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THEORETICAL BACKGROUND

where VIl /vN A is the hold-up volume. This hold-up

i.e., the sum of the adsorbed amount in terms of
volume is zero. This convention is named the
vNA-convention; Nothing is Adsorbed in terms of
volume. Obviously, with this convention the total
liquid in the column is considered as the mobile
phase and eqn. 3 holds:

(3)

(2)

(1)

"i.'l'i/vNA = 0

where V",i is the total material content of compo
nent, i, in terms of volume at adsorption equilibrium
under isocratic conditions (the isocratic capacity, x,
of i), <Pi is the volume fraction of i in the bulk liquid
(eluent), VIl /CX is the volume of the eluent in the
column (,u: mobile phase), S is the surface area of the
adsorbent and 'l'i/CX is the adsorbed volume of
component i per unit surface area. The bulk liquid
volume and the adsorbed volume are defined quan
tities only if a "convention" is agreed upon (CX:
Convention X). Fora system consisting of a binary
eluent of components A and B and a solute (su),
eqn. 1 represents three independent relationships
with four unknowns, VIl /CX , 'l'A/CX, 'l'B/cxand 'l'su/cx.
Following Gibbs' proposal, a convention has to be
stated in order to obtain the fourth equation. For
several reasons the convention expressed in eqn. 2 is
particularily attractive:

The Gibbs convention
Mixtures of non-electrolytes are nearly ideal

concerning the additivity of the volume of the
components, i.e., the partial volumes can be equated
to those of the pure components with sufficient
precision. Therefore, the mass balance of a compo
nent, i, in the column at equilibrium with a multi
component mixture can be replaced by the volume
balance

The relationship between adsorption and reten
tion in liquid-solid chromatography with binary
e1uents has been treated extensively [6,7,28]. In this
section will be summarized the underlying principles
and the necessary equations for the evaluation and
interpretation of the experimental data.

Lork [25] confirmed this dependence on a series of
stationary phases with constant but very low (rsox=
2.1 ,umol/m2

) areal concentration of the alkyldi
methylsiloxy graft. In fact, the surface concentration
amounted to about 60% of that obtained with alkyl
dimethyl(dimethylamino)silane as silylating agent
[1]. This general picture is even more confusing
considering the observation of several workers that
the nature of the function describing the dependence
of retention on chain length or on areal concentra
tion of the graft is different for different types of
solutes [26,27].

In summary, despite numerous efforts to measure
and understand the influence of the chain length and
areal concentration of the grafted chains, interpreta
tion of the results of these studies is difficult.
Experiments have always been conducted either on
incompletely silylated surfaces or on surfaces where
the areal concentration of the alkyl graft depended
on the chain length. Even on surfaces with the
densest layers, silanol groups contribute to adsorp
tion. In Fig. 1 the slight positive water adsorption at
low water concentrations has been shown to be due
to specific adsorption of water on silanols "visible"
across the graft by the small water molecule [2].
Therefore, incompletely silylated silica is certainly a
heterogeneous adsorbent, hence it is not surprising
that the areal concentration of the graft influences
retention. Also, it is unfortunate that retention has
generally been reported in terms of the capacity
factor, k', which is essentially the relative retention
of the solute referred to that ofa solute believed to be
unretained. Considering the multitude of "unre
tained" solutes proposed and applied in these stud
ies, one has to conclude that the capacity factor only
allows comparison of retention data obtained in one
study by a given worker on a given column at a given
eluent composition. It is important to note that
capacity factor is not an intensive quantity even if
the zero retention is determined relative to a hold-up
volume defined by a given Gibbs convention.

The aim of this paper is to report retention data of
a series of solutes of differing polarity on two
silica-based adsorbents covered with a dense, chemi
cally bonded, non-polar monolayer, one with and
the other without grafted C 14 alkyl chains. Reten
tion will be given as areal retention volume referred
to the BET surface area of the stationary phase in the
column.
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TABLE II (continued)

Solute qJw

0.028 0.057 0.095 0.193 0.293 0.373 0.445 0.518 0.602 0.685 0.757 0.829 0.908 0.946 0.973

2,2-Dimethylalkanes

2,2-Dimethyl- 1.94- 2.77- 3.38- 6.16- 11.6- 18.8-
butane 4.86" 6.508 7.91' 15.4° 27.9° 45.SO

