capillary; voltage, 15 kV; detection wavelength, 210 nm.
Peaks: 1 = MeOH; 2 = SMZ;3 = SMP;4 = SM; 5 = S§;6 =
SD; 7 = SQX; 8 = SCP.
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factory separation for the group of seven sulphon-
amides was achieved. A typical electropherogram is
shown in Fig. 4. It was observed that there was no
general trend in the migration orders of the
sulphonamides. It is not possible to explain the
trend solely by considering the structures alone be-
cause the R and R’ substituents vary in shape, sizes
and polarity in this instance. However, it was found
that the migration order could be related to the pK,
values, i.e., compounds with higher pK, values
(higher than the pH of the buffer) would migrate
faster than those with pK, values less than the pH of
the clectrophoretic medium.

TABLE 1

SULPHONAMIDES INVESTIGATED, CORRELATION
COEFFICIENTS AND DETECTION LIMITS OBTAINED
AT A SIGNAL-TO-NOISE RATIO OF 2

Sulphonamide®  Correlation coefficient, ~ Detection limit

r (pg)
SMZ 0.97674 18
SMP 0.9667 19
SM 0.9907 26
SS 0.9937 43
SD 0.9986 31
SQX 0.9838 25
SCP 0.9969 25

@ See Fig. 1 for.full names.
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Fig. S. Electropherogram of the extracted sample in 150 ml of
0.025 M NaOH. Electrophoretic conditions as in Fig. 4. Peaks: T
= trimethoprim; 6 = SD.

Determination of sulphonamides in pharmaceuticals

Once a satisfactory separation had been ob-
tained, the technique was applied to the determina-
tion of sulphonamides in pharmaceuticals. Linear
calibration graphs in the range 100-1000 ug/mi
were obtained for the seven sulphonamides. Low
detection limits in the picogram range was ob-
tained. The correlation coefficient, r, and the detec-
tion limits at a signal-to-noise ratio of 2 are given in
Table I.

Combination drug formulations in the form of
tablets or suspensions containing sulphonamides
are most frequently used to administer oral doses to
human patients. In this investigation, drug tablets-
containing the active component (sulphadiazine)
and trimethoprim (inhibitors of folic acid synthe-
tase) were used. Good linearity was obtained be-
tween the amount injected and peak area. The re-
covery using the extraction method [18] was found
to be 85.97 & 0.03%. A typical electropherogram
of the extracted samples is shown in Fig. 5. For two
sulphadiazine-trimethoprin tablets with an indicat-
ed content of 0.410 g, the amounts found, based in a
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recovery of 85.97%, were 0.412 + 0.0051 and 0.407
+ 0.0048 g (mean = S.D., n = 4). Hence the
amount was within the limits of 95-100% of the
amount indicated. The results obtained suggested
that CE is a useful method for the routine determi-
nation of sulphonamides in pharmaceuticals.
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ABSTRACT

In recent years, there has been considerable activity in the separation and characterization of protein molecules by sodium dode-
cylsulfate (SDS) gel electrophoresis with particular interest in using this technique to separate on the basis of size and to estimate
molecular mass. In this paper we report a new improved and automated electrophoretic method in the form of high-performance
capillary SDS gel electrophoresis. Rapid separations of protein molecules in the molecular mass range of 20 000-200 000 daltons were
demonstrated with excellent linearity and intra- and inter-day reproducibility of the migration time. Monomer—dimer forms of the
recombinant human ciliary neurotrophic factor were examined by the use of this method under reducing and non-reducing conditions.

INTRODUCTION

Electrophoresis in polyacrylamide or other gels
containing ionic detergents, such as sodium dodecyl
sulfate (SDS), has proven to be a powerful tool for
the size separation of protein molecules, the estima-
tion of their molecular mass and assessment of their
purity [1]. In the presence of reducing agents such as
mercaptoethanol, the detergent (SDS) dissociates
proteins into their constituent subunits and binds to
the polypeptide chains, so that similar charge-to-
mass ratios of the proteins are obtained [2]. In gel
electrophoresis, the polymer network structure cre-
ates a sieving effect so that separation can be per-
formed based on the size of the molecules [3]. An
approximately linear relationship is obtained if the
logarithm of the molecular mass of standard poly-
peptide chains are plotted against their electropho-
retic mobilities [4]. The method is reliable and re-
producible in the molecular mass range of 20 000-
200 000 daltons generally within 10% of those ob-
tained by other techniques [2]. Prior to the applica-
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tion of the sample to the gel, the proteins are dena-
tured by heat treatment in the presence of a
thiol-reducing agent such as f-mercaptoethanol or
dithiothreitol. Rod or slab gels of a variety of cross-
linked polyacrylamides were conventionally used as
sieving matrices to separate these polypeptide
chains according to their molecular masses [5].

In the past several years capillary gel electropho-
resis has been successfully utilized for the size sep-
aration and purity assessment of synthetic oligonu-
cleotide probes and primers [6] and polymerase
chain reaction (PCR) products [7]. Early attempts
to apply capillary gel electrophoresis for protein
separation by SDS polyacrylamide gel electropho-
resis (PAGE) have involved highly concentrated
cross-linked polyacrylamide as sieving medium [8].
Later, others employed lower-concentration cross-
linked polyacrylamide [9] and linear polyacryl-
amide in the capillary as sieving material [10]. Re-
cently, Karger’s group {11] introduced non-poly-
acrylamide-type, low-viscosity branched polymers
such as dextrans with excellent UV transparency at
214 nm to obtain size separation with enhanced de-
tectability.

In this paper we report the use of a non-
polyacrylamide-based, hydrophilic linear polymer

1993 Elsevier Science Publishers B.V. All rights reserved
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network for capillary SDS gel electrophoresis of
proteins. This polymer network is advantageous in
that capillary gels are easily prepared and are easily
replaceable if necessary. Examples are shown of the
usefulness of this system in the demonstration of
dimer formation of the recombinant human ciliary
neurotrophic factor.

EXPERIMENTAL

Apparatus

In all these studies, the P/ACE System 2100 capil-
lary electrophoresis apparatus (Beckman Instru-
ments, Fullerton, CA, USA) was used in reversed
polarity mode (cathode on the injection side). The
separations were monitored on-column at 214 nm.
The temperature of the gel-filled capillary columns
was controlled at 20°C by the liquid cooling system
of the P/ACE instrument. The electropherograms
were acquired and stored on an Everex 386/33 com-
puter. Molecular masses of the protein samples
were estimated by using the Molecular Weight De-
termination Option of the System Gold software
package (Beckman Instruments).

Procedures

In all the capillary electrophoresis experiments
the eCAP SDS-200 (Beckman Instruments) capil-
lary electrophoresis size separation kit for SDS pro-
teins was used. In this kit the sieving matrix is a
low-viscosity gel formulation which is not bonded
to the capillary wall. This permits replacement of
the gel-buffer system in the coated capillary column
by means of the pressure rinse operation mode of
the P/ACE apparatus (i.e., replaceable gel). It is im-
portant to note, that a coated capillary column
should be used in these experiments to eliminate the
electroosmotic flow and minimize adsorption of
proteins on the inner surface of the column. The 47
cm long (40 c¢cm to the detector) and 0.1. mm I.D.
coated eCAP SDS-200 fused-silica capillary column
(Beckman Instruments) was washed with 1 M HCI
after each run. In some specific applications a long-
er or a shorter column may be required to extend a
useful range and/or to shorten the analysis time.
The samples were injected by pressure (typically:
30-60 s, 0.5 p.s.i.) into the replaceable gel-filled cap-
illary column.

The slab gel experiments were performed on

A. Guttman et al. | J. Chromatogr. 632 (1993) 171-175

SDS-PAGE (10% polyacrylamide) according to the
procedure of Laemmli [12] applying 30 V/cm con-
stant field on a Bio-Rad Mini-Protean I dual-slab
cell system (Bio-Rad Labs, Richmond, CA, USA).
The separated bands were visualized by Commassie
Brilliant Blue R250 staining [13].

Chemicals

The high-molecular-mass SDS protein test mix-
ture (29 000-205 000 daltons) and the lysozyme
were purchased from Sigma (St. Louis, MO, USA).
Before injection, the samples were diluted to 0.2-2
mg/ml] with the eCAP SDS-200 sample buffer (final
concentration: 60 mM Tris—HCI, 1% SDS, pH 6.6)
and were boiled in a water bath for 5 min after
adding 2.5% f-mercaptoethanol as reducing agent
and 0.005% Orange G as internal standard. The
samples were stored at —20°C or freshly used. All
buffer and gel solutions were filtered through a 1.2
um pore size filter (Schleicher and Schuell, Keene,
NH, USA) and carefully vacuum-degassed.

RESULTS AND DISCUSSION

Fig. 1 shows the complete separation of a mixture
of six proteins (size range 29 000-205 000 daltons)
in only 22 min. The inset in Fig. 1 shows the po-
lyacrylamide slab gel trace of the same protein test
mixture. Detected amounts for the two systems
were 120 ng total protein on the SDS-200 column
and 10 pg total protein on the slab gel. The differ-
ences in relative migration times and relative migra-
tion distances for the two techniques are explained
by the use of different sieving polymer matrices. A
linear relationship between the logarithm of molec-
ular mass and mobility were found in both instanc-
es. The relative standard deviation (R.S.D.) in cap-
illary gel electrophoresis (CGE) gave high linearity
for the range of 20 000-200 000 daltons (R.S.D.cge
= 0.995%) versus the slab gel (R.S.D.guap =
0.986%, dat not shown). The calibration curve can
be used for molecular mass estimation of unknown
proteins with 10% accuracy. As can be observed,
well resolved peaks are obtained for each compo-
nent; however, some peaks seem to be broader than
others. It is postulated that this phenomenon is
caused by small differences in the complexation of
SDS with the different protein molecules [1-3]. Ta-
ble T is a comparison of the individual steps and
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Fig. 1. Capillary SDS gel electrophoresis of six proteins on an eCAP SDS-200 capillary. Inset: SDS-PAGE pattern of the same sample
mixture. Peaks: 1 = carbonic anhydrase (molecular mass, M, 29 000); 2 = ovalbumin (M, 45 000); 3 = bovine serum albumin (M,
66 000): 4 = phosphorylase B (M, 97 400); 5 = p-galactosidase (M, 116 000); 6 = myosin (M, 205 000). A tracking dye Orange G (OG)
was added to the sample. Conditons: injected amount, 100 ng protein; detection, 214 nm; run temperature, 20°C; applied electric field,

300 V/cm; current, 25-30 pA.

TABLE 1

COMPARISON OF eCAP SDS-200 AND SDS-PAGE ANAL-
YSIS

Step Time (min)
eCap SDS-200  SDS-PAGE

Gel preparation 6 80

Sample preparation 10 10

Gel run time 25 35

Staining = 90

Destaining = 720

Drying = 720 (without dryer)
Quantitation 2 20 (densitometer)
Total 43 1675

(for sixteen lanes)

required time for both the traditional slab SDS-
PAGE system and eCAP SDS-200 techniques.
These data clearly show that even in an optimal
case running sixteen different samples on the slab
gel system, the automated capillary electrophoresis
system is less time-consuming. It is important to
note that capillary SDS gel electrophoresis is more
easily quantitated (data is shown later) while in slab
gel electrophoresis the frequently used visualization
dye Coomassie Brilliant Blue R250 does not bind in
a stoichiometric fashion for all proteins, making
quantitative interpretation difficult [14]. It is impor-
tant to note, that with the inclusion of an internal
standard (Orange G) for each sample it is unneces-
sary to bracket samples with standard runs. The
existing sieving phenomena in capillary SDS gel
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Fig. 2. Ferguson plot of logarithm mobility versus percent gel
concentration for six proteins. LYS = lysozyme; STI = soybean
trypsin inhibitor; CA = carbonic anhydrase; OVA = ovalbu-
min; BSA = bovine serum albumin; PHB = phosphorylase B.

electrophoresis was demonstrated by the Ferguson
method [15]. As Fig. 2 shows, the plots of log mobil-
ity versus %(w/v) gel (Ferguson plots) were linear
(R.S.D. = 0.995) with an intercept at 0% gel con-
centration which represents approximately the free
solution mobility of the SDS-protein complex.
Other variables such as polymer molecular mass,
degree of polymer branching and column temper-
ature will also affect the separation [16].
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Using the pressure injection mode of this capil-
lary electrophoresis system the injected amount is
ca. 1 nl/s for this particular capillary and gel-buffer
system based on the migration velocity of the in-
ternal standard using the low-pressure rinse (injec-
tion pressure) mode [17]. As an example, the
amount for phosphorylase B (molecular mass
97 400 daltons) detected on column is 107° g
(10~ % mol). The peak area was a linear function of
the injected amount for lysozyme over a range of 10
ug/ml(7-1077 M) to 1 mg/ml with R.S.D. = 0.999.
Identical volumes of samples with different protein
concentration were injected in this experiments. The
capillary column was washed with | M HCI after
each run to remove absorbed proteins, if any, from
the capillary wall.

Initial characterization of the capillary SDS gel
electrophoresis technique involved the determina-
tion of reproducibility for migration time. The
R.S.D. of the uncorrected migration times for eigh-
teen runs of the standard proteins range from 0.4 to
0.8%. These data represent a capillary and buffer
that was cycled for 100 runs (intra- and inter-day
variability) by altering nine replicate injections of
the high-molecular-mass Sigma standard and nine
replicate injections of untreated calf serum diluted

0.005 T

0 t T '

;
T
@ o~ - © < =4

-0.005 1

Minutes

Fig. 3. Capillary SDS gel electrophoretic separation of the reduced (monomer, solid line) and unreduced (dimer, dotted line) proprie-
tary protein, referred to as SFP. Conditons are the same as in Fig. 1.
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1:50 with" water. The good reproducibility of the
results may be attributed to the direct visualization
of the proteins during the separation and the ability
to replace the polymer network with a rinsing step
after each run. If a particulate sample was applied
to the gel, or a sample containing a contaminant
too large to be analyzed in the standard run time,
the replacement of the low-viscosity gel alleviates
any damage to the gel that would have occurred in a
non-replaceable system.

As an example, the issue of disulfide bond forma-
tion for a proprietary protein, referred to as SFP,
was addressed. The quantity of dimerization of the
product was analyzed by preparing two samples,
with and without disulfide reduction (Fig. 3). The
larger peak (peak 2) in the run under non-reducing
conditions (dotted line) is a dimer of a predicted
molecular mass of 46 000 daltons. Upon addition of
p-mercaptoethanol to the sample, the peak moved
to the location of the monomer (molecular mass
23 000 daltons, peak 1, solid line). The two peaks
were verified by molecular mass estimation. Predict-
ed masses for the monomer and dimer were 21 700
and 51 000 daltons, respectively, in good agreement
with the known values.
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Prediction of the migration behavior of organic acids in
micellar electrokinetic chromatography

Scott C. Smith* and Morteza G. Khaledi

Department of Chemistry, North Carolina State University, Box 8204, Raleigh, NC 27695-8204 (USA4)

ABSTRACT

The migration behavior of an homologous series of phenols in micellar electrokinetic chromatography is quantitatively presented.
This model describes mobility in terms of fundamental physical and chemical constants of each solute (acid dissociation constant K,
micelle binding constant K™), the pH of the buffer, and the micelle concentration ((M]) in the buffer. The model was used to predict the
mobility of each solute over a two-dimensional pH/[M] space. Predicted and actual electropherograms show the usefulness of this

technique.

INTRODUCTION

In any separation technique it is desirable to have
the option of manipulating a variety of parameters
in order to affect and subsequently control the
quality of a separation. In high-performance capil-
lary electrophoresis (HPCE), the urgency for con-
trolling migration and selectivity has been lessened
because of the high efficiency of the technique. There
are cases, however, in which manipulation of the
separation selectivity parameters is needed [1-9].
Until recently, however, little work has been per-
formed in the areas of prediction of migration
behavior and subsequent optimization of the sepa-
ration.

Recently, models that describe the migration
behavior of solutes have been developed [10]. These
models describe migration in terms of fundamental
physical and chemical parameters of the solutes:
pK,, micelle-water binding constant, and (for acidic
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NC 27695-8204, USA.
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or anionic solutes) the mobility of the anionic solute
in the absence of micelles. A model was used to
correctly predict the migration behavior and opti-
mize the capillary zone electrophoretic (CZE) sepa-
ration of halogenated phenols in aqueous buffer
through manipulation of buffer pH [11]. However,
CZE separation of solutes with similar pK, values
was inadequate.

The inclusion of a second chemical equilibrium,
namely the solute association equilibrium with
micelles, is discussed in this paper. The results of the
prediction of migration behavior in micellar electro-
kinetic capillary chromatography (MECC) using
the mathematical models are presented.

EXPERIMENTAL

The experimental apparatus and calculations have
been presented in detail previously [11], and follow
the work of Jorgenson and Lukacs [12]. The experi-
mental reagent differs only by the inclusion of
sodium dodecyl sulfate (SDS; Fisher Scientific,
Raleigh, NC, USA) as the surfactant and Sudan 1
(Aldrich, Milwaukee, WI, USA) as the marker for
the elution of the micelles injected with the sample.
The procedure differs only by the alteration of the
pH range to 8-12.

1993 Elsevier Science Publishers B.V. All rights reserved
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RESULTS AND DISCUSSION

The mobility of an acidic solute in MECC can be
described by the following model [10]:

— Hua + /'LA‘(Ka,app/[H+])
1 + (Kaapp/(H™])

where u is the total mobility of the solute, uy, is the
mobility of the neutral form of the solute, ua- is the
mobility of the anionic form, and K, ., is the
apparent acid dissociation constant in micellar
media. The mobilities of the. neutral and anionic
forms of the solute are defined as follows:

(M

o — B I e @
S Y N
and
24 4+ K2 [M] tme
‘LLA— — Ha A [ ] U (3)

1+ K3- [M]

where K™ is the binding constant of the solute form
to micelles, [M] is the concentration of surfactant
present as micelles, p,. is the mobility of the
micelles, and 42 is the mobility of the anionic form
in the absence of micelles. The concentration of
surfactant present as micelles is the total surfactant
concentration ([S]) minus the critical micelle concen-
tration (CMC).

Eqn. 1 predicts a sigmoidal behavior for the
variation of mobility as a function of pH. At low pH
values (<pK,.pp — 2) the acid is uncharged and
mobility is a result of binding with the mobile
micelles as described in eqn. 2. Conversely, at high
pH (= pK, app + 2) the acid is fully charged and the
mobility is a combination of two factors: the binding
with the mobile micelles and the mobility in the
absence of micelles, as described in eqn. 3.

Using these three equations, the mobility of a
solute is described in terms of fundamental physical
and chemical constants characteristic of each solute.
By knowing the values of these constants, the
mobility of the solute can be predicted for any pH
and micelle concentration.

By measuring mobility over a pH range that is
within pK, ., £ 2, the unknown parameters
(PKa,apps Ma- and pps) can be determined using
weighted non-linear (WNLIN) regression. WNLIN
regression is an iterative algorithm that estimates the

values of the unknown parameters in order to
minimize the error in the fit.

If pK, app is known, it is possible to determine y,-
and uya without WNLIN regression by measuring
the mobility at pH = pK, .,p — 2 (for ups) and
pH = PKaapp T 2 (for pa-).

Calculation of K3~ and Kijs
The migration factor k' of the charged and the
neutral solute species can be calculated from yu,- and

Hua'
King = —HA— @
Hme — HHA
and
L yBa
o Ha T HEA )
Hme — Ha-

Terabe and co-workers [13,14] pointed out the
relationship between k&" and K™

k' = (PTV)([S] — CMC) (6)

where P™ is the water—micelle partition coefficient
and Vis the molar volume of the micelles. (The term
P™Visshown in Appendix 1 of this paper to be equal
to K™.) Therefore, K™ is the slope when k' is graphed
as a function of surfactant concentration. In all,
there are two ways to calculate K- and Kijs: first, by
using WNLIN estimates of pKj app, #a- and ppa in
eqns. 2 and 3; and second, by plotting k' as a
function of [SDS] according to eqn. 6.

Most of the experiments were designed to gener-
ate data for use with WNLIN regression. This
WNLIN data set was collected at nine pH values
(8-12, 0.5 increments) and two surfactant concen-
trations (20 and 80 mM). (Since the variation of
mobility as a function of pH is sigmoidal but the
variation with surfactant concentration is linear,
more pH data are required for reliable operation of
WNLIN regression.) These data were used in the
first method described above, and were used in the
prediction of migration behavior that will be dis-
cussed later. In order to test the second method, a
separate set of data more appropriate for the linear
form of eqn. 6 was collected at two pH values (8 and
12) and four surfactant concentrations (20, 40, 60
and 80 mM).

The K3 and K4 values calculated from the two
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TABLE 1
COMPARISON OF MICELLE BINDING CONSTANTS K7, AND K-

4-Propyl-  4-Methyl- 4-Ethyl- 4-Isopropyl-  Phenol
phenol phenol phenol phenol
Set1e K™, 1.1 30.1 74.6 155.4 200.6
o K2y 0.7 0.6 2.9 28.6 27.1
K —0.74 2.8 13.1 26.0 458
o KJ- I.10 1.2 6.2 21.2 79.2
Set2® Ko, 8.09 2147 51.03 105.90 137.70
o K, 0.77 0.95 1.23 1.64 1.87
Ky 2.82 8.60 18.29 30.52 38.12
o K- 0.95 0.90 1.00 1.31 1.44

« Based on WNLIN estimates of ua- and uya from data taken at nine pH and two [SDS] values, using eqn. 1.
® Based on linear regression of data taken at pH 8 and 12 and 20, 40, 60 and 80 mM SDS using eqn. 6.

data sets are presented in Table I for phenol and four
alkylphenols. Both sets show the same trend of an
increase in K™ with hydrophobicity of the phenol
substituent. When In K™ is plotted as a function of
the number of substituent carbons on the phenol, as
shown in Fig. 1, all sets show the expected linear
behavior.

Fig. 2 shows k' as a function of [SDS] for the five
solutes at low pH, where the solutes are neutral.
According to eqn. 6, the x-intercept is the CMC. In
Fig. 2, the value of 4 mM appears to be valid. Fig. 3
is the same as Fig. 2 except at high pH, where the

.- [
0 1 2 3
Carbon number

Fig. 1. Relationship between In K7, ( )and In KL (----- )
and the number of carbons in the phenol substituent for set 1 ((J
and M) and set 2 (O and @).

solutes are charged. Note that the correlation of the
data to the linear regression fit is equally as good in
Figs. 2 and 3; however, the x-intercept in Fig. 3 for
four of the five solutes is in the range —20 to
—22mM. Of course, negative concentration has no
physical meaning, but cannot be dismissed on the
basis of misinterpreted data or faulty calculations.

Prediction of mobility

After determining estimates of pK, app, ta- and
unua by WNLIN regression, eqns. 2, 3 and 4 can be
used to predict mobility over the entire pH/SDS

14

0 0.02 0.04 0.06 0:08 0.1
[SDS]

Fig. 2. k' as a function of SDS concentration at pH 8 for the
neutral forms of phenol (O), 4-methylphenol (), 4-ethylphenol
(A), 4-isopropylphenol (®) and 4-propylphenol (H).
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Fig. 3. k' as a function of SDS concentration at pH 12 for the
anionic forms of phenol (O), 4-methylphenol (1), 4-ethylphenol
(A), 4-isopropylphenol (@) and 4-propylphenol (H).

space. Figs. 4 and S show the mobility surface for
two hypothetical components. The component rep-
resented in Fig. 4 strongly interacts with micelles in
its neutral form (Kjja = 220) and moderately in its
anionic form (K3t = 1). This component is typical
of phenols such as the propylphenols and the di-, tri-
and pentachlorophenols. The shape of the sigmoidal
curve along the pH axis is generally unchanged as a
function of [SDS], and the increase in [SDS] slightly
increases mobility. Greatest mobility occurs at pH 8§

10

Mobility,
cm?/kV min :
20

30 ,
20

/
a0

[SDS], mM

Fig. 4. Variation of mobility as a function of both pH and [SDS]
for a hypothetical solute, based on the following values: K}, =
220; K = 0.8; up- = —11; pga = —27.5; g = —10and p,, =
—30.

Mobility,
cm2/kV min
20

40

[SDS], mM

60

8 9 10 " 12

Fig. 5. Variation of mobility as a function of both pH and [SDS]
for a hypothetical solute, based on the following values: KT, =
14, K. = 0.002; pp- = —10.25; pya = —12.5; poq = —10 and
Hme = —30.

and [SDS] = 80 mM, which is expected since this
point is where the fraction of the neutral form of the
solute and the concentration of micelles are the
greatest.

The contrast to the strongly interacting compo-
nentin Fig. 4 is the weakly interacting component in
Fig. 5. The degree of interaction with micelles of the
neutral (Kija = 14) and anionic (K}~ = 0.002) forms
are representative of phenols such as methyl- and
ethylphenol and fluoro-, chloro- and bromophenol.
The mobility at high pH is constant over the entire
{SDS] range, typical of anionic solutes that interact
poorly with micelles.

The shape of the sigmoidal curve along the pH
axis changes considerably as a function of [SDS],
illustrating the importance of [SDS] on whether the
mobility of the neutral form of the solute is greater -
or less than the anionic form.

The mobilities of the alkylphenols were predicted
using the values of pX,, ,,,, Ua- and py, estimated by
WNLIN. As shown in Table I1, pK, ,,, as estimated
by WNLIN did not exhibit consistent behavior as a
function of micelle concentration. To account for
this variation, an estimate of pK, ,,, was made by
extrapolating between the values measured at 20 and
80 mM.

Mobility predictions were made at six pH/SDS
locations: 8.0/20, 8.8/20, 9.5/20, 9.9/63, 9.5/77 and
10.1/77. The first three points were selected for their
importance in the separation optimization, which
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TABLE II

pK, VALUES OF PHENOL AND FOUR ALKYLPHENOLS,
AS ESTIMATED BY WEIGHTED NON-LINEAR REGRES-
SION, AT 0, 20 AND 80 mM SDS

pK,
Ref. 16 O mM 20 mM 80 mM
SDS SDS SDS
Phenol 9.99 9.98 9.65 9.66
4-Methylphenol 10.26 10.29 9.94 10.46
4-Ethylphenol 10.22 9.19 10.19
4-Isopropylphenol  10.28 10.37 9.84 10.31
4-Propylphenol 10.33 10.24 10.27

will be discussed later. The last three hold no
particular significance. The correlation between
actual and predicted mobilities are presented in
Fig. 6. From linear regression, the slope of the best
fit of the data (1.013) is very close to the slope
expected from prefect correlation (1.000); also, the
high correlation coefficient (r*> = 0.998) indicates
the usefulness of eqn. 1 as a model of mobility.
The pH range selected in this study was well suited
for the alkylphenols since it covered the range of
pK, + 2. If data are not collected within the pK, + 2
range the estimates will become inaccurate. An
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Fig. 6. Correlation between predicted and actual mobilities of
phenol ((OJ), 4-methylphenol (A), 4-ethylphenol (O), 4-isopropyl-
phenol (A) and 4-propylphenol (l) at the six pH/SDS locations
described in ‘the text. The line represents the ideal case of 1:1
correlation.
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Fig. 7. Correlation between predicted and actual mobilities of
4-fluorophenol (OJ), 4-bromophenol (A), 4-chlorophenol (O),
2-chlorophenol (A), 2,5-dichlorophenol (W) and 3,5-dichloro-
phenol (@) at the six pH/SDS locations described in the text. The
line represents the ideal case of 1:1 correlation.

example of this is illustrated in Fig. 7, which is the
correlation between predicted and actual mobilities
for a set of halogen-substituted phenols. Reasonable
correlation exists for 4-fluorophenol, which has a
PKa.app Of approximately 9.5. As the pK, ., for the
solutes shifts away from the center of the pH range
studied (pH 10), the correlation becomes increasing-
ly worse. The lowest correlations are for 2,5- and
3,5-dichlorophenol, which have pK, ., values of
approximately 7.7 and 8.8, respectively.

Optimization of separations: a preliminary study

In the optimization of separations in CZE, the
resolution between the worst resolved peak pair was
used as the criterion [11]. Resolution, in its simplest
form, is described by refs. 12 and 15:

R=N1/2 K2 — g %)
4 iu'avg + Heo

where N is the separation efficiency, .., is the
average mobility of the solutes, and u., is the
electroosmotic mobility. Resolution is directly pro-
portional to the difference in the mobilities of two
solutes (u, — py). For this preliminary study, this
term was used as the optimization criterion.

The minimum u, — u; over the pH/SDS space is
presented in Fig. 8 for the alkylphenol mixture. The
optimum separation is at pH 9.4 and 21 mM SDS.
Experiments were performed at pH 9.5 and 20 mM
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004 006
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Fig. 8. Smallest difference in mobility between peak pairs as a
function of both pH and [SDS]. The circles indicate the pH/SDS
locations where confirmatory experiments were performed.
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SDS, as mentioned previously, in addition to two
other points at 20 mM SDS and three in a featureless
region at higher SDS concentration. These points
are highlighted in Fig. 8.

The actual and predicted electropherograms at
each of the six pH/SDS locations are reconstructed
from the elution times in Fig. 9a—f. There is excellent
agreement at the predicted optimum and at a
location near the optimum (Fig. 9b and ¢). Some of
the difference between predicted and actual elution
times is most likely due to the extreme sensitivity of
the predicted elution time on the value selected as ¢,.
For example, if the ¢, in Fig. 9a were 1.56 rather than
1.58, the elution times would be 1.77, 2.06, 2.64, 3.35
and 3.63 min, respectively.

Propagation of error in predicting mobility

In all, seven terms are used in the prediction of
mobility: pH, [SDS], pKa,apps H11as Ha-, dme a0 Hag.
The mobility terms are used to first estimate K5~ and
K%, which are then used in the prediction of

218 2. EX
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Fig. 9. Predicted and actual elution times at the six pH/SDS locations: (a) 8.0/20; (b) 8.8/20; (c) 9.5/20; (d) 9.9/63; () 9.5/77 and (f)
10.1/77. Electropherograms were reconstructed from elution time data.
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Fig. 10. Total propagated error and individual contributions of
five terms to the total error for the hypothetical solute presented
in Fig. 4. Each graph presents the mobility (thick line) and the
error envelope (thin lines) as a function of either [SDS] at pH 10
(left column) or as a function of pH at 50 mAM SDS. For this
solute, the error associated with each contributing term are as
follows: (a) total propagated error; (b) o pK, = 0.4; (¢) ¢ K}, =
13; (d) 0 Ki- =1.28 and (¢) ¢ pH = 0.02.

mobility. The total propagated error for the strongly
interacting hypothetical solute illustrated in Fig. 4
and the contribution to the total error from five each
of these terms is presented in Fig. 10a—e. (The
contributions of 6[SDS], o, and op,, are negligi-
ble.) The graphs on the left were calculated at pH 10;
those on the right were calculated at 50 mM SDS.

In general, the total error is very small at low pH
but rapidly increases to a near-constant level at the
pK, of the hypothetical compound. In Fig. 9, the
agreement between predicted and actual elution
times became worse with increasing surfactant con-
centration. This suggests that the main contribution
to the error is from Kj-, since it increases with both

pH and [SDS] and since it, along with pK,, ,,p, are the
largest contributors to the total error.

The total error in the prediction of mobility will
also impact on the level of confidence in the
prediction of elution order. This problem was
addressed in the work with optimization in CZE
[11]. The level of confidence in the ability to predict
elution order is proportional to the difference in the
predicted mobilities of the solutes and inversely
proportional to the error associated with the pre-
dicted mobilities, as shown in eqn. 8:

_ n2(y ~ p)
(03 + o)™

where ¢ is the t-distribution value, u; and p, are the
average mobilities of solutes 1 and 2, o, and o, are
the standard deviations of the mobilities of solutes 1
and 2, and n, and n, are the number of measure-
ments. This relationship assumes n; = n,.

In conclusion, two chemical equilibria character-
istic of each solute, pK, and K™, can be easily
exploited by adjusting the pH and [SDS] of the
buffer for the purpose of migration prediction and
optimization of the separation. The migration be-
havior of solutes can be predicted on the basis of a
few experiments.

(®)
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APPENDIX

Relationship between binding constant and partition
coefficient

It has been reported [17,18] that the relationship
between the binding constant K™ and the partition
coefficient P™ is:

K=P-1)V (A1)

where V is the volume occupied by one mole of
surfactant present as micelles. Use of this equation
has resulted in conflicting results in early derivation
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of the models used for this and previous studies.
The conflicts were resolved upon re-derivation of
eqn. Al, as follows.

Given:

P concentration of solute in micellar phase  [S],

_ ns,m/vm _ Ny mVw

concentration of solute in aqueous phase [S],  #w/Ve  HswVm

and

concentration of solute-micelle complex

- (concentration of solute in aqueous phase)(concentration of micelles in aqueous phase)

_ [S_M]w _ ns—m/vw Ryom

— nS—va

TSIMMly (e )/ V) Handief Ve el

Assuming one solute molecule binds with or
partitions with one micelle, the number of solute
molecules in micelles must also be the number of
solute-micelle complexes and ng, = n,_,,. Com-
bining the above equations yields

K=pX=

Fim

Given that V = molar volume of. surfactant =
vm/nm’

K=PV (A2)
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ABSTRACT

This paper reports a method for deactivation of fused-silica capillaries to be used in capillary isoelectric focusing (c1EF). Deactivation
was achieved by adsorbing either a surfactant or hydrophilic polymer to alkylsilane-derivatized capillaries. The surfactant PF-108 and
methyl cellulose reduced electro-osmotic flow (EOF) 20 to 30 fold in comparison to underivatized capillaries. Although EOF was
reduced sufficiently to allow focusing to permit separations to be completed before proteins were swept through the capillary, there was
adequate flow to obviate the need for a separate mobilization step. This reduces the complexity of cIEF and increases reproducibility.
Based on resolution of hemoglobin variants, proteins that varied 0.03 pH units in isoelectric point were resolvable. This is equivalent to
the highest resolution achieved in conventional slab and tube gel isoelectric focusing.

INTRODUCTION

Fused silica is widely used to fabricate the 10-100
um I.D. capillaries used in capillary electrophoresis.
The principal disadvantage of fused-silica capillar-
ies in the electrophoresis and isoelectric focusing of
proteins is that they tenaciously adsorb cationic
species and show strong electro-osmotically driven
flow [1]. These properties of fused silica arise from
silanol ionization above pH 4.0 to produce a nega-
tively charged surface. Whereas solute adsorption
diminishes recovery and limits the unalytical utility
of data obtained from the separation, electro-osmo-
sis compromises separation efficiency by sweeping
the ampholyte and sample components out of the
system before focusing is complete.

This problem has been addressed in several ways.
One has been to adsorb methyl cellulose directly to
the surface of the capillary [2,3]. The function of
adsorbed methyl cellulose is to (1) physically ex-
clude proteins from contact with the charged capil-

Correspondence to: F. E. Regnier, Department of Chemistry,
Purdue University, West Lafayette, IN 47907, USA.
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lary and (2) greatly increase the viscosity of the dou-
ble layer adjacent to the silica surface. Although
separations approaching those of conventional
acrylamide gel-based systems have been achieved
with capillaries coated in this manner, the longevity
and shielding properties of this coating have not
been established. A second approach is to covalent-
ly bond a polymer, such as polyacrylamide, to the
capillary wall [4]. The function of the polymer layer
and the separations that may be obtained with these
capillaries are similar to those of the adsorbed poly-
mer layer. The problem with coatings that contain
ester and amide linkages is that they slowly hydro-
lyze, limiting capillary life [5].

Isoelectric focusing (IEF), as a separation tech-
nique in a capillary electrophoretic system may be
divided into three steps. The first is creation of the
pH gradient. This is achieved by focusing an “am-
pholyte’ solution containing a large number of am-
photeric species, each with a different p/. When
there are a large number of ampholyte species and
the difference in their p/ is small, a continuous pH
gradient is formed. The second step is the introduc-
tion and focusing of sample components. Because
this step is similar to step one, they are often com-

1993 Elsevier Science Publishers B.V. All rights reserved
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bined. The time required to focus both ampholyte
and sample components depends on the slope of the
pH gradient and the applied potential. These initial
steps of isoelectric focusing are common to all IEF
systems. It is the third step, moiblization, that is
unique to capillary isoelectric focusing (cIEF). Mo-
bilization refers to the process of adding an ionic
species to the system which triggers the focused am-
pholyte and proteins to be transported past the de-
tector. It has been the practice in cIEF to carry out
focusing and mobilization in discrete steps [6].

This paper reports an alternative approach to
surface deactivation that allows (cIEF) to be carried
out either in the manner described above or to com-
bine all of the steps into a single operation. The
essential elements of this approach are to control
both protein adsorption and the magnitude of elec-
tro-osmotic flow (EOF) through the adsorption of
selected polymers and surfactants to octadecylsi-
lane-derivatized capillaries.

EXPERIMENTAL

Chemicals

IEF markers (hemoglobin C, S, F and A) were a
gift from Isolab (Akron, OH, USA). Methyl cellu-
loses (MC), polyvinyl alcohol (PVA), polyvinyl pyr-
rolidone (PVP), Brij 35, mesityl oxide, toluene and
octadecyltrichlorosilane were purchased from Al-
drich (Milwaukee, WI, USA). PF108 was a gift
from BASF (Parsippany, NJ, USA). Pharmalyte
(pH 3-10) was purchased from Pharmacia (Piscata-
way, NJ, USA).