2,2-Dimethyl 2.47- 3.59- 4.45- 8.1r 15.6- 26.8-
pentane 6.64° 9.0~ 11.3° 19.1' 43.8° 72.~

2,2-Dimethyl- 3.18- 3.82- 4.92- 10.8- 21.6-
hexane 8;64° 12.3° 15.5° 31.SO 65.2°

Fig. 4. Areal retention volumes, V~~7vNA' of I-alkanols,
CzH 2z + IOH withz = 1-20 as indicated, on the DMB-covered
surface as a function of the volume fraction of water, qJw, in the
binary AN-W eluent.

water in the eluent, CfJw. This example is particularly
interesting because several homologues could be
measured in the whole or in a broad concentration
range. This general trend is the same for other
homologous series and is also observed for data on
the C 14 surface. The plot suggests that the composi
tion dependence' of the retention of all solutes
follows a similar law when choosing an individual
starting point for each solute on the composition
scale.

2

1.0<Pw0.0
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30 +---t---+-tf--.--t--+--+-+t---t--l
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RESULTS AND DISCUSSION

Solute retention as a function of eluent composition
The dependence of the areal retention volume,

VS,su/vNA, on eluent composition shows the often
reported general trend of increasing retention with
increasing water content and also with increasing
carbon number of the homologues. In Fig. 4 are
plotted, as an illustration, areal retention volumes
on the DMB surface, Vr.~~vNA' for homologous
l-alkanols as a function of the volume fraction of

As indicated in the Introduction, adsorption
isotherms from AN-W mixtures are almost congru
ent on the two chemically modified (DMB and C 14 )

surfaces. Hence, the "hard" DMB surface can be
considered as a reference, and a difference in areal
retention volume on the C14 surface at the same
eluent composition can unequivocally be attributed
to the presence of the bonded alkyl chains. In the
following, first the dependence of areal retention on
composition on the DMB surface will be discussed,
then the additional retention on the C 14 surface. The
system peak accompanying the injection of a pure
solute can be positive or negative, i.e., rich or poor in
AN. An interpretation of the sign of this system
peak will also be given.

The standard deviation of the areal retention vol
umes was calculated to be O'vS.,u/,NA = ± (0.08 +
0.012 VS.su/vNA) j1J/m2

• The sign of the associated
system peak is given as a superscript (+ and - for a
system peak rich and poor in AN, respectively).
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Fig. 3. Bed capacities ofion-exchange columns. (A) Anion-exchange column using the (£:,) nitrate and (.) chloride techniques; flow-rate:
0.25 ml/min; UV wavelength: 310 nm. (B) Cation-exchange column using ammonium sulphate; flow-rate: 0.5 ml/min,
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Fig. 4. Induced salt gradients as a function of inlet displacer concentration in ion-exchange systems. (A) M, 10 000 (D, .),20 000 (0, .)
and 40 000 (6, .A.) DEAE--dextran in cation-exchange system; closed symbols at 20 mM Na "; open symbols at 75 mM Na", pH 6.0;
flow-rate: 0.2 ml/min; detection: RI. (B) Dextran sulphate (I 0 000 and 50 000) in anion-exchange system at (x) 50, (.) 100, (.) 250 and
(0) 500 mM Cl", pH 7.5; flow-rate: 0.2 ml/min; detection: UV 252 nm. kd = kilodalton.

The average characteristic charge of the polyelectro
lyte displacers can be obtained directly from the
slope of these lines and are presented in Table II.

Data obtained from the elemental analyses was
employed to calculate the functional group density
and the number of functional groups in each poly
electrolyte. As expected, higher-molecular-mass dis
placers possess correspondingly higher numbers of

functional groups and characteristic charges. The
dextran sulphates have a greater degree of func
tionalization than the DEAE-dextran materials.
The characteristic charge and functional group
results are also presented in normalized form (i.e.,
per repeating unit of the polymer). The repeating
unit employed in these calculations was the disac
charide [14]. While the functional group density of
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Fig. 2. 29Si CP-MAS-NMR spectra of alumina materials: (A) hydride alumina and (B) reaction product of hydride alumina with
l-octadecene.

from the 29Si CP-MAS-NMR spectrum. Fig. 2A
shows a typical spectrum of an alumina following
reaction