Instrumentation

cIEF was performed on a component system. A
Spellman Model FHR 30P 60/EI (Spellman, Plain-
view, NY, USA) power supply was used to apply
the electric field across the capillary. On-line detec-
tion was performed by mounting the surfactant-
coated octadecylsilanederivatized capillary (either
50 um L.D. or 25 um 1.D.) on a 254 nm UV absor-
bance detector (Bio-analytical System, West La-
fayette, IN, USA). The detector signal was recorded
with an OmniScribe recorder (Houston Instrument,
Austin, TX, USA). High-voltage components of the
system were placed in a Lucite cabinet with a safety
interlock.
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Capillary coating

The coating procedure was applied by a mod-
ification of the Town’s procedure [7]. Fused-silica
capillaries were first treated with 1.0 M NaOH for
30 min. They were then washed with deionized wa-
ter and methanol, respectively, for 30 min e¢ach. The
capillaries (25 um 1.D. or 50 um 1.D.) were placed in
a GC oven at 90°C for 2 h with a nitrogen carrier
stream at 400 kPa to evaporate the residual metha-
nol. Octadecyltrichlorosilane with 50% toluene was
then pushed through the capillaries by pressure.
The capillaries were placed in the oven at 90°C for 6
h with new solution continuously being pushed
through the capillaries. After 6 h of silylation, the
residual octadecyltrichlosilane and toluene were re-
moved from the capillaries by pressure. The capil-
laries were then washed with methanol for 20 min
and then with deionized water for 30 min. Surfac-
tant solutions were pushed continuously through
the capillaries for 6 h to complete the coating
process.

cIEF process

The protein sample mixture was prepared by
mixing the protein solution and Pharmalyte (pH 3-
10) at a final ampholyte concentration of 1 to 2%.
In the loading step, the capillary was filled with the
sample mixture by positive pressure. The two ends
of the capillary were placed into 10 mM phosphoric
acid anolyte and 20 mM sodium hydroxide cath-
olyte, respectively. Focusing was started by apply-
ing approximately 500 V/cm to the loaded capillary.
The current dropped gradually to a constant ‘“‘resi-
dual” value. This residual current, which is not zero
because of EOF in the capillary, indicates the end of
focusing.

Cathodic mobilization [6] and EOF mobilization
[8] were both used to drive the formed pH gradient
with the focused protein zones to the detector win-
dow. EOF mobilization utilized EOF in the capil-
lary as the driving force. It combines the focusing
and mobilization steps to simplify the operation of
cIEF and eliminate possible error. EOF mobiliza-
tion was employed for the separations reported in
this paper. After each run, the capillary was flushed
with the surfactant solution for a few minutes.

Capillaries of 25 ym I.D. have been found to
have advantages over larger 1.D. capillaries. Heat
dissipation is more efficient due to the increased sur-
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face area-to-volume ratio of smaller capillaries.
Therefore higher voltage could be applied to
achieve separations more rapidly.

RESULTS AND DISCUSSION

Surface modification

Surface modification to control both adsorption
and electro-osmotic flow is an essential element of
capillary isolectric focusing. It has been established
[7] that surfactants adsorbed to the surface of octa-
decylsilane-derivatized capillaries effectively con-
trol the protein adsorption problem while reducing
EOF. These studies also suggested that the degree
of reduction in EOF was proportional to the size of
the hydrophilic portion of the surfactant. This led
to the hypothesis in this work that EOF in a capil-
lary could be adjusted to any desired value through
the use of adsorbed surfactants and polymers of
various size. It was futher hypothesized that amphi-
philic copolymers or oligomers containing both
hydrophobic and hydrophilic monomers would ad-
sorb to an octadecylsilane-derivatized surface in
such a manner that hydrophobic groups would ac-
cumulate at the capillary surface and hydrophilic
groups would be turned outward toward the aque-
ous phase. It was expected that these adsorbed coat-
ings would shield the octadecylsilane surface from
contact with proteins as they do in chromatograph-
ic applications [9].

These hypotheses were tested using octadecylsi-
lane—derivatized capillaries to which one of the fol-
lowing surfactants or polymers had been adsorbed;
Brij 35 surfactant, PF-108 surfactant, methyl cellu-
lose, polyvinyl alcohol, or polyvinyl pyrrolidone.
Coatings were applied by passing several hundred
column volumes of a 0.4% polymer/surfactant so-
lution through the alkysilane-derivatized capillary.
Subsequent separations were carried out using buf-
fers containing 0.4% of the surfactant or polymer.
It is seen in Fig. 1 that there is approximately a
six-fold difference in EOF between the Brij 35 sur-
factant and methyl cellulose 4000 cP (MC-4000)
coated capillaries. The EOF of the MC-4000- and
PF-108-coated capillary was approximately 1/20 to
1/30 that of a native fused-silica capillary, depend-
ing on the pH at which the measurements are made.
Prior work shows that this reduction in EOF may
be attributed to two effects [7]. The first is due to

187

EOF (n2/vs) 1078

o
>
o

BRIJ-35
PF-108
MC-15
MC-25
MC-400
MC-1500
MC-4000
PVA-2000
PVA-124 000

Fig. 1. Electro-osmotic flow of various polymer- and surfactant-
coated octadecylsilane (C, ) derivatized capillaries. Experimen-
tal conditions of CZE: 50 yum 1.D. 120 cm separation length and
30 cm total length capillaries were employed to measure the re-
tention time of the neutral marker (mesityl oxide) at pH 6 under
9 kV.

silylation of the capillary wall. Organosilane deriv-
atization reduces the number of surface silanols and
reduces the { potential which drives EOF. The sec-
ond is due to the adsorbed polymer increasing the
local viscosity at the capillary surface.

Adsorption of polymers at surfaces is generally
thought to be by a loop-and-train mechanism [10].
As the molecular weight of the polymer becomes
larger, the adsorbed coating becomes thicker and
more viscous. Coating thickness is also proportion-
al to the concentration of the coating solution [10].
This should cause the EOF of a coated capillary to
decrease inversely with the molecular weight and
concentration of polymer in the coating solution.

TABLE I

THE EFFECT OF POLYMER CONCENTRATIONS ON
EOF

Experimental conditions: a PVA-2000-coated octadecylsilane-
derivatized capillary, 75 um 1.D., 30/20 cm in length, pH 6 phos-
phate buffer, under 9 kV.

PVA in buffer PVA in capillary Retention of

(%) (%) mesityl oxide (min)
0 0 9

0.4 0 14

0.4 0.4 18

0.4 4 24
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Fig. 2. Electropherograms of Hb variants separated by (a) a methyl cellulose (15 cP)-coated octadecylsilane-derivatized (MC-15 + C )
capillary (25 gm 1.D. with 16 cm separation length and 20 cm total length): (b) a methyl cellulose (25 cP)-coated octadecylsilane-
derivatized (MC-25 + C,,) capillary (25 um 1.D. with 16 cm separation length and 20 ¢cm total length): (c) a methy! cellulose (4000
cP)-coated octadecylsilane-derivatized capillary (25 gm 1.D. with 12 ¢cm separation length and 16 cm total length); (d) a polyvinyl
alcohol) 124 000-coated octadecylsilane-derivatized (PVA-124 000 + C,,) capillary (25 um 1.D. with 1 cm separation length and 16
cm total length). Sample solutions: | mg/ml Hb in 1-2% ampholyte with a 0.2% polymer additive. Voltage: 500 V/cm. EOF mobili-

5

zations were employed without interrupting the experiments. The major peaks 1. 2. 3 and 4 are HbC. HbS, HbF and HbA, respectively.
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As expected, EOF was inversely related to molec-
ular weight of the coating polymer in both the case
of methyl cellulose- and polyvinyl alcohol-coated
capillaries (Fig. 1). However, less than a two-fold
change in EOF was achieved by a large variation in
polymer molecular weight. To achieve large differ-
ences in EOF, it is seen that different polymers must
be used.

The impact of polymer concentration on EOF is
seen in Table 1. Columns initially coated with a
0.4% solution of PVA were further treated with 10
column volumes of either 0, 0.4 or 4% PVA. These
capillaries were then operated with a buffer solution
containing either 0 or 0.4% PVA. A capiliary treat-
ed and operated with 0.4% PVA served as the con-
trol. The mesityl oxide transport time in the control
system was 18 min. It is seen that pretreatment with
4% PVA increased the transport time to 24 min.
The clear implication is that a thicker coating re-
sulted from exposing the column to a higher con-
centration of polymer. In contrast, it is seen that
pretreatment and operation with buffers that con-
tain no polymer substantially reduced the transport
time of the neutral marker. This behavior implies
that PVA adsorption on an octadecylsilane-deriv-
atized surface is very dynamic, readjusting rapidly
with variations of polymer concentrations in the
buffer.

EOF is perceived as a negative phenomenon in
cIEF that causes protein mixtures to be swept past
the detector before they are fully separated. Systems
with no EOF are also limited in that a post-focusing
mobilizer must be added to transport solutes to the
detector [6]. An alternative to these two extremes
would be to use a polymer-coated capillary in which
EOF was adjusted to allow both complete focusing
and transport simultaneously.

Evaluation of coated capillaries

The human hemoglobin (Hb) variants (C, S, F
and A) have been widely used in the evaluation of
isoelectric focusing systems. Literature values [11]
for the isoelectric points of these proteins are as
follows; HbC = 7.42, HbS = 7.20, HbF = 7.05,
and HbA = 6.98. [It should be noted that the pI of
these proteins in a separation system could be
slightly different than these values.] These variants
were readily separated in all of the methyl cellulose
and polyvinyl alcohol-coated capillaries (Fig. 2).
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Based on the resolution of the hemoglobin F and A
pair, proteins that vary as little as 0.03 pH units in
isoelectric point can be baseline resolved. Partial
resolution can probably be achieved between pro-
teins that vary 0.01 p/ units.

The quality of these isoelectric focusing separa-
tions was evaluated in several ways. Visual inspec-
tion of the electropherograms shows that the best
resolution was achieved with the MC-25-coated col-
umn. One is left with the clear impression that the
coatings play a role in resolution, as will be shown
below. The type of coating also contributes to anal-
ysis time because mobilization is achieved by EOF.
By selecting from the series of polymers and surfac-
tants in Fig. 1, it is possible to control both resolu-
tion and analysis time.

Other measures of the quality and resolution of
an isoelectric focusing system are the linearity and
slope of the pH gradient, i.e. d(pH)/d(length). The
more linear the pH gradient and the smaller the
slope, the better the resolution of the system. Un-
fortunately it is not possible to measure pH directly
in a capillary. Instead, it is necessary to determine
the gradient from the elution time of standards. A
plot of pH versus time is seen for a series of columns
in Fig. 3. Slopes for these curves (m,), linearity (R),
and the staridard deviation of data points is seen in
Table II. The linearity is quite good, ranging from
0.995 to 1.000.

The most widely used method of specifying reso-
lution in isoelectric focusing is in terms of the differ-
ence in p/ of adjacent peaks, i.e. their resolution is
defined as being equal to 1. If we assume that (i) the
pH gradient is linear, (ii) these adjacent bands are of
equal width, and (iii) the solutes are similar in diffu-
sion coefficient, then

Ry = (t2 — 1,)/0.5(41, + A1) (D

where 7, and ¢; are the elution times and 4¢, and
Aty are the peak widths of proteins 2 and 1, respec-
tively. Based on the assumptions that the peaks are
of equal width and R, = 1, this equation reduces to

Atz =1, — I (2)

Since peak width may also be defined in terms of
standard deviation where At = 40, then

40'2:f2_t1 (3)
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Fig. 3. The calibration curves of the separated Hb variant zones
in a linear pH gradient by the coated capillaries. Experimental
conditions of cIEF: 25 um 1.D. coated capillaries with [0-15 cm
separation length and 14-20 cm total length. Sample solutions: 1
mg/ml Hb in 1-2% ampholyte with a 0.2% polymer additive.
Voltage: 500 V/em. EOF mobilizations were employed without
interrupting the experiments. 1-5 = MC-15; 6-8 = MC-25; 10,
11 = MC-4000 and 9 = PVA 124 000.

According to Fig. 3, it is seen that

pH = m(t) + b )
Substituting eqn. 4 in eqn. 3, it may be shown that
4 g, = d(pH)/m, )

where d(pH) is the difference in the. pH between the
peak maxima of the two solutes. But this difference
in pH is the difference in the isoelectric point of the
two proteins, therefore,

4 o2 = d(pDh/m, 6

A more exact description of resolution is given by
the equation

Apl = 3[D(m,)/E(— du/pH)}*/? (N

TABLE 11

X.-W. Yao and F. E. Regnier | J. Chromatogr. 632 (1993) 185-193

where D is the diffusion coefficient of the analyte, E
is the applied field strength in V/cm, m, is the slope
of the pH vs. time calibration curve, and —du/pH is
the change in mobility with pH [12]. The problem
with egn. 7 is that it is difficult to obtain D and
—du/pH for many solutes. Eqn. 6 is more tractable
experimentally. Although the assumptions made in
deriving resolution egn. 6 may not be valid in many
cases, it is probably suitable for evaluating coating
quality where the same analytes are used in all cases
under nearly identical conditions. The impact of
coating chemistry on resolution in terms of 4p[ is
shown in Table II. The MC-25-coated capillary had
more than twice the resolution of any other capil-
lary. However, it also took the longest to achieve a
separation. Resolution appears to be compromised
in very rapid separations.

The effect of ampholyte concentration on resolution

Increasing the ampholyte concentration from 0.8
to 2% increased resolution (4pl values according to
eqn. 6 are 0.054 an 0.038, respectively) (Fig. 4). Itis
thought that this was due to an increase in the bufi-
er capacity and viscosity of the more concentrated
ampholyte. Data to support this viscosity hypothe-
sis will be provided below.

The impact of viscosity on resolution

According to eqn. 7, the diffusion coefficient (D)
of a protein is directly proportional to Apl. This
suggests that increasing the viscosity of the ampho-
lyte to reduce D would enhance resolution. This was
found to'be true when 2% glycerol was used to in-
crease viscosity (Fig. 5). However, it should be
noted that elution time is substantially longer in the
case of the separation with 2% glycerol. This means
that the rate of electro-osmotic pumping was re-
duced with the higher viscosity ampholyte. Because

ANALYSIS OF THE RESOLUTION AND LINEARITY OF THE VARIOUS COATED CAPILLARIES

Coatings n mean of R? S.D. m.r.4pl” slope m (4pH/41)
C,s + MC-15 5 0.997 0.0010 0.050 —0.1001
C,g + MC-25 3 0.995 0.0015 0.029 —0.0287
C,y + MC-4000 2 0.998 0.0007 0.039 —0.0648
C,s + PVA-124 000 1 1.000 - 0.046 —0.1815

“ m.r.4pl stands for the minimum resolvable Apl.
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Fig. 4. The effect of the ampholyte concentration on resolution. (a) The effect on the calibration curves of the separated Hb variant
zones. (b,c) Electropherogram comparison. (b) 0.8% ampholyte; (c) 2% ampholyte. cIEF conditions: A MC-25-coated capillary, 25 um
1.D. with 14 ¢cm separation length and 18 cm total length. Sample solutions: 1 mg/ml Hb in (a) 0.8 and (b) 2.0% ampholyte with a 0.2%
polymer additive. Voltage: 500 V/cm. EOF mobilizations were employed without interrupting the experiments. The major peaks 1, 2, 3
and 4 are HbC, HbS, HbF and HbA, respectively.

focusing and elution were achieved in 5-8 min, it cusing was achieved at 500 V/cm and too high vis-
could be that more complete focusing was achieved  cosity causes overheating.

in the column with the lower electro-osmotic flow,

i.e. the column with the 2% glycerol additive. Fo- Reproducibility

cusing at still higher viscosity proved negative (data Reproducibility between runs and batches was
not shown). This was attributed to the fact that fo- examined in the separation of hemoglobin variants.
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Fig. 5. Viscosity effects: (a) without glycerol, (b) with 2% glyce-
rol. cIEF conditions: A MC-25-coated capillary, 25 pum 1.D. with
10 cm separation length and 14 cm total length. Sample solu-
tions: 1 mg/ml Hb in 0.2% ampholyte with a 0.2% polymer
additive. Voltage: 500 V/cm. EOF mobilizations were employed
without interrupting the experiments. The major peaks I, 2, 3
and 4 are HbC, HbS, HbF and HbA, respectively.

A run to run comparison in a fast separation is
shown in Fig. 6. Batch to batch comparisons were
made with two different preparations of MC-25-
coated capillaries. The coefficients of linearity for
the two plots were 0.988 and 1.000 with an R.S.D.
of 0.007. Resolution of the individual preparations
computed from the peak width of hemoglobin F
was 0.029 and 0.039 4dpl.

CONCLUSIONS

It may be concluded that both surfactants and
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Fig. 6. Electropherograms of the two consecutive clEF experi-
ments. CIEF conditions: A MC-15-coated capillary, 25 ym 1.D.
with 10 cm separation length and 14 cm total length. Sample
solutions: 1 mg/ml Hb in 1-2% ampholyte with a 0.2% polymer
additive. Voltage: 500 V/cm. EOF mobilizations were employed
without interrupting the experiments. The major peaks 1, 2, 3
and 4 are HbC, HbS, HbF and HbA, respectively.

L
8 10 12 14

min

hydrophilic polymers adsorbed to octadecylsilane-
derivatized capillaries can effectively contro! elec-
tro-osmotic flow and the adsorption of proteins at
the internal surface of fused-silica columns. Higher-
molecular-weight poymers were more effective than
low-molecular-weight surfactants in controlling
electro-osmotic flow. Through control of electro-
osmotic flow it was possible to combine the focus-
ing and mobilization steps. Under ideal conditions
the resolution of this capillary isoelectric focusing
system approached that of conventional slab and
tube gel systems. Moreover, separations were
achieved in less than an hour in all cases.
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media
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ABSTRACT

Glycoconjugates were separated by capillary electrophoresis at alkaline pH and the migration order was investigated using different
complex-forming agents in the electrolyte. Addition of cationic micelles, formed by cetrimide hydroxide, made the separation of
anomers and element analogues possible. Boric acid gave the highest selectivity but the peak efficiency was slightly lower owing to slow
kinetics of the complexation mechanism. Although the background electrolyte had very high pH values, no indications of instability of
the fused-silica capillary or the analytes were observed under the separation conditions used.

INTRODUCTION

Carbohydrates pose separation and detection
problems because of the large number of similar
structures available and the inherent lack of chro-
mophores and fluorescence properties. Extensive ef-
forts have been made to separate carbohydrates, in-
cluding the use of TLC, GC, LC, gel permeation,
supercritical fluid afid ion-exchange chromatogra-
phy and electrophoresis [1]. In CE, solutes separate
according to differences in electric charge and mo-
lecular size. For carbohydrates, this has been per-
formed by derivatization [2,3] when charge and
UV- or fluorescent-active groups were introduced
into the solutes, thus enhancing the detection possi-
bilities. Ionization of the solutes has also been
achieved at alkaline pH [4] and by complex forma-
tion with borate [5,6] or alkaline earth metal ions
[7].
Carbohydrates are weak acids [8] and partly
charged at pH = 12. They can be separated de-
pending on differences in their pK, values, molec-

Correspondence to: M. Stefansson, Department of Analytical
Pharmaceutical Chemistry, Uppsala University, Biomedical
Centre, S-751 23 Uppsala, Sweden.

0021-9673/93/$06.00 ©

ular size or complexation with species present in the
electrolyte.

The aim of this study was to compare the selec-
tivities obtained by the use of different separation
modes at alkaline pH, including micellar electroki-
netic capillary chromatography (MECC) with a
cationic detergent, complexation with borate and
with a cationic polymer. 4-Nitro- (4-NP), 4-amino-
(4-AP) and phenyl-substituted carbohydrates (gly-
cosides) were used as model substances for on-line
UV detection. Separations of glycoconjugates in-
cluding element analogues and nucleosides are pre-
sented.

EXPERIMENTAL

Equipment ]
The capillary electrophoresis system used was a
Model 3140 and a Model 3850 (ISCO, Lincoln, NE,
USA), both equipped with a 67 cm % 50 um I.D.
fused-silica capillary (Polymicro Technologies,
Phoenix, AZ, USA). The polyimide coating was
burned off 26 cm from the cathode end of the capil-
lary to form the observation window for on-line UV
absorption detection. Electropherograms from the
ISCO Model 3850 were recorded with a Kipp &
Zonen BD 40 recorder. Different polarity modes

1993 Elsevier Science Publishers B.V. All rights reserved
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were used depending on the direction of the elec-
troosmotic flow. Sample solutions diluted with wa-
ter were introduced into the tube by gravity flow by
raising one end of the tube 5 ¢cm higher than the
level of the opposite electrode solution for about 10
s. Analyses were carried out at £7 kV (=7 kV was
used in the cetrimide and polybrene systems) and
27°C. Water obtained with a Milli-Q purification
system (Millipore) was used to prepare all solutions.

Capillary conditioning

A new capillary was flushed with 1 M NaOH for
2 h, 0.1 M HCI for 30 min and 0.1 M NaOH for 30
min before the running buffer was introduced into
the tube. Finally, the system was equilibrated by a
pre-run for 10-15 min before analysis. The capillary
was stored in running buffer overnight and rinsed
with 0.1 M NaOH every morning and after chang-
ing the running buffer.

Chemicals

All test solutes except hexadecyltrimethylammo-
nium (CTA) bromide (Fluka, Buchs, Switzerland)
were obtained from Sigma (St. Louis, MO, USA).
CTA bromide was converted into the correspond-
ing hydroxide by shaking with silver oxide and ex-
traction with dichloromethane. Any remaining bro-
mide was tested for by adding silver nitrate in nitric
acid to the solution. The concentration of CTA hy-
droxide was determined by titration with hydro-
chloric acid and phenolphthalein as indicator. Sodi-
um hydroxide solutions were prepared from 1 M
Titrisol solution (Merck, Darmstadt, Germany)
and all hydroxide solutions were kept in plastic bot-
tles.

RESULTS AND DISCUSSION

Effect of pH

Carbohydrates are weak acids with pK, values in
the range 12-14, becoming increasingly charged
with increasing hydroxide concentration, i.e., pH.
The linear relationship between the electroosmotic
velocity, pe,, and the inverse square root of the ionic
strength (data not shown: ¢f., ref. 9) indicated that
the performance of the capillary was compatible
with the strong alkaline conditions used in this
study. The influence of pH on the relative migration
for 4-NP conjugates compared with water as a

Relative
migration
1.20 4
—oa—  4NP-B-CELLO
—e—  4NP-B-GLU
—a——  4NP--GLU
1.10 1 //\ —o—  4-NP-0-GAL
A ~—®—  4NP-G-FUCO
—0— 4-NP-a-RHAM
—a—  4NP--FUCO
1.00 T T T T d
12.6 12.7 12.8 12.9 13.0 13.1

pH

Fig. 1. Variation of the relative migration of seven 4-NP conju-
gates with pH. The electrolyte was 0.5 M Na,PO, in NaOH. UV
detection at 300 nm.

marker for the electroosmosis is shown in Fig. 1.
The degree of solute ionization, at a specific pH,
depends on the pK, values of the sugars and pH is
therefore an important parameter in the regulation
of the selectivity. Generally, the selectivity increased
with increasing hydroxide concentration and a sep-
aration of five glycoconjugates at pH 13.09 is shown
in Fig. 2. The high current (<70 uA) will give rise to
temperature effects and was the limiting factor for
further increases in pH. The migration times for the

-

min 15

Fig. 2. Electropherogram of the separation of five 4-NP conju-
gates with 0.1 M NaOH in 0.05 M Na,PO,. Peaks: | = 4-NP-o-
L- and 4-NP-$-L-fucosides and 4NP-a-L-rhamnoside; 2 = 4-NP-
a-D-galactoside; 3 = 4-NP-a-pD-glucoside; 4 = 4-NP-¢-D-man-
noside; 5 = 4-NP-j-D-cellobioside. UV detection at 267 nm; 0.01
a.u.f.s. .



M. Stefansson and D. Westerlund | J. Chromatogr. 632 (1993) 195-200 197

TABLE I
ADDITION OF ORGANIC MODIFIERS

Capillary: see Experimental. Electrolyte: 0.1 M NaOH (A) and organic modifier (MeOH = methanol and ACN = acetonitrile). Solute:

4-nitrophenyl-f-p-cellobioside.

Parameter Electrolyte
A A + 10% MeOH A + 30% MeOH A + 30% ACN
Electroosmotic 5.69 - 107 3.88-107¢ 1.61-10% 2.71-107¢%
flow (cm?/V - s)
Number of 110 000 75 000 36 000 55000
theoretical plates
Current (uA) 61 48 32 40

related phenyl-conjugates increased in the order -f-
~ p-galactoside = -a-D-mannoside < -a-D-glucoside
= -B-D-glucoside < -f-D-glucuronide.

Although very high pH values were used
throughout this study, no detrimental effects on the
separation system could be observed. The same
fused-silica capillary was used for more than 1
month and showed the same performance. No in-
dications of degradation of the analytes were found
under the conditions used during the separations.

Effect of organic modifiers

Uncharged organic modifiers added to the elec-
trolyte have been shown to decrease the electroos-
motic mobility [10-13]. The exact mechanism is not
fully understood, but a decrease in the zeta poten-
tial, changes in the dielectric properties of the Stern
layer and effects on surface charge generation and
adsorption of ions in the compact layer are believed
to account for this effect [14].

A decrease in the electroosmotic velocity, appar-
ent number of theoretical plates and current was
observed (Table I) on addition of methanol or ace-
tonitrile to the buffer, the former giving the largest
decreases in the electrophoretic parameters. Fur-
ther, these changes were proportional to the de-
crease in the current.

Cationic micellar electrokinetic capillary chromatog-
raphy

At high pH, the anionically charged carbohy-
drates can distribute to a micellar pseudo-phase
present in the electrolyte. Possible mechanisms are
ion-pair distribution to the micelle or ion exchange
with the micellar charges. Both principles suggest

that other anions present in the electrolyte will com-
pete with the solute for distribution to the limited
number of micelles. The cationically charged and
hydrophobic detergent CTA hydroxide was investi-
gated for this purpose (the critical micelle concen-
tration is 0.9 mM [15]).

The electroosmotic flow was reversed by the ad-
dition of CTA to the electrolyte and, hence, the po-
larity of the electric field was reversed. The reversal
has been claimed [16] to be due to adsorption of
CTA to the negatively charged silica wall, thus cre-
ating a positively charged layer where the electroos-
mosis is generated by the migration of hydroxide
ions towards the anode.

The influence of CTA concentration on the rela-
tive migration (compared with water as a marker
for electroosmosis) for five phenyl glycosides (Fig.
3) showed that all solutes distributed to the micelles
but to different extents. When CTA was added as its
bromide salt at 40 mM, the relative migration de-
creased by 30-40%, expressing the competition
from bromide for distribution to the cationically

3.0 ——o— B-glucuronide
Relative > oman
migration —— Ggu
2.0 / —— g
| / = b
1.0 1
0.0 T T T T 1
0.00 0.01 0.02 0.03 0.04 0.05

CTA (M)

Fig. 3. Variation of the relative migration with CTA concentra-
tion at a constant hydroxide concentration (0.1 M).
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Fig. 4. Separation of (A) glyconconjugates, (B) nucleosides and (C) element analogues. (A) 1 = 4-AP-thio-f-p-galactoside; 2 =

4-AP-thio-B-p-glucoside; 3 = 4-AP-thio-f-L-fucoside; 4 = 4-AP-N-acetylthio-f-p-glucosaminide; § = phenyl-g-p-galactoside; 6 =
4-AP-thio-f-p-xyloside; 7 = phenyl-a- and -f-p-glucosides; 8 = phenyl-a-D-mannoside; 9 = phenyl-8-p-glucuronide. 0.01 a.u.fs. (B)
I = uridine; 2 = cytidine; 3 = adenosine; 4 = thymidine; 5 = guanosine; 6 = inosine. 0.005 a.u.f.s. (C) 1 = 4-AP-8-p-xyloside; 2 =
4-AP-f-1-fucoside; 3 = 4-AP-f-L-thiofucoside; 4 = 4-AP-thio-S-p-xyloside. 0.01 a.u.f.s. Electrolyte: 40 mAf CTA in 0.1 M hydroxide.

UV detection at 267 nm.

charged micelles. The relative migration increased
with increasing CTA concentration, i.e., micelle
concentration, but the electroosmotic velocity was
almost constant. The separations of nine glycocon-
jugates and six nucleosides (riboside derivatives),
using 40 mM CTA hydroxide in 60 mM sodium
hydroxide as electrolyte, is displayed in Fig. 4A and
B. This system could also be used in the separation
of element analogues (Fig. 4C) where the oxygen
atoms in the ring (peaks 1 and 4) and in the glyco-
sidic bond (peaks 2 and 3) have been replaced with a
sulphur atom. When a capillary from another batch

was used the differences in migration times were ca.
7%.

Electrolyte stability

Because of the high pH in the electrolyte, carbon
dioxide is taken up, forming carbonate. This result-
ed in a gradual decrease in the electroosmotic veloc-
ity due to an increase in the ionic strength. Further,
the selectivity decreased with increasing carbonate
concentration and the separation of phenyl-o-D-
glucose and phenyl--D-glucose (see Fig. 4A) was
lost after about 2 h. This was probably due to com-
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10r ~15 min

Fig. 5. Separation and indirect detection at 292 nm of (A) raffi-
nose, (B) melibiose, (C) cellobiose and (D) galactosamine and
glucosamine. The migration time of the system peak was 14.7
min. Electrolyte: 1.0 mM dimethylprotriptylin iodide in 40 mM
CTA and 0.1 M hydroxide. 0.01 a.u.fs.

petition from the divalent carbenate anion for dis-
tribution to the micelles as the separation was re-
stored when a newly prepared buffer was intro-
duced.

Indirect UV detection

Indirect detection has been used for many years
[17] and the theoretical background has been de-
scribed [18]. In this study, 1.0 mM dimethylprotrip-
tyline (DMP) iodide was added to 40 mA CTA hy-
droxide in 60 mM NaOH. Electropherograms from
injections of amino sugars and di-, tri- and tetra-
saccharides are shown in Fig. 5. The responses were
low and the detection limits were in the picomole
range. The relative migrations increased with in-
creasing size of the sugars but all solutes migrated
faster than the electroosmotic flow, indicating no or
very little interaction with the micelles. The migra-
tions were unstable in this system and there was a
pronounced degradation of DMP in the strongly
alkaline solution.

Polymeric cation
Cationic polymers such as polybrene with the
general structure

(({(CH)sN(CH2)2(CH3)sN~(CHy),-], [2 Br-],)

have been used in the ion-exchange electrokinetic
chromatography of acids [19]. Both polymer and

Relative
migration
2.0 - —a— p-G-glucur
. —— g-0-man
-—a— g-B-gal
—o0— o-f-glu
1.5 1 —_——  g-0-glu
g /;———:
0.0 0.1 0.2
Boric acid (M)

Fig. 6. Relative migration vesus borate concentration. Electro-
lyte: sodium hydroxide and borate (pH 11.2); UV detection at
267 nm.

solute molecules are dragged along with the elec-
troosmosis, but their electrophoretic mobilities are
in opposite directions. Accordingly, anions can be
separated based on differences in electrophoretic
mobility and ion-pair formation constants with the
cationic polymer. The electroosmotic flow was re-
versed, indicating that polybrene is adsorbed on the
silica wall. Compared with the MECC system there
was a change in the migration order for the phenyl
glycosides, this being -$-D-glucuronide, -B-p-gluco-
side, -B-D-galactoside and -o-D-mannoside. The rel-
ative migration times for the solutes were close to 1,
except for the glucuronide, indicating poor ion-pair
formation with polybrene. This was probably due
to the high concentration of bromide present in the
system competing for ion-pair formation with the
polymer and, preferably, the corrersponding hy-
droxide salt should be used in order to minimize
this effect.

Boric acid

Borate has long been used as a complexing agent
for carbohydrates and polyols. In this study, borate
was included for comparison regarding selectivity.
The relative migration times (Fig. 6) increased with
increasing borate concentration as the degree of
complex formation increased. The migration order
(Fig. 7) was different to those with the other sys-
tems, thus offering further possibilities for carbo-
hydrate separations. The lower peak efficiencies (N
~ 65 000) due to slow kinetics of the borate com-
plexation were offset by the gain in the selectivity.
Borate can complex to more than one polyol mole-
cule and, in an attempt to increase the selectivity
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Fig. 7. Separation of phenyl conjugates as borate complexes.
Peaks: 1 = phenyl-a-D-glucoside; 2 = phenyl-8-p-glucoside; 3
= phenyl-B-D-galactoside; 4 = phenyl-a-pD-mannoside; 5 =
phenyl-f-p-glucuronide. Electrolyte: 0.1 M boric acid in 0.1 M
NaOH at pH 11.2. UV detection at 267 nm; 0.01 a.u.fs.

further, mannitol (a polyol giving strong complexes
with borate) was added to the electrolyte. The aim
was to investigate the selectivity of the complexa-
tion between the borate-mannitol complex and the
glycoconjugates. Extremely broad peaks were ob-
tained, however, for the galactose and mannose de-
rivatives (N ~ 400), probably owing to even slower
complexation kinetics.

CONCLUSIONS

Glycoconjugates were separated as anions using
highly alkaline buffer solutions. The selectivities
were governed by the pK, value and the size of the
glycoconjugate and by electrolyte additives. A
change in the migration order was obtained by ad-
dition of a cationic detergent to the buffer, owing to

differences between the solutes in distribution to the
micelles. Further shifts in migration order could be
obtained by addition of a polymeric cation or bo-
rate as complex-forming agents in the electrolyte.
The study demonstrated that there are several ways
to control selectivity and, hence, the separation of
glycoconjugates by the addition of complex-form-
ing agents to the electrolyte.
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ABSTRACT

The flow profile of electroosmosis in capillary electrophoresis was studied by using a dye and a rectangular capillary. The movement
of the dye is observed with a microscope-video system, and then advances per unit time are measured from the recorded video tapes.
The medium at the central portion moves like a plug flow, and the zone front at the edges are ahead of the central portion. The flow
profile in a capillary column with a circular cross-section is proposed. The flow profiles of ionic solutes are also discussed.

INTRODUCTION

The flow profile in electroosmosis has been dis-
cussed under the conditions of electroosmotically
driven open-tubular liquid chromatography [1-7],
capillary zone electrophoresis (CZE) [8-13] and
electroosmotically driven electrochromatography
[14]. The flow profile in electroosmosis is different
from the parabolic laminar velocity profile of pres-
surized flow. The former flow profile is much flatter
than the latter. Thus very narrow peaks are ob-
tained in electroosmotically driven liquid chroma-
tography (ELC) and CZE. In early experiments,
Pretorius et al. [1] and Tsuda et al. [3] obtained 10
and 30 times less band broadening in ELC than ex-
pected with pressurized flow. There have been sev-
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eral studies of flow profiles in electroosmosis
[1,3,10,11]. Pretorius- et al. [1] suggested that the
profile is flat except in the region of a diffuse electric
double layer near the column inner wall, where the
flow profile is a quadratic velocity profile owing to
the friction experienced by the viscous liquid flow-
ing by the wall. Jorgenson and Lukas [8] assumed
that the zone broadening in CZE is only generated
by axial molecular diffusion of a solute and a medi-
um. Tsuda et al. [3] found that it was difficult to
explain the experimental results just from the axial
molecular diffusion, and proposed that the flow
profile might be a combined form of plug and Poi-
seuille flow. Guiochon and co-workers [10,11] also
assumed that the electroosmotic flow profile is an
expression of a combination of plug and Poiseuille
flow, proposed an equation and calculated the con-
tribution of each to the real electroosmotic flow
profile by using experimental data.

For the anaslysis of zone broadening under pres-
surized flow conditions, Taylor [15] used a method
in which a coloured solution was introduced contin-
uously into a narrow capillary tube at several differ-
ent velocities. The concentration of the coloured
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solute at each axial point of the tube was measured
after the zone front had travelled past the centre
part of the capillary tube. He proposed equations
for the zone broadening in which diffusion coeffi-
cients, flow velocity, column radius and time are
included and also a general equation for band
broadening in a capillary tube.

In this work, we used a similar method in which a
fluorescent solution is continuously introduced into
a capillary column, with the front profile being ob-
served by through a microscope charge coupled de-
vice (CCD) camera—video cathode ray tube (CRT)
system. A rectangular capillary tube [16], which has
been used for CZE, is used because the flat sides
cause fewer distortions in the observed zone front
than do the more common round walls.

EXPERIMENTAL

Rectangular capillaries (1 mm X 50 pm) were
pufchased from Wilmad Glass (Buena, NJ, USA).
A high-voltage power supply (0-30 kV with a re-
versible polarity output) is used (Hipotronics, Inc.,
Brewster, NY, USA). For the study of electroos-
motic flow profiles, the applied voltage on a rectan-
gular capillary (164 mm long) and electric current
were 1.59 kV (97 V/em) and 0.12 pA, respectively,
for the experiments using pure methanol as a medi-
um and Rhodamine 590-methanol solution as a
sample zone. For the study of zone front of ionic
molecules, 5 mM phosphate buffer (pH 6.8) as a
medium and a rectangular capillary 300 mm long
were used. The current through the capillary was
monitored as a potential drop across a 64 kQ resis-
tor on the ground side of the circuit. A schematic
diagram of the instrument used for the observation
and recording of the zone front is shown in Fig. 1.
The rectangular capillary was placed on XY stage-1
under a Nikon (Tokyo, Japan) SMZ-2T stereo-
scope equipped with a Sony (Park Ridge, NJ,
USA), DXC-101 color video CCD camera, VHS
video recorder (National, Tokyo, Japan) and CRT
(Sony). The zone front was kept under the micro-
scope by adjusting the capillary position with XY
stage-1.

Syringes (A and B in Fig. 1) made of polyethylene
were used as reservoirs, with electrodes set inside
them. The medium or sample solution can be kept
inside the syringe without closing the outlet part
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XY-STAGE-1

XY~STAGE=2 WA
Power

Fig. 1. Schematic diagram of the instrument for visual observa-
tion of zone front. A and B are reservoirs of the medium and
coloured sample solution, respectively. Each reservoir has its
own platinum electrode. Current is measured at C. D is a rectan-
gular capillary, 1 mm x 50 ym and 1.64.m long. Light is focused
on the zone front, which is kept under a microscope by adjusting
XY stage-1.

used for connection of a needle, which permits the
rectangular capillary to be inserted through this ori-
fice.

The operational procedure for the introduction
of the sample solution is as follows. When one of
the ends of the empty rectangular capillary is in-
serted into reservoir B, the medium in the reservoir
is introduced into the capillary via capillary action.
Then the other end is inserted into another reservoir
B. Subsequently, the end of rectangular capillary is
inserted into the outlet of the syringe containing
sample solution (reservoir A in Fig. 1) with gentle
and smooth motion of XY stage-2. This procedure
is very important for producing a sharp zone front.
Then a voltage is applied. Immediately after the ap-
plication of the voltage, the coloured solution trav-
els into the rectangular capillary and its zone front
is followed under the microscope system by contin-
uous or stepwise operation of XY stage-1.

‘The sample solution was continuously intro-
duced into the rectangular capillary in a similar
fashion to frontal analysis in chromatography [17].
With the dye zone front illuminated using two lens-
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es fed by two fibre-optic cables from a light source
(150-W halogen lamp; Cole-Parmer Instrument,
Chicago, IL, USA), the fluorescent image of the
front was recorded.

Rhodamine 590, sulphorhodamine 640 and di-
sodium fluorescein were purchased from Exciton
Chemical (Dayton, OH, USA) and used as received.

RESULTS AND DISCUSSION

Electroosmotic flow in capillary tubing is gener-
ated under a potential gradient in various media,
such as water, with electrolytes, pure methanol, ace-
tonitrile, methanol-hexane [3], methanol-benzene
[1] or mixtures of water and organic solvents [18].
The flow-rate of electroosmosis under unit potential
gradient is dependent on the dielectric constant and
viscosity of the medium, the amount of positive or
negative surface charge on the inner wall and the
diffuse double layer [3,9,13,19]. Linear flow veloc-
ities of electroosmosis under a unit potential gra-
dient of methanol and acetonitrile are half and
twice that of distilled water, respectively [3]. Elec-
tropherograms obtained using organic and aqueous
organic media show almost same resolutions com-
pared with those obtained using water or water with
electrolyte [4,18]. Therefore, we consider that the
use of methanol as a medium for the study of elec-
troosmotic flow profile will gives a general answer.
As methanol has high solubility for dyes, it is conve-
nient for observation of zone front movements.

Rhodamine 590 in methanol is assumed to be
neutral, hence the behaviour of the zone of Rhoda-
mine 590 solution corresponds direclty to the beha-
viour of electroosmosis, i.e., the zone front shows
the flow profile of electroosmosis.

For the observation of the electroosmotic flow
profile, we selected a rectangular capillary with
height 50 pum, width 1 mm and length 164 mm,
where these dimensions are defined as the Z, ¥ and
X axes, respectively. The rectangular capillary is po-
sitioned so that the microscope images the XY sur-
face of the capillary.

The use of a rectangular capillary for the obser-
vation of flow profiles in electroosmosis has several
advantages. The flow velocity in electroosmosis is
dependent on the amount of charge on the wall [13].
The medium in a rectangular capillary is surround-
ed by two sets of parallel plates, namely two XY
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plates and two XZ plates. At the centre part of the
Y axis of the rectangular capillary the medium is
affected mainly by the two parallel XY plates. The
medium near the XZ plates is affected by both the
two 1-mm parallel plates (X'Y) and the 50-um plate
(XZ). Therefore, the geometric difference between
the edge and centre of the 1-mm plate makes the
effect of the wall on the flow profile apparent. The
difference in flow at the edge of the 1-mm width (y
axis) versus the centre would be caused by the effect
of the 50-um plate (XZ), because the effect of charg-
es on the 1-mm plate and its diffuse double layer
would influence the flow profile equally at all parts
of the XY plate.

When we inject continuously a dye-methanol so-
lution into the rectangular capillary and force it
with a pressurized flow by lifting up one of the ends
of the rectangular capillary, we can observe a typ-
ical Poiseuille flow profile at its zone front. Under a
potential gradient and keeping both ends of the
capillary at the same level, we obtain completely
different flow profiles from Poiseuille flow, as
shown in Fig. 2.

The current is very stable during the run, ie.,
there is only a small difference in conductivity be-
tween pure methanol and 107* M Rhodamine-
methanol solution. If there had been a considerable
conductivity difference between them, a molecule
entering the pure methanol zone from the zone
front of Rhodamine-methanol would travel with
higher velocity than those remaining in the sample
zone, because the potential gradient in the pure
methanol would be higher than that in Rhodamine-
methanol zone. Diffusion of the zone front would
result. A gradient of the concentration of Rhoda-
mine the range of in the zone front along the X axis
was not observed visually, and was not found in
computerized images obtained from the recorded
video tape.

Zone fronts of Rhodamine 590 in methanol solu-
tion are shown in Fig. 2. The period between the
pictures is 1 s. The advance of the zone front be-
tween two pictures can be measured from photo-
graphs by matching the positions of the stationary
marks on the rectangular capillary. The zones front
shown in Fig. 2 is flat at the centre with small bends
at both ends of the 1-mm axis, namely near the
50-um plates. The travelling of the zone front re-
corded on video tape was analysed by computer



Fig. 2. Photographs of zone front of electroosmotic flow. Col-
oured sample solution: 0.1 mM Rhodamine 590 in methanol.
Applied voltage and current, 1.59 kV and 0.12 pA, respectively.
The period between photographs is 1 s. The five photographs a—e
are a series.

software. The result obtained is the image of the
advancing zone front, shown in Fig. 3. The four
images of advances in Fig. 3 are over successive 4-s
spans, and the 1-mm axis is divided into seventeen
sections. Both edges in the X-dimension of the im-
age correspond to zone fronts.

The advances of the zone front along the X axis
are summarized numerically in Table I. The average
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Fig. 3. Computed images of zone front on the X axis over a I-s
span. The four images A-D are a series. Each image shows ad-
vances in the X axis over | s. The two ends of an image on the X
axis correspond to zone fronts of 1 s apart.

numbers at each Y section are similar. The flow pro-
file is plug-like in the centre part of the capillary
from sections 1 to 15. Unfortunately, the numerical
values of the advances at sections 0 and 16 are not
stable enough to estimate.

To examine the profile in the vicinity of the
50-um plate, we focused the movement of the zone
front with high magnification. One of the photo-
graphs obtained is shown in Fig. 4. The zone front
at the near wall, namely near to 0 or 16 of the Y-
axis, is further ahead (larger value of the X-axis)
than the position of the zone front at the central
portion.

It is concluded that at the central portion the ad-
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TABLE 1
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ADVANCES OF THE ZONE FRONT ALONG THE X AXIS OVER A 1-s PERIOD AT Y SECTION

Mean of average value and its standard deviation are 7.69 and 0.12, respectively. The one unit of X-axis: 57.8 um.

No. of Y section Experiment No.

Average value

1 2 3 4

0 = 8.3 — 7.5 —~

1 7.8 7.6 8.0 7.0 7.6
2 7.2 83 7.6 7.2 7.58
3 8.0 6.9 8.4 7.8 7.78
4 8.1 7.8 8.0 7.1 7.75
5 8.0 8.3 6.7 8.5 7.88
6 7.6 8.0 7.4 7.8 7.7
7 7.0 8.2 7.8 7.4 7.63
8 7.7 8.0 6.5 8.5 7.68
9 8.1 8.1 7.4 7.6 7.8
10 7.5 8.4 8.0 7.5 7.85
11 8.0 7.7 7.6 7.1 7.75
12 7.4 7.6 8.5 7.0 7.63
13 7.8 7.5 8.2 7.5 7.75
14 6.8 8.0 83 6.9 7.5
15 6.0 8.6 7.6 7.1 7.48
16 = 8.0 = N —

vances are similar in Fig. 2 and 3 and Table I, and
the zone fronts at the edges of the 1-mm axis in
Figs. 2 and 4 are ahead compared with the centre
part. This phenomenon was observed in every ex-
periment which we recorded.

We therefore suggest the following: the edge por-
tion of the zone front advances at the very initial
period, immediately after application of voltage on
the rectangular capillary following the smooth op-
eration of changing the reservoir from A to B.
From then on the zone will maintain equal speeds at

| <t

50 pm

Fig. 4. Zone front near the 50-um plate. Experimental conditions
as in Fig. 2.

every point along the Y-axis. To our knowledge,
this is the first time that the zone front pattern in
electroosmosis has been directly observed. The cen-
tred part is behind edges. This finding is unique.
The flow profile observed is very different from the
suggestion of Pretorius et al. [1].

There is some possibility that capillary action of
the dye-methanol solution into the rectangular cap-
illary and/or adsorption of the solute on the inner
wall during the operation of the introduction of the
dye solution may occur, and they affect the zone
front profile. The capillary action is very strong
when a liquid is introduced into the empty rectan-
gular capillary, but it might be negligible when a
dye-methanol solution is introduced into the capil-
lary filled with methanol and its concentration is
low enough. Concerning the adsorption of the dye
on the inner wall, it may be very weak or non-exist-
ent, because the washing out of the dye-methanol

—

Fig. 5. Proposed zone front in a capillary column with circular
cross-section of 100-50 um 1.D.
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Fig. 6. Photographs of zone front of ionic solutes. (a) 0.05 mM
Rhodamine 590 and (b) 0.1 mM disodium florescein in 5 mM
phosphate buffer as ionic solutes. Applied voltage, 10 kV. A
rectangular capillary (I mm X 50 gm and 30 cm long) was used.

solution from the rectangular capillary with pure
methanol was performed very easily. If there is
some adsorption, the concentration at the region
very near the XZ plate will decrease after the short
period of development and it will result as the zone
front at the edge will be behind to its central part.
We did not observe this phenomenon. Also in the
process of development the zone front at the edge is
more advanced compared with the central part.
Therefore, we conclude that there is not much effect
of capillary action and adsorption during the oper-
ation of the introduction and the development of
the zone.

The zone front in a capillary column with a circu-
lar cross-section of 100-50 ym 1.D. will be different
from the zone front shown in Fig. 2, because the
geometrical dimension is different from the rectan-
gular capillary used, especially the length of central
portion. From the present experimental results, we
propose the zone front profile in a 100-50 um 1.D.
capillary column with circular cross-section as
shown in Fig. 5. The central portion of the zone
front is retarded compared with the edges, as with a
rectangular capillary.

T. Tsuda et al. | J. Chromatogr. 632 (1993) 201-207

Flow profile of ionic solutes in aqueous solution

We consider that Rhodamine 590 in methanol is
neutral, and its zone profile corresponds to that of
electroosmosis. However, in 5 mM phosphate buff-
er (pH 6.8) with 5% ethylene glycol, Rhodamine
590 should have one positive charge and disodium
fluorescein two negative charges. The zone front of
these two ionic solutes in buffer solution is shown in
Fig. 6. The negatively charged ionic solute has an
electrostatic repulsion with the surface charge on
the inner wall in its vicinity, and the positively
charged ionic solute has an attraction with the wall.
The zone fronts of both ionic solutes are different
from those of neutral solutes. The difference is par-
ticularly pronounced at both ends of the I-mm axis
(Y) of the rectangular capillary. The zone front at
both ends of the Y axis moves forward or back ow-
ing to the positive or negative charge of the solute,
respectively. Therefore, the zone front profile might
be induced from electrostatic forces between ionic
solutes and the charge on the surface of the inner
wall under a potential gradient. The zone front of
ionic solutes is not flat.

The advances per unit period at each Y axis are
nearly equal as in electroosmosis, even though the
zone front observed is not flat. More quantitative
measurements of these advances at each Y section
are in progress. The zone fronts of ionic dyes are
dependent on their charges. The front zone profiles
in electroosmosis and with ionic dyes each have a
specific pattern. These findings are not explained by
the general equation proposed for electroosmosis
[9,19]. Although the diffuse double layer and the
amount of surface charges on the inner wall are im-
portant factors, they might not have the power to
affect molecules over a distance of several micro-
metres. The change in the nature of the medium
under a potential gradient may be a key factor. Fur-
ther experiments are planned to find the relation-
ship between flow profiles and physical parameters.
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ABSTRACT

An on-line preconcentration method is reported that improves the sensitivity of capillary electrophoretic analyses by at least two
orders of magnitude. The method uses a concentrator capillary with a 75 um 1.D. and a I-mm length packed bed at the inlet end that can
concentrate samples using the principles of liquid chromatography. Using low-molecular-mass pharmaceutical standards as examples,
the parameters used in developing a preconcentration sensitivity enhancement method were optimized. The optimized method was then
used to evaluate the quantitative aspects of capillaries of this type, including run to run and capillary to capillary reproducibility,
linearity, and efficiency and resolution. In addition, the analysis of a urine sample spiked with doxepin at the 500 ppb level is reported.

INTRODUCTION

One of the most important issues facing the tech-
nology of capillary electrophoresis (CE) is sensitiv-
ity. In general, when compared with other analyt-
ical techniques such as liquid chromatography
(LC), CE is a less sensitive technique. This differ-
ence lies primarily in two areas. The first is detector
path length. In LC the path length of the detector
cell is generally between 5 and 10 mm. However, in
CE, since detection is performed on-column, the
path length of the detector flow cell is determined
by the internal diameter of the capillary, resulting in
a detector cell path length that is about 100 times
less than that of LC. Because absorbance is related
to path length in a linear fashion according to
Beer’s law, sensitivity greatly suffers. The second
difference is the ability to analyze low concentration
samples. In LC, large volumes of a sample at a low
concentration can be loaded and concentrated at
the head of a column. Sample is later eluted with a

Correspondence to: M. E. Swartz, Millipore Waters Chromatog-
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gradient giving greatly enhanced sensitivity. How-
ever, in CE, the application of large sample volumes
results in broader peaks and diminishing resolution.

Several approaches to improving the sensitivity
of CE analyses have been devised. The use of differ-
ent detection schemes such as fluorescence [1], and
electrochemistry [2] have been reported that en-
hance sensitivity for compounds that are amenable
to these types of selective detection. Extended path-
length detector cells [3-5] have also been employed,
however they provide only a 5-15 fold sensitivity
enhancement, while compromising resolution and
efficiency. Isotachophoretic sample loading (stack-
ing) and field amplification have also been em-
ployed as on column concentration methods [6-8],
however most of this work has been limited to low-
molecular-mass organic acids or inorganic species.
Guzman et al. [9] reported the use of both multiple
capillaries arranged in bundles, and the use of con-
centrator capillaries containing an antibody cova-
lently bound to a solid support material to increase
sample loading, and hence sensitivity. This off-line
method resulted in poor recovery, however, and no
reproducibility or quantitative information was re-

1993 Elsevier Science Publishers B.V. All rights reserved
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ported. In addition, capillaries of this type are not
currently commercially available. This work de-
scribes the use of on-line preconcentration capilla-
ries that improve the sensitivity of capillary electro-
phoretic analyses of some common pharmaceuti-
cals by utilizing the principles of reversed-phase LC,
first reported in 1990 for the analysis of peptides
[10]. There are several advantages to this technique
as opposed to off-line preconcentration. These in-
clude the ability to automate the assay, leading to
better reproducibility, as well as the ability to ad-
dress sample limited situations. Off-line preconcen-
tration techniques can also add significant levels of
impurities. It is for this reason that ion chromato-
graphic trace enrichment is almost exclusively per-
formed on-line. Using on-line concentration capil-
laries, we have been able to extend the detection
limits over two orders of magnitude lower than
those obtained with conventional capillaries with-
out compromising resolution, efficiency, or repro-
ducibility and quantitative capabilities.

EXPERIMENTAL

Chemicals

Doxepin and propranolol (Fig. 1) were pur-
chased from Sigma (St. Louis, MO, USA), citric
acid and citric acid trisodium salt dihydrate from
Aldrich (Milwaukee, WI, USA), and LC-grade ace-
tonitrile (ACN) and methanol from J. T. Baker
(Phillipsburgh, NJ, USA). All were obtained in the
highest purity available and used without further
purification. Run buffers were prepared with
Milli-Q water (Millipore, Marlborough, MA, USA)
using the appropriate proportions of 0.025 M con-
centrations of citric acid and the sodium salt to a
pH of 4.0. Eluent buffers were prepared by the addi-
tion of the appropriate amount of ACN to the run
buffer. Both run and eluent buffers were filtered and
degassed under vacuum daily. Sep-Pak C,g car-
tridges were obtained from Millipore.

H
. HCH,CH,N(CH;), 0 CHZCthHzNHCH(CHg)Z
909 OO

Doxepin Propranolol
pK = 8.0 oK = 9.45

Fig. 1. Structure of doxepin and propranolol test compounds.
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Capillary electrophoresis system

A Waters Quanta 4000 capillary electrophoresis
system was used throughout (Millipore Waters
Chromatography, Marlboro, MA, USA). Separa-
tions were performed using both standard capilla-
ries (60 cm x 75 ym 1.D.), and concentrator capil-
laries as described below. All analyses were per-
formed with UV detection at 214 nm, electromigra-
tion injections of 5 kV, and an applied voltage of
250 V/ecm. Data was collected and processed on a
Model 845 chromatography data workstation (Mil-
lipore) at 10 points per second. The data worksta-
tion system suitability software was used to calcu-
late reproducibility.

Concentrator capillaries

Concentrator capillaries were obtained from Mil-
lipore. These commercially available capillaries
consist of a 1.0 mm packed bed of a polymeric re-
versed-phase chromatographic packing material at
the injection end of the capillary, held in place with
a glass frit on both ends. Capillaries were equili-
brated prior to use by a manual purge of neat ACN
using a syringe. This insured adequate wetting of
the packing material. This was followed by an in-
strument purge of ACN for 15 min, water for 15
min, and run buffer for 15 min. Under continuous
use this equilibration procedure was replaced with a
between run instrument purge of run buffer only.
The capillaries were stored in ACN when not in use.
Samples were concentrated using these capillaries
by performing an electromigration sample injection
varying in time from 20 s to over 16 min in length.
The sample was retained by the packing material,
while the sample solution gradually filled the capil-
lary. Following the injection, the capillary was
purged, refilling it with the separation buffer. The
sample was eluted from the packing using an in-
jection of a small volume of an aqueous ACN mix-
ture, again using electromigration. From this point
the electrophoretic separation proceeded in a nor-
mal fashion.

Sample preparation

Standards were prepared in Milli-Q water at the
1.0 mg/ml level and diluted with water to the desir-
ed concentrations. Spiked urine samples were pre-
pared by adding 1.0 ml 5.0 ppm doxepin in water to
9.0 ml urine filtered prior to use with a Millex-HA
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filter (Millipore). Sample preparation was perform-
ed by loading the entire 10-ml spiked urine sample
onto a prepared C,5 Sep-Pak cartridge, and wash-
ing the cartridge with a two-step procedure first
with water, followed by methanol-water (60:40).
The doxepin was eluted from the cartridge in a 10-
ml fraction of methanol-water (75:25), which was
collected, concentrated by drying, and reconstituted
to 1.0 ml with water, and injected.

RESULTS AND DISCUSSION

Method development

At low pH, both doxepin and propranolol (Fig.
1) are positively charged and can be separated by
conventional free zone CE using a standard capil-
lary as shown in Fig. 4a. Lower pH values were
evaluated, and while providing increased resolu-
tion, a significant decrease in the electroosmotic
flow (EOF) is obtained. This results in poor sample
loading using the electrokinetic injection mode em-
ployed with the concentrator capillary. During this
stage of research, doxepin alone was used to devel-
op the concentrator capillary elution conditions as
outlined below. The method development consisted
of determining the ACN concentrations and elution
time necessary to elute the sample from the packing
once concentrated. As a starting point, an arbitrary
figure of three times the packed bed volume was
used as an eluent volume. This was determined by
measuring the EOF velocity, accomplished by mea-
suring the time for a neutral compound (ACN sol-

3000 4
2000 +
Normalized
Area
1000
0 sl 1 4 1 v T T M T
0 20 40 60 80 100

% ACN

Fig. 2. Plot of normalized area versus %ACN used in eluent.
Conditions as described in experimental. A 1.0-ppm solution of
doxepin was injected with a 5-min concentration step and a 12-s
elution both at 5 kV. Normalized area is area/migration time.
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Fig. 3. Plot of normalized area versus elution time in s. Condi-
tions as described in Experimental. A 1.0-ppm solution of doxe-
pin was injected with a 5-min concentration step at 5kV. A 75%
solution of ACN in run buffer was used as eluent.

vent) to migrate the length of the capillary accord-
ing to the formula:

vV = LN,

where V' = EOF velocity in mm/s; N, = migration
time of ACN in s; L = length of capillary in mm.
Using this formula, the EOF velocity was found to
be 0.253 mmy/s. The reciprocal of velocity, 3.95 s/
mm, indicates that for a 1.0-mm packed bed, an
elution time of 12 s should be used.

Next, the effect of different eluent ACN concen-
trations were measured as a way of assessing the
recovery of doxepin from the packing. Since differ-
ent concentrations of ACN in the eluent can affect
the background current and subsequently affect the
migration time, and hence the area, areas normal-
ized for migration time were calculated and plotted
versus the percent ACN in the eluent. This graph is
presented in Fig. 2. As can be seen, ACN concentra-
tions in excess of 50% result in a plateau in the
normalized area. These data, in conjunction with
subsequent blank injections, offers proof that 100%
recovery is obtained using ACN concentrations in
electrolyte above 50%.

Next, elution time was varied to determine if the
12-s injection of eluent is sufficient. As seen in Fig.
3, after 10 s a plateau in the normalized area is
reached that, in combination with subsequent blank
injections, again indicates 100% recovery. All addi-
tional work was therefore carried out at eluent
ACN concentrations above 50%, with elution times
exceeding 10 seconds.
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Fig. 4. Comparison electropherogram of (A) standard capillary and (B) concentrator capillary. Conditions as described in Experi-
mental. Peaks: 1 = doxepin, 2 = propranolol. For (A) a 10-s electromigration injection at 5 kV was used. Peaks represent doxepin and
propranolol concentrations of 10 (signal-to-noise ratio of 3) and 60 ppm respectively. For (B) a 16.7-min concentration step and a 15-s
elution step both at 5 kV was used, with an eluent concentration of 75% ACN in run buffer. Peaks represent doxepin and propranolol
concentrations of 100 (signal-to noise ratio of 3) and 600 ppb respectively.
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Fig. 5. Comparison electropherogram of (A) urine blank, and (B) urine spiked with doxepin at the 0.5 ppm level. Conditions are
identical to those reported in Fig. 4B. Peaks: 1 = unknown, 2 = doxepin, 3 = unknown.
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TABLE 1
CONCENTRATOR CAPILLARY REPRODUCIBILITY

Conditions as reported in Fig. 4B. A 1.0-ppm solution of doxe-
pin was used.

R.S.D. (%)

Migration time  Area

Run to run (n = 5) 1.74 1.90
Capillary to capillary (n = 3) 7.87 4.18

Sensitivity enhancement

To determine the sensitivity enhancement that
the concentrator capillary provides, a head to head
comparison under identical separation conditions
was made between a standard capillary and a con-
centrator capillary. The results are presented in Fig.
4. This comparison shows that under these condi-
tions, the concentrator capillary can provide up to
two orders of magnitude improvement in sensitivity
as measured by the signal to noise ratio. The slight
differences in migration times between the two cap-
illaries is a result of batch to batch differences in
capillary stock (see Reproducibility below).

Spiked urine sample

Following sample preparation, a urine blank and
a spiked urine sample were run under identical con-
ditions with the results shown in Fig. 5. Using the
concentrator capillary a peak for doxepin at the 0.5
ppm level can easily be seen. This level is well into
the therapeutic range for most small molecule phar-
maceuticals and given the signal-to-noise level,
could be easily quantitated. This level would be be-
low the detection limits of a standard capillary us-
ing conventional CE techniques.

Concentrator capillary reproducibility

Both run to run (n = 5) and capillary to capillary
(n = 3) reproducibility are presented in Table I. The
relative standard deviation (R.S.D.) for both migra-
tion time and peak area are less than 2.0% for the
run to run experiment which is typical of concen-
tional CE techniques [11]. The R.S.D.s are higher
for the capillary to capillary experiment reflecting
the differences in lots of stock capillary material.
From the authors’ experience this error is similar to
that obtained from lot to lot of standard capillaries.

213

Concentrator capillary linearity

Linearity was evaluated over three orders of mag-
nitude from 10 ppb to 10 ppm. Excellent linearity
with a correlation coefficient of 1.00 was obtained
over the entire range. Above 10 ppm, a plateau was
reached indicating detector photomultiplier satura-
tion under the injection conditions employed. The
solution to detector saturation is to inject less at
higher ppm levels, and this is done by decreasing the
concentration time. Decreasing the concentration
time at higher concentrations can extend the linear
range another two orders of magnitude. Therefore,
under these conditions, using a combination of con-
centration times, linearity over five orders of magni-
tude, from 10 ppb to 1000 ppm can be obtained.

CONCLUSIONS

The use of concentrator capillaries of this type to
perform on-line preconcentration improves the sen-
sitivity of CE analyses by at least two orders of
magnitude into the low ppb range. Run to run and
capillary to capillary reproducibility, as well as line-
arity, is sufficient to allow quantitative use of these
types of capillaries in the pharmaceutical laborato-
ry. In conjunction with other CE techniques such as
low wavelength detection and isotachophoretic
sample loading, concentrator capillaries of this type
may help to overcome the sensitivity limitations of
CE to extend the range of applications to therapeut-
ic drug monitoring.
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Screening of B-blockers in human serum by ion-pair
chromatography and their identification as methyl or
acetyl derivatives by gas chromatography-mass
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ABSTRACT

A simultaneous screening method for atenolol, acebutolol, metoprolol, oxprenolol, alprenolol and propranolol by ion-pair chroma-
tography with a column-switching technique was developed. The serum samples were purified using either liquid-liquid extraction or
solid-phase extraction methods. The pretreatment of the samples consisted of hydrolysis and protein precipitation. The drug separation
was on either octadecylsilica or polymer-based alkyl column material. Binary eluent mixtures containing methanol and a buffer solution
with a quaternary ammonium salt as an ion-pair former were used. Detection of the compounds in liquid chromatographic analysis was
based on ultraviolet spectra. The effects of methanol, two buffers and the ion-pair former on the retention of the compounds were
studied. The determination limits ranged from nanograms to micrograms in the ion-pair chromatographic method, depending on the
drug studied. Identification was based on the mass spectra or, if necessary, on selected-ion monitoring spectra of either the methylated
or the acetylated compounds obtained by means of gas chromatography—electron impact or negative chemical ionization mass spec-
trometry. The detection limits for the identified compounds were in the picogram range. The matrix effect was strong, and this resulted

in determination limits in the nanogram range with the scan method.

INTRODUCTION

B-Adrenoceptor blocking drugs are of therapeut-
ic value in the treatment of various cardiovascular
disorders, such as angina pectoris, cardiac arrhyth-
mia and hypertension. They are so sensitive that
even a small oral dose of the drug gives sufficient
blockade [1]. Because of the sedative effect of the
B-blockers they are also misused as doping agents in
some sports [2,3].

B-Blockers are exceptionally toxic and most of
them possess a narrow therapeutic range; the differ-
ence between the lowest therapeutic and highest tol-
erable doses is small. Their unusually low concen-
trations in human blood makes their analysis diffi-
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SF-00100, Helsinki, Finland.

0021-9673/93/$06.00  ©

cult. In addition, the half-lives (¢4,;) of these drugs
in serum or plasma are only a few hours, except for
alprenolol [1]. They therefore require a sensitive and
rapid screening method. Special problems can arise
during screening of biological fluids, such as urine
or serum, because low concentrations of the drugs
or their metabolites have to be determined in these
matrices, which contain high concentrations of oth-
er endogenous compounds or proteins.

Polar B-blockers have previously been analysed
by reversed-phase high-performance liquid chroma-
tography (RP-HPLC) using ultraviolet (UV) or
highly specific fluorescence detectors [4]. As separa-
tion of ionic compounds in RP-HPLC is based on
their weakly acidic or basic functional groups, ion-
pair chromatographic (JPC) methods can be used
for analyses for these drugs by adding organic com-
pounds to the eluent to form ion pairs with oppo-
sitely charged sample molecules. In analyses for

1993 Elsevier Science Publishers B.V. All rights reserved
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these drugs either the negative or positive charge
must be masked by the counter-ion and the other
suppressed by choosing an appropriate pH. The
presence of a basic amino group in an analyte often
leads to long retention times. Control of the mobile
phase pH and/or addition of amines to the mobile
phase are frequently used cures for peak tailing
[5,6].

Often liquid-liquid extraction (LLE) is used to
clean up and separate drugs from the matrices. The
choice of thesolvent in LLE plays no significant
role because all the usual organic solvent have been
proved to be suitable. The pretreatment of the sam-
ple has sometimes included back-extraction of the
drugs into the aqueous solution, which is consid-
ered to be a good procedure for cleaning up the
organic material.

LLE has been found to be an inadequate clean-
up procedure as far as very lipophilic compounds in
plasma are concerned. Therefore, the use of solid-
phase extraction (SPE) as a clean-up procedure has
increased in analyses for both hydrophilic and
hydrophobic compounds. Moreover, especially the
recovery of fS-blockers, like that of many other
drugs, is better with SPE than LLE, which further
expanded the use of the technique for their puri-
fication.

Gas chromatography-mass spectrometry (GC-
MS) is both a primary and a confirmation tech-
nique in analyses for S-blockers [7]. The drugs are
first extracted by LLE from urine before derivatiza-
tion of their polar functional groups. In human
doping analysis, and also in horse doping, blood
samples may increase the reliability of the results if
serum is to be used in the case where no good meth-
od for screening exists or more precision is demand-
ed for reliable results.

In this paper we present a method for simultane-
ously screening the f-blockers atenolol, acebutolol,
metoprolol, oxprenolol, alprenolol and propranolol
in human serum by ion-pair chromatography with
UV detection and their confirmed identification as
their methyl and acetyl derivatives by GC-MS. Ion-
pair chromatographic analyses were carried out us-
ing either acetate or phosphate buffers contain-
ing N-cetyl-N,N,N-trimethylammonium bromide
(CTAB). The technique was based on ion-pair for-
mation of the drugs with CTAB. After injection the
compounds were adsorbed on the column material,
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and both the water-soluble and non-ion-pair-form-
ing compounds were eluted using pure water as the
mobile phase for 1 min to waste.

Using biphenylamine as an internal standard
(1.5.), we found the method to be suitable for phar-
macokinetic studies and investigated the possible
interference of caffeine and five other B-blockers,
namely sotalol, nadolol, timolol, pindolol and labe-
talol. The separation of the enantiomers of these
pharmaceuticals was not studied owing to the selec-
tion of the column materials and to their unknown
stabilities in the presence of the chiral compounds
in the eluent.

Our main aim was to obtain information for mi-
cellar electrokinetic capillary chromatography
(MECC) of the parent f-blockers using CTAB as
the micelle and to have a reference technique for
HPLC for the determination of these drugs in bi-
ological fluids [8]. Hence the metabolites were not
screened by HPLC. In addition, the UV spectra of
the ion-paired metabolites were not known. How-
ever, in identification by GC-MS the metabolites
were registered and identified, because reference da-
ta were available in our system library and in the
literature [9].

EXPERIMENTAL

Apparatus

Liguid chromatography. The liquid chromato-
graph was a Hewlett-Packard Model 1090 instru-
ment equipped with a Model 1040A diode-array de-
tector, a computer, a disc drive unit, an integrator, a
printer and a plotter (Hewlett-Packard, Avondale,
PA, USA). The columns used were Hypersil C,g (10
and 100 X 4.6 mm 1L.D.; 5 um), Shiseido SG-120
(polymer-based C;5) (150 x 4.6 1.D., 5 um), HP
Guard C;5 (5 X 4.6 mm 1.D., 5 um), Hibar® Li-
Chrosorb RP-18 (Merck) (250 X 4.6 mm I.D., 10
um) and Asahipak C8P-50 (Asahipak) (150 X 4.6
mm [.D., 5 um). Detection was at 230, 260 and 280
nm with a 10-nm wavelength width. The reference
wavelength was at 500 nm. After injection the com-
pounds were adsorbed on the column material, and
both the water-soluble and non-ion-pair-forming
compounds were eluted to waste for 1 min by col-
umn switching using pure water as the mobile
phase. The samples were separated at ambient tem-
perature (22-26°C).
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Gas chromatography—mass spectrometry. A Hew-
lett-Packard Model 5989A single-stage quadrupole
mass spectrometer was used with electron impact
(EI, 70-eV) or negative chemical ionization (NCI).
A Hewlett-Packard Model 5890A gas chromato-
graph, an HP 98785A monitor, an HP 6000 330S
digital data storage, an HP 9000 345 data system
and an HP LaserJet III printer were used for analy-
sis, data storage and reporting. The carrier gas (he-
lium) was purified with a Supelco high-capacity car-
rier gas purifier (Supelco, Bellefonte, PA, USA).

The compounds were separated on an HP UL-
TRA-1 high-performance GC column (12.5 m X
0.20 mm 1[.D., 0.33 um). The temperature was pro-
grammed from 125 to 310°C at 15 and 10°C/min.
The temperatures of the injector, transfer line,
source and quadrupole were 260, 280, 270 and
120°C, respectively. The carrier gas was helium (1.0
or 1.5 ml/min at 150°C) and the CI reagent gas was
methane. Injection was done by the solvent flush
method (1 or 2 ul with solvent plug) with methanol-
toluene (4:96, v/v) as solvent. The full-scan mass
spectra of the f-blockers were scanned from 40 to
650 u at a rate of 0.96 ms/u. When necessary selec-
tive ion-monitoring technique (STM) was also used
with at least six main fragments obtained from the
scan spectra of the derivatized parent compounds.

Materials and reagents

The p-blockers used were acebutolol hydrochlo-
ride, alprenolol hydrochloride, atenolol, labetalol
hydrochloride, (+)-metoprolol (+)-tartrate, nado-
lol, oxprenolol hydrochloride, pindolol, (S)-(—)-
propranolol hydrochloride, timolol maleate and an-
hydrous caffeine (Sigma, St. Louis, MO, USA).

The tablets taken by volunteers were 100 mg of
alprenolol (Aptin N, Hissle), 25 mg of propranolol
(Propral, Medipolar), 40 mg of oxprenolol (Tras-
icor, Ciba), 100 mg of acebutolol (Espesil, Orion),
50 mg of metoprolol (Seloken, Astra) and 50 mg of
. atenolol (Tenoblock, Leiras). The doses were given
once to the volunteers so that another drug was not
taken before the urine taken from the volunteer was
equal to the drug-free urine. The S-blockers were
administered after overnight fasting. Serum sam-
ples were separated by centrifugation and stored
frozen in PTFE tubes until analysed.

The high-purity solvents and analytical-reagent
grade reagents were as follows: glycine, NaOH,
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CH,Cl,, propanol, methanol (LiChrosolv),
Na,S0,4, H,S80,, zinc sulphate, diethyl ether, gla-
cial acetic acid, sodium acetate, NaH,PO.,,
Na,HPO,, pyridine, biphenylamine, N-cetyl-
N,N,N-trimethylamine bromide (CTAB), potassi-
um carbonate, acetic anhydride, methyl iodide, po-
tassium hydrogenphthalate and disodium tetrabo-
rate decahydrate (Merck, Darmstadt, Germany),
acetone and toluene (Rathburn, glass distilled) and
N,N-dimethyloctylamine (DMOA, 95%, Aldrich)
and distilled, ionized water (Water I-system, Gel-
man Sciences, Ann Arbor, MI, USA). -Glucuroni-
dase (EC 3.2.1.31) Type H-1 from Helix pomatia
(416 800 units/g), stored at —20°C (Sigma), was
used for enzymatic hydrolysis.

The pH of the buffer solutions used in mobile
phase was adjusted using a Jenway 3030 pH meter
and electrode (Jenway, Felsted, UK) containing 4
M KCl in saturated AgCl. Calibration was made
with potasstum dihydrogenphthalate (0.050 M, pH
4.00) and sodium tetraborate (0.010 M, pH 9.81)
buffer solutions.

Ultrasonication was performed with Eurosonic
44 (Oriola, Prolab). The blood samples were cen-
trifuged at 1000 g with a Heraus Christ Medifuge.
Sartorius Minisart NML sterile filter units (0.45
um; Sartorius, Gottingen, Germany) and Millex fil-
ters of 0.5-um pore size from Millipore (Nihon Mil-
lipore, Yonezawa, Japan) were used for filtration of
the samples. The eluents containing CTAB were fil-
tered through 0.45-um membranes (Millipore,
Mosheim, France) and degassed with helium before
use.

Preparation of standard solutions

Stock standard solutions of the respective drugs
(1 mg/ml) were prepared in methanol. Calibration
standards for biological fluids were made by adding
each standard solution to the blank biological me-
dium.

Pretreatment of blood

The respective f-blockers were administered to
two volunteers who were coffee or tea drinkers,
non-smokers or non-drug-users in the morning af-
ter overnight fasting. Blood samples from the vol-
unteers were collected in 5- and 10-ml VT-050PZX
Venoject tubes with a silicone coating (Terumo Eu-
rope, Belgium) 2 and 3 h after administration of the
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drugs. They were kept at ambient temperature (22—
26°C) for 1 h, after which they were centrifuged for
10 min at 1000 g (3000 rpm). The incubation of the
serum samples was carried out with Type H-1 en-
zymes at 60°C for 1 h or overnight at ambient tem-
perature.

Spiked serum sample preparation

The MIX6 sample solution, which was a mixture
of six f-blockers, was made by adding 500 ul of
each stock solution (see Preparation of standard so-
lutions) to 900 ul of serum [hydrolysed, proteins
precipitated and eluted through Supelclean LC-18 3
ml-SPE tubes (Supelco)]. The working concentra-
tion was 2.56 ug in 20 ul (loop volume 20 pl).

Pretreatment of the serum samples by liquid-liquid
extraction

Method 1. A 50-ul volume of the I.S. (1 mg/ml),
50 ul of glycine buffer (0.5 M, pH 12), 50 ul of
NaOH (2 M), 1 ml of saturated NaCl solution and 4
ml of mixture containing CH,Cl, and propanol
(3:97, v/v) were mixed with 3 ml of serum. The mix-
ture was shaken mechanically for 10 min. After cen-
trifugation for 5 min at 2000 g, the organic layer
was separated, dried with Na,SO, for 10 min and
further centrifuged for 5 min. The organic phase
was then filtered and analysed by LC [10].

Method II. A 50-ul volume of the 1.S., 0.1 ml of
NaOH (0.2 M) and 6 ml of CH,Cl, were mixed
with 3 ml of serum. The mixture was shaken me-
chanically for 10 min and centrifuged for 10 min at
2000 g. The organic layer was then separated and
added to 0.1 ml of sulphuric acid (0.025 M). After
shaking for 1 min and centrifugation for 5 min, the
organic phase was separated and analysed by LC
[11].

Method I11. A 50-ul volume of the 1.S. (1 mg/ml),
0.5 ml of zinc sulphate (0.70 M), 0.5 ml of DMOA
(0.5 mAM) and 0.5 ml of NaOH (1.0 M) were mixed
with 3 ml of serum, shaken mechanically and cen-
trifuged. The water phase was filtered and analysed
by LC[12].

Method IV. A 50-ul volume of the 1.S., 0.5 ml of
NaOH (5 M), 2 ml of diethyl ether and 3 g of
Na,SO, were mixed with 3 ml of serum. The mix-
ture was shaken mechanically for 10 min and cen-
trifuged for 5 min. The diethyl ether layer was sep-
arated and evaporated off. The residue was dis-
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solved in 2 ml of methanol-water (1:1, v/v) and ana-
Iysed by LC.

Solid-phase extraction

SPE columns were regenerated with methanol
and distilled, deionized water. The samples were ad-
sorbed on the C, g phase, washed with 1 ml of water,
dried in vacuum and eluted with 2 ml of water—
methanol (10:90, v/v). In screening runs the sample
volume was 2 ml, but in quantitative studies the
volume was reduced to 600 ul by evaporation of the
solvent.

Preparation of the buffers

The buffers used in LC separation were made
from 0.1 M sodium acetate by decreasing the pH to
6.0 with both 50% and 1% glacial acetic acid, and
0.1 M sodium dihydrogenphosphate and 0.1 M di-
sodium hydrogenphosphate (pH 7.0). After adjust-
ing the pH to 6.0 or 7.0, 9 mAM of N-cetyl-N,N,N-
trimethylammonium bromide were added into the
buffer. The pH values of the solutions were not
changed by the addition.

HPLC gradients

The f-blockers were eluted with two solvent gra-
dient methods. With the acetate buffer the metha-
nol gradient was increased from 4% at rate of 6%
per 2 min to 10%, at 20% per 4 min to 30% and
finally at 30% per 6 min to 60%. When the LC
separation was made using phosphate buffer, the
methanol gradient started from 30%, which was
maintained for 4 min. It was then increased at a rate
of 5% per 4 min to 50% and finally at 10% per 2
min to 60%.

Derivatization for GC-MS

Methylation. After the SPE treatment the metha-
nol extract was evaporated in a heating block under
nitrogen. A 1.5-g amount of K,CO3, 200 ul of ace-
tone and 50 ul of CH3I were added to the dry resi-
due. The resulting solution was incubated at 60°C
for 60 min before the acetone was evaporated under
nitrogen, after which the residue was dissolved in
100 ul of methanol-toluene (4:96, v/v). GC-MS was
carried out on the derivatives contained in the
methanol-toluene mixture by injecting 2 ul of the
solution.

Acetylation. After the SPE clean-up the extract
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was evaporated under nitrogen as described in the
methylation process. The residue was dissolved in
150 pl of acetic anhydride—pyridine (2:3, v/v) and
incubated at 80°C for 60 min before being analysed
by GC-MS.
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RESULTS
Chromatographic separation in LC

In the absence of the ion-pair reagent, CTAB, the
compounds were eluted in one zone without peak
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Fig. 1. Effect of methanol content on the retention of f-blockers in ion-pair chromatography. (1) Alprenolol, (2) propranolol, (3)
oxprenolol, (4) acebutolol, (5) metoprolol and (6) atenolol. UV detection at 230 nm. Column, Shiseido SG-120; ion-pair former, CTAB.
Mobile phases: (A) phosphate buffer without CTAB; (B) CTAB without buffer; (C) acetate buffer without CTAB. Flow-rate 0.7
ml/min.
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TABLE 1
RELATIVE RETENTION TIMES OF THE COMPOUNDS STUDIED

LC conditions: A_sahipak C8P-50 column; eluent; acetate buffer containing CTAB and methanol; gradient elution; detection at 260 nm.
GC-MS conditions as described under Experimental. Flow-rate of the carrier gas, 1.5 mi/min.

Compound Relative retention time

HPLC, GC-MS, GC-MS,

ion-paired drugs methylated drugs acetylated drugs
Atenolol 0.205 2.97 3.02
Sotalol 0.211 - -
Caffeine 0.377 1.51 1.43
Nadolol 0.395 2.88 -
Metoprolol 0.527 2.56 3.04
Timolol 0.562 2.86 -
Acebutolol 0.608 3.84 2.90
Pindolol 0.665 271 -
Oxprenolol 0.692 1.93 2.7
Alprenolol 0.926 1.74 2.69
Propranolol 0.854 2.51 3.21
Labetalol 0.976 426 -
Biphenylamine (1.S.) 1.00 1.00 1.00

resolution, making it impossible to analyse for all we had to optimize the chromatographic condi-
six fB-blockers simultaneously. It was known that tions. The eluent composition has a clear effect on
the members of the f-blocker group were difficult to the resolution of the ion pairs, as can be seen in Fig.
separate under reversed-phase conditions on mod- 1 and in the chromatograms in Figs. 2 and 3. Fig. 1
ified phases in the pH range 1.5-7.5 [13]. Therefore, shows the capacity factors of the f-blockers to de-

TABLE 11

NUMBER OF EFFECTIVE THEORETICAL PLATES, k', « AND R FOR $-BLOCKERS SPIKED IN SERUM
J = 260 nm. Column: Asahipak C8P-50. Gradient elution (see Experimental).

Compound® Matrix” k' N (plates per metre) o R
1 a 476 + 0.23 3800 + 800 2.85 + 0.06 13.42 £ 0.71

b 4.24 + 0.09 4900 £ 100 1.91 + 0.03 3.10 £ 0.15
2 a 13.58 £ 0.53 9700 + 800 1.15 £ 0.01 2.96 + 0.40
3 b 8.38 + 0.27 6900 + 1000 1.07 + 0.03 0.51 £ 0.12
3 a 15.66 4 0.46 2000 + 2600 1.14 + 0.00 328 + 0.19
2 b 8.43 £ 0.15 6200 £ 600 1.76 = 0.09 3.62 + 0.41
4 a 17.89 £+ 0.52 24 000 £+ 2000 1.24 £+ 0.01 6.88 + 0.28

b 14.89 + 0.51 6700 + 800 1.50 + 0.04 351 £ 0.29
5 a 22.14 + 0.6} 57000 + 13 800 1.09 £+ 0.01 3.51 £ 0.35
6 b 21.78 £ 0.20 37 800 £ 4100 1.25 + 0.02 6.79 + 0.85
6 a 2410 + 0.74 68 800 £ 10000 1.07 £ 0.02 3.27 £ 0.35
5 b 27.96 + 0.30 40 900 + 4700 1.07 + 0.01 1.39 + 0.12
1.S. a 25.73 4+ 1.04 69 600 + 7600

b 28.72 £ 0.78 65400 + 5400

@ Compounds: 1 = atenolol; 2 = metoprolol; 3 = acebutolol; 4 = oxprenolol; 5 = propranolol; 6 = alprenolol.
b a = Acetate buffer eluent; b = phosphate buffer eluent.
¢ R = Resolution.
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Fig. 2. HPLC of the separation of f-blockers with the ion-pair
technique. (A) Blank human serum sample; (B) with six f-block-
ers added to human serum sample. Gradient elution (see Experi-
mental). Compounds: 1 = atenolol; 2 = acebutolol; 3 = me-
toprolol; 4 = oxprenolol; 5 = propranolol; 6 = alprenolol.
Eluent, phosphate buffer-methanol containing 9 mM CTAB; de-
tection wavelength, 260 nm.

crease with increasing methanol concentration of
the eluent when CTAB was not used. However,
when no buffers were used, i.e., phosphate or ace-
tate ions were not present, the capacity factors in-
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creased with increasing methanol concentration.
When both the buffer and the ion-pair former were
in the mobile phase the use of methanol led to the
same trend as in buffer solutions of pH 6.0 and 7.0.

Biphenylamine was chosen as the internal stan-
dard, because it eluted at the end of the drug zone
and therefore did not interfere with the separation
of the S-blockers. The elution order of all the drugs
analysed when the acetate buffer with CTAB and
methanol was used is given in Table I. The hydro-
philic compounds were eluted first: atenolol, acebu-
tolol, metoprolol, oxprenolol, alprenolol and pro-
pranolol. The elution order of acebutolol and me-
toprolol and also that of alprenolol and proprano-
lol changed and the pressure in the HPLC system
increased considerably when the acetate buffer was
changed to phosphate. The number of effective the-
oretical plates for the f-blockers spiked in serum
were higher with the acetate than the phosphate
buffer (Table II). As can be seen from the standard
deviations, the methanol gradient elution is a valid
method to separate these six ff-blockers from each
other.

According to this study, the best column materi-
als for the separation of the six -blockers were Hi-
bar C;g and Asahipak C8P-50 materials. Fig. 2
shows chromatograms obtained from the SPE-
treated blank and with f-blocker-spiked human se-
rum samples. The peaks eluted within 10 min be-
cause of the methanol gradient. Fig. 3 shows the
liquid chromatograms obtained from the real serum
samples taken from the volunteers. Fig. 3A-C show
that baseline resolution is not achieved when small
drug concentrations are to be determined. How-
ever, with normally treated patents the parent com-
pounds can be easily identified from profile chro-
matograms (Fig. 3D and E) 3 h after oral adminis-
tration.

It became evident that all the extraction methods
were tedious and lacked high and reproducible ab-
solute extraction efficiencies. Table III shows the
recovery ratios obtained with the LLE techniques
(I-IV) using the two eluent buffers. The recovery
ratios of propranolol were very poor for each meth-
od and could not be improved by changing the buff-
er. These results suggest that selective extraction
eluents should be used for each drug. In contrast to
LLE, SPE gave high recovery ratios in all instances.
Therefore, we preferred SPE to LLE in further
studies.
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Fig. 3. Liquid chromatograms obtained from (A) blank serum and from 1-m] human serum samples taken 3 h after administration of
(B) atenolol and (C) metoprolol and from 3-ml serum samples taken 3 h after administration of (D) propranolol and (E) oxprenolol.
Column, Asahipak C8P-50. Gradient flow with methanol (1 ml/min). Conditions as in Table 1.
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TABLE III

RECOVERIES WITH LLE ONLY USING BUFFER AND
METHANOL IN THE ELUENT

The recoveries were calculated against the internal standard,
which was added to the matrix before SPE clean-up. Eluents in
HPLC separation were without CTAB: (a) acetate buffer and
methanol and (b) phosphate buffer and methanol. Column, Hy-
persil C .

Compound  Eluent 1 11 111 v SPE
Propranolol a 7 I 5 8 78
b 9 14 15 5 52
Metoprolol a 12 7 4 21 86
b 7 - 11 86 63
Oxprenolol  a 11 47 39 68 81
b 16 - 9 8 76
Acebutolol  a 100 - Il 43 65
b 50 - 10 27 67
Alprenolol a 47 100 9 33 65
b 18 - 10 68 66
Atenolol a - 100 33 100 87
b 21 89 - 98 8l

The liquid chromatograms of real serum samples
showed that the concentrations of the f-blockers
after oral administration are very low in human se-
rum. Although possible co-eluting and interfering
compounds could be removed from the biological

TABLE IV
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fluid, the volume of the samples had to be fairly
large (1-3 ml) when no preconcentration was done.
Fig. 3 shows the chromatograms obtained from 1-
and 3-ml serum samples 3 h after oral administra-
tion of the tablet (see Experimental).

Accuracy and reproducibility in LC

The accuracy and reproducibility of the results
for drug-free serum samples spiked with the
p-blockers were determined by comparing the peak-
height ratios of 128 ug/ml of the drugs to the L.S.
with those obtained for aqueous solutions contain-
ing similar concentrations of drugs and the I.S.

The sensitivity limits of the drugs at 260 nm are
given in Table IV. The calibration graph was ob-
tained by plotting the ratio of the peak area of the
drug to that of the 1.S. The linearity of the plot of
concentration of the drugs versus peak area from
the detection limit (signal-to-noise ratio = 3) to
128.2 ug/ml in serum was tested. The results are
given in Table IV. Calibration was carried out using
the MIX6-spiked serum sample.

GC-MS

A poor GC response of ff-blockers, attributed to
the interaction of hydroxy and amine groups with
the column materials, was observed. Derivatization
was carried out to improve their GC analyses. Fur-

DETERMINATION LIMITS AND LINEARITY OF THE ION-PAIR CHROMATOGRAPHIC METHOD FROM DETERMI-

NATION LIMIT to 128.2 pg/ml.

Eluent, acetate—-methanol gradient (see Experimental); detection at 260 nm; ion-pair former, CTAB; column, Asahipak C8P-50. The
concentrations of the 8-blockers in the determined linear range were the determination limits, 27.8, 47.6, 83.3 and 128.2 ug/ml. r is the
correlation coefficient. The equation for the straight line was y = bx + a, where a is the intercept of the ordinate and b is the slope. The

elution order was as in Table 1.

Compound Determination @ rb

limit*

(ng/ml)
Atenolol 630 12.58/9.59 5.08/0.27 0.982/0.987
Metbprolol 580 24.19/23.00 4.93/0.20 0.987/0.994
Acebutolol 500 23.13/24.57 4.22/0.21 0.992/0.991
Oxprenolol 350 21.27/22.40 2.64/0.12 0.997/0.997
Alprenolol 670 20.66/23.30 3.65/0.19 0.998/0.999
Propranolol 100 18.60/23.10 0.71/0.03 0.993/0.997

¢ Signal-to-noise ratio = 3.

b First values calculated from peak heights; second values calculated from peak areas.
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Fig. 4. Selected ion chromatograms of acetylated serum samples obtained by GC-EI-MS. Conditions as described under Experimental.
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Fig. 5. Selected ion chromatograms of methylated serum samples obtained by GC—negative-ion-CI-MS: Run conditions as described

under Experimental.

ther, typical fragments from derivatized oxypropa-
nolamine chain help in the identification of the
compounds in the overall mass spectra.

All the methylated and acetylated f-blockers in
the serum samples from volunteers who had taken
the pharmaceuticals were identified. Identification
of the acetylated and methylated S-blockers was not
complicated because only one product resulted
from the incubation. The retention times of the de-
rivatized B-blockers relative to the 1.S. are given in
Table 1.

The most intense fragment ions observed from
the methylated f-blockers were at m/z 149, 167, 71,
86, 91 and 107 and from the acetylated oxypropa-

nolamine chain at m/z 72, 98, 140, 158 and 200.
Lower detection limits were obtained by methyla-
tion than by acetylation in with alprenolol, ateno-
lol, metoprolol and oxprenolol. In addition, the de-
tection limits for acebutolol and propranolol were
very low when they were acetylated and subjected
to GC-EI-MS. The selective ion chromatograms of
acetyl derivatives of the drugs are shown in Fig. 4,
where they are compared with the chromatogram of
the blank serum sample and those of the methyl
derivatives in Fig. 5. Tables IV and V show the de-
tection and determination limits for the studied
p-blockers. The concentrations of the drugs in the
serum samples taken from the volunteers are given
in Table VL
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TABLE V

DETECTION LIMITS FOR THE B-BLOCKERS IN GC-MS
ANALYSES

Data taken from SIM chromatogram (ions as in Figs. 4 and 5)
obtained from scan analyses. Detection limits (LOD) calculated
from the equation LOD = (V ;- 3 - %E)/(peak-peak S/N),
where % E = [(peak area of extracted drug in serum sample)/
(peak area of non-extracted drug)] - V. - 100%. V,,, = extract-

ed volume. Recoveries were determined from the mean of six
replicates taken from each drug. S/N = signal-to-noise ratio.

Compound Detection limit (ng)
Acetyl derivative Methyl derivative
Acebutolol 26 (EI) 127 (EI)
42 (NCI) 615 (NCI)
Alprenolol 124 (EI) 25 (ED)
103 (NCI) 36 (NCI)
Atenolol 111 (ED) 81 (EI)
105 (NCT) 67 (NCI)
Metoprolol 21 (ED) 3.1 (E1
50 (NCI) 27 (NCI)
Oxprenolol 58 (EI) St (EI)
34 (NCI) 32 (NCI)
Propranolol 21 (ED) 87 (ED)
37 (NCI) 56 (NCI)
DISCUSSION

The ion-pair chromatographic screening and
GC-MS identification methods described are useful
for the determination of atenolol, acebutolol, me-
toprolol, oxprenolol, alprenolo! and propranolol.
However, the main metabolites were not screened in

TABLE VI
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HPLC, because the UV spectra of the ion-paired
compounds were not known. In addition, the clean-
up techniques were not optimized for their extrac-
tion. Further, in SPE clean-up we should have used
another ion-pair former compound in order to ob-
tain better recoveries.

Details of the partition behaviour of drugs in ex-
traction experiments are usually not given. Depend-
ing on the drugs being studied, it is possible to ob-
tain high recovery ratios, accuracy and reproduc-
ibility by suitable adjustment and estimation of ex-
traction parameters such as the solvent, volume ra-
tio of the phases and the concentration of the base
versus the ion pair.

The required pretreatment of the sample depends
largely on the selectivity of the detection. Clean-up
procedures such as back-extraction or extraction
from a basic solution may be needed with less selec-
tive detectors. The use of troublesome or time-con-
suming clean-up methods considerably decreases
the number of analyses that can be made in a lab-
oratory. In addition, transfer of the extracts, evap-
oration steps and all other measurements may cause
adsorption or losses of the sample. One way to
overcome these problems is to use the column-
switching technique in HPLC, where the dilute sam-
ple is injected into a precolumn. After washing with
water the sample is easily transferred into the ana-
lytical column with the eluent. S-Blockers are usu-
ally eluted quantitatively. By optimizing the HPLC
eluent conditions the parent compounds could be
eluted within 10 min. The HPLC method permits
analyses of six f-blockers in a single serum extract

DETERMINATION LIMITS FOR REAL SAMPLES AND CONCENTRATIONS OF DRUGS IN SERUM 3 h AFTER ADMIN-

ISTRATION
GC-EI-MS studies.

Compound Determination limit (ng) Concentration of
drug in serum
Acetyl derivative Methyl derivative (ng/ml)
Acebutolol 1.8 7.1 780
Alprenolol 0.6 7.6 120
Atenolo] | 3.2 5.3 330
Metoprolol 6.3 7.3 230
Oxprenolol 3.0 3.2 290
Propranolol 1.5 5.4 350
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with high specificity. The retention order of the
compounds was changed when phosphate was
changed to acetate buffer and the pH was de-
creased.

The separation of the enantiomers of the phar-
maceuticals was not studied owing to the separation
of the column material and to the unknown stabil-
ities in the presence of chiral compounds in the mo-
bile phase during the gradient elution.
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Isoelectric focusing field-flow fractionation and capillary
isoelectric focusing with electroosmotic zone displacement

Two approaches to protein analysis in flowing streams
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ABSTRACT

A comparison of the separation of three proteins by two focusing methods in flowing streams, isoelectric focusing field-flow fraction-
ation (IEF,) in a trapezoidal cross-section channel and capillary isoelectric focusing with electroosmotic zone displacement (cIEF) in an
uncoated, open-tubular fused-silica capillary, is presented. In IEF, a hydrodynamic flow with a characteristic flow velocity profile as
well as an electric force field and a chemical equilibrium (pH) gradient arranged perpendicular to the direction of flow are employed for
separation. cIEF uses an electrokinetic plug flow with the separating electrical and chemical fields parallel to its direction. Protein zones
are monitored by conventional detectors developed for liquid chromatography and capillary electrophoresis respectively. With current
instruments, separation by cIEF is shown to be characterized by higher efficiency and resolution than separation in IEF,. However, the
latter method operates at much lower voltages and is simpler to apply for micropreparative purposes. The time intervals required for

separation and analysis in the two methods are comparable.

INTRODUCTION

In isoelectric focusing (IEF), sample constituents
are sorted in order of their isoelectric points in an
equilibrium gradient. Proteins and other amphoteric
compounds are separated in a pH gradient provided
that their isoelectric points are different. Good
resolution is favoured by both a low diffusion
coefficient and a high mobility slope at the isoelec-
tric point, conditions which are well satisfied by all
proteins. A high electric field strength and a shallow
pH gradient further enhance resolution. Depending
on instrumental parameters, a resolving power of
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CS-611 42 Brno, Czechoslovakia.
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the order of 0.01 pH unit is typically achievable.
Traditionally, IEF has been carried out in gels,
requiring tedious, time-consuming preparation and
protein staining procedures [1]. Compared with
HPLC, the common practice of gel IEF is slow,
labour intensive, prone to relatively poor reproduc-
ibility, difficult to quantitate and not accessible to
simple automation. Therefore, in the past few years
considerable attention has been focused on protein
isoelectric focusing in capillaries [2-26].

First, free fluid focusing with the electric field
parallel to the column axis was studied in capillaries
of rectangular cross-section [2-6], in tubular glass
capillaries [7-9], in PTFE capillaries [5,10,11] or
in coated, open-tubular fused-silica capillaries of
very small inner diameter (I.D.) [12-16]. These
approaches operated with minimized electroosmosis

1993 Elsevier Science Publishers B.V. All rights reserved
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in which stationary steady-state zone patterns were
established. Zone detection occurred either by the
use of array detection {2,3,5,6] or by UV absorption
measurement towards the column end which re-
quired that after focusing the proteins had to be
mobilized and swept past a stationary detector
[7-16]. Essentially two approaches for mobilization
were studied. First electrophoretic mobilization was
achieved through power interruption after focusing
and replacement of one of the two electrode buffers
prior to reapplication of current [7-15]. The second
method consisted in the use of hydrodynamic flow
which was applied after focusing was attained and
without interruption of the current flow [7,16].

In a second series of studies it was discovered that
small amounts of a neutral polymer [hydroxypropyl-
methylcellulose (HPMC) or methylcellulose] added
to the buffer allowed IEF analyses of proteins to be
performed in untreated, open-tubular fused-silica
capillaries, i.e., in the presence of an electroosmotic
flow along the separation axis [17-19]. In this
approach the electroosmotic flow displaced the
developing zone pattern towards and across the
point of detection and made mobilization after
focusing unnecessary. The added polymer provided
a dynamic coating of the capillary surface which
reduced both the protein—wall interactions and the
electroosmotic flow. This, in addition to the plug
flow characteristics of electroosmosis, were impor-
tant prerequisites for low sample dispersion and
therefore for efficient focusing.

In a third approach, focusing was investigated in a
flowing stream with the electric force field being
perpendicular to the column axis and flow. This
method, termed isoelectric focusing field-flow frac-
tionation (IEF,), was experimentally introduced by
Chmelik et al. [20] in a trapezoidal cross-section
channel and by Thormann et al. [21] in a rectangular
cross-section channel. The latter group named this
technique electrical hyperlayer field-flow factiona-
tion, following the terminology of Giddings [22]. So
far, the formation of the pH gradient in a thin
channel [23], IEF, of a low-molecular-mass sub-
stance [24] and a high-molecular-mass compound
[25] and the separation of three proteins [26] in a
trapezoidal cross-section channel have been care-
fully studied.

This paper is devoted to the elucidation of the
differences, similarities, advantages and disadvan-
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tages of the two focusing methods in flowing
streams, viz., IEF, and capillary isoelectric focusing
with electroosmotic zone displacement (cIEF).

EXPERIMENTAL

Chemicals

All chemicals were of analytical-reagent grade.
Cytochrome ¢ from horse heart (CYTC; M, 12 384,
pl 9.3) and HPMC were obtained from Sigma
(St. Louis, MO, USA), ferritin from horse spleen
(FER; M, 450 000, pf 4.2-4.5) and equine myo-
globin from skeletal muscle (MYO; M, 17 800,
pl 6.8-7.0) from Serva (Heidelberg, Germany) and
Ampholine (pH 3.5-10) from Pharmacia-LKB
(Bromma, Sweden).

Instrumentation and experimental conditions

For IEF, the experimental set-up was described in
detail elsewhere and the experimental conditions
used were selected on the basis of previous measure-
ments [25,26]. The length of the trapezoidal cross-
section channel was 25 cm, the height was 0.5 cm and
the lengths of the two opposite walls of the trapezoid
were 0.45 and 0.95 mm (volume 0.875 ml). PLGC
ultrafiltration membranes (Millipore, Bedford, MA,
USA) separated the focusing channel from the
electrode compartments. Proteins were dissolved in
2% (w/v) carrier ampholyte solution and introduced
with a four-port valve (featuring a 5-ul sample loop)
through a capillary inlet placed 2 cm downstream
from the carrier ampholyte inlet. The concentrations
of CYTC, MYO and FER were 17, 17 and 1 uM,
respectively. Sample injection occurred over a pe-
riod of 4 min using a Model 355 syringe pump (Sage
Instruments, Cambridge, MA, USA). A Model 2150
HPLC pump (LKB, Bromma, Sweden) was em-
ployed to pump the carrier ampholyte solution at a
pump rate of 10 ul/min during sampling and the
subsequent 10-min relaxation period. The flow-rate
was increased to 40 ul/min during elution. Eluting
zones were monitored with a Model 2158 Uvicord
SD (LKB, Bromma, Sweden) photometric detector
at 405 nm and a Model 2210 recorder (LKB). A
Model 2297 Macrodrive 5 power supply (LKB) was
used to apply up to 10 V (maximum current
100 mA). The electric field was applied during the
entire experiment, including sample injection. A
Vario Perpex two-channel peristaltic pump (H. J.
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Guldener, Zurich, Switzerland) was used to pump
solutions of acetic acid and sodium hydroxide
(50 mM each) through the anodic and cathodic
electrode chambers respectively (pump rate 250 ul/
min each). The carrier ampholyte and sample solu-
tions were degassed by vacuum and filtered through
0.2-um Nalgene (25 mm diameter) disposable sy-
ringe filters (Nalge, Rochester, NY, USA).

A laboratory-made instrument was employed for
cIEF [19]. It featured a 75 um L.D. fused-silica
capillary of about 90 cm length (Polymicro Technol-
ogies, Phoenix, AZ, USA) together with a UVIS 206
PHD fast-scanning multi-wavelength detector and a
No. 9550-0155 capillary detector cell (both from
Linear Instruments, Reno, NV, USA). The effective
separation distance was about 70 cm between the
anodic capillary end and the detection window. No
cooling of the capillary was provided. Two 50-ml
plastic bottles served as electrode vessels, containing
10 mM phosphoric acid (anolyte) and 20 mM
NaOH with 0.1% HPMC (catholyte). Current was
applied at a constant voltage (20 kV) with a Model
HCN 14-20000 power supply (FUG Elektronik,
Rosenheim, Germany). A VacTorr 150 vacuum
pump (CGA /Precision Scientific, Chicago, IL, USA)
was used to rinse the capillary. New capillaries were
first rinsed with 1 M NaOH (20 min) and then 0.1 M
NaOH containing 0.3% HPMC (10 min). The latter
solution was also used to condition the capillary at
the beginning of a series of experiments (10-min
wash). Before each run the capillary was cleaned
with catholyte for at least 10 min. Sample proteins
were dissolved in 2.5% Ampholine solution without
the addition of HMPC. The concentrations of
CYTC, MYO and FER were 4.8, 3.4 and 0.1 uM,
respectively. Sample application occurred manually
via gravity through lifting the capillary end (dipped
into the sample vial) to a height of 65 cm for 6 min.

RESULTS AND DISCUSSION

Before turning to the comparison of the experi-
mental results, basic differences and similarities of
the methods of interest and the performance of the
experiments are considered. IEF, and cIEF differ
fundamentally in two respects, the orientation of the
electric field with respect to column axis and flow,
and the shape of the velocity profile. In IEF, the
force field is applied perpendicularly to the column
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axis and hydrodynamic flow with a characteristic
flow profile being employed for elution. The shape
of the flow velocity profile, which is determined by
the geometry of the separation channel [27], is a
prerequisite for sequential elution of the separated
compounds (Figs. 1A and 2). In cIEF the electric
field is parallel to the column axis and an electro-
osmotic flow with a plug profile is utilized solely for
the displacement of the entire zone structure to-
wards and across the detector (Fig. 1A).

In addition to the electric field and pH gradient
used in IEF, IEF, employs the flow of the liquid
carrier through a thin separation channel as a third
factor affecting separation. Amphoteric solutes are
transported via isoelectric focusing to the equilibri-
um positions, where these compounds possess no net
overall charge, and narrow focused solute zones
with nearly Gaussian concentration distributions
are formed. Provided that solutes exhibit different
isoelectric points, they focus in different positions
across the separation channel (Fig. 2B). Unequal
flow velocities cause differential migration of fo-
cused solutes along the channel, i.e., their longitudi-
nal separation (Fig. 2C). Owing to the dimensions of
the channel a high electric field strength can be

@_

clEF

|

FIoW IML_>

i

J

Fig. 1. IEF, in the trapezoidal cross-section channel and 1EF with
electroosmotic zone displacement with (A) orientation of electric
field and flow, as well as the characteristic flow velocity profiles,
and (B) schematic representations of the experimental set-ups.
A = Anode; K = cathode; C = channel or capillary; D = detec-
tor; I = injection port; P; = carrier ampholyte pump; P, = elec-
trolyte pumps; P3 = sample pump; S = power supply; V = elec-
trolyte vessel.
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Fig. 2. Separation in IEF, and cIEF with (A) sample application,
(B) focusing and (C) elution. Proteins are represented by the black
areas, carrier ampholytes by the hatched areas and catholyte and
anolyte in cIEF by the dotted and white areas, respectively. The
directions of both hydrodynamic (JEF,) and electroosmotic
(cIEF) flows are from left to right.

applied with a fairly small voltage, this keeping Joule
heating at a low level. IEF, is an elution technique,
its instrumental set-up being similar to that of
HPLC [20,21]. The IEF, procedure consists of three
phases, sample injection, relaxation and elution.
Typically each phaseis executed at a different carrier
flow-rate. The experimental conditions for the suc-
cessful performance of an IEF, experiment in the
trapezoidal cross-section channel of 0.875-ml vol-
ume have been reported in other papers [25,26]. It
was found that (i) the sample has to be injected
under applied electric power into the centre of a
slowly flowing stream (10 ul/min), (ii) the relaxation
time, i.e., the time period necessary for formation of
a focused zone, should be of the order of 10 min with
no or minimal flow only and (iii) the efficiency
decreases with increasing flow-rate of the carrier
ampholyte solution. A fractogram depicting the
separation of FER, MYO and CYTC is presented in
Fig. 3A.

cIEF is performed in an uncoated, open-tubular
fused-silica capillary of typically 75 um I1.D. The
experimental arrangement used in this work is
depicted schematically in Figs. 1B and 2. An experi-
ment proceeds as follows. First the entire capillary
is filled with the catholyte containing a neutral
polymer. Sample composed of carrier ampholytes
and proteins is introduced at the anodic capillary
end and is occupying 5-30% of the effective capil-
lary length (Fig. 2A). After power application two
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Fig. 3. Separation of CYTC, MYO and FER by (A) IEF, in a
trapezoidal cross-section channel of 25 cm length (volume
0.875 ml) and (B) cIEF using a fused-silica capillary of 75 um 1.D.
and 90 cm total length (volume 4 ul). The detection wavelength
(detector positions) were 405 nm (off-column) and 280 nm
(on-column), respectively. The power levels applied were about 1
and 0.1 W, respectively, values which were previously found to
guarantee safe operation (refs. 26 and 19, respectively). For
experimental details, see text.
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electrokinetic effects occur simultaneously (Fig. 2B),
the formation of a longitudinal pH gradient and the
separation of proteins (isoelectric focusing), and,
owing to the negative surface charge of untreated
fused silica, the displacement of the entire pattern
towards the cathode {(electroosmosis). Basic pro-
teins, such as CYTC, reach the detector prior to
neutral and acidic proteins, as is seen with the
example shown in Fig. 3B. This experiment, per-
formed in a capillary of 4-ul volume, was executed
with a lower (about 18-, 25- and 50-fold for CYTC,
MYO and FER, respectively) amount of protein
compared to that employed in IEF, (Fig. 3A). The
protein load per unit of column volume, however,
was higher in the cIEF experiment.
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From the experimental results for the two meth-
ods (Fig. 3), it is apparent that the three proteins are
eluted in reverse order. In IEF,, FER has the lowest
and CYTC the highest elution time, and MYO elutes
between them. This observation agrees well with
theory because with the configuration emloyed
(anode at the wider side of the channel) CYTC is
expected to focus in the narrower part of the channel
where elution is slow, MY O somewhere in the centre
and FER towards the wider part where elution is
fast. In cIEF the order of elution is determined by
the electroosmotic flow, which is in the direction of
the cathode. Therefore, the compound with the
highest isoelectric point reaches the detector first
and the elution order is according to decreasing
isoelectric points. Hence, in the experiments pre-
sented, the sequence in cIEF has to be the opposite
to thatin IEF,. Itis important to add that reversal of
the polarity in IEF ; together with an exchange of the
electrode buffers would simply reverse the elution
order of the proteins in that method. This, however,
does not apply to clIEF.

Comparison of the traces in Fig. 3 further reveals
that both the efficiency (peak width) and resolution
are much higher in cIEF. Separation of the three
proteins is essentially achieved in both approaches.
By pI discrimination as employed in IEF, and cIEF,
CYTC is a single-component protein. The fracto-
gram and electropherogram are both characterized
by a single peak. However, differenecs are observed
with MYO and FER, proteins which contain several
components with different p/ values. MYO contains
minor compounds which are more acidic than the
main protein. These are well resolved in cIEF and
detected as a significant shoulder or unresolved peak
in IEF,. FER is a more complex protein containing
many isoforms of different p/, up to six being
detected by cIEF, whereas the fractogram showing
several shoulders only.

In both methods, the resolution is dependent on
the slope of the pH gradient and the power applied.
Increased resolution is obtained by making the
equilibrium gradient shallower and/or the electric
field larger. In IEF, different experimental param-
eters, including the time interval of sample loading
and the choice and concentration of the electrolytes
in the electrode compartments, also have an influ-
ence on resolution. For example, with 10-min sam-
ple loading, the resolution for FER was higher than
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that obtained with a 4-min time interval shown in
Fig. 3A (data not shown). The efficiency in IEF, is
dependent on the relaxation process and the elution
flow-rate, whereas in cIEF the efficiency is strongly
influenced by the temporal behaviour of the electro-
osmotic flow.

From a theoretical point of view, IEF, in a
trapezoidal cross-section channel is not as efficient
as IEF, in a rectangular cross-section channel of
high aspect ratio [28]. However, results obtained so
far in the latter configuration have not confirmed
the theoretical expectations [21]. Technical and
material problems encountered in the construction
of the rectangular cross-section channel are believed
to be the reason for this. It appears to be very
difficult to place narrowly (a few tenths of 1 mm)
two flat membranes which define the ribbon-like
channel. Further, establishment of the lateral pH
gradient is hampered by the non-ideal behaviour of
the membranes under current flow. Further efforts
will have to be devoted to exploit new materials for
the construction of a more efficient channel of
rectangular cross-section. cIEF as described here
and elsewhere [19] is different to the cIEF approach
reported by Mazzeo and Krull [17,18]. They used a
configuration in which the column is initially com-
pletely filled with the sample, requiring the further
addition of a strong base to the sample in order to be
able to detect basic proteins [10,15]. Because of the
relatively short initial sample zone in our fully
dynamic approach, this disadvantage is not encoun-
tered. It should be added that the dynamics of cIEF
in the presence of electroosmotic zone displacement
are not yet fully understood. Further investigations
using both experimental studies and theoretical
descriptions of the underlying processes will provide
further insight into this methodology and will lead
to the complete elucidation of the analytical capabil-
ities of cIEF.
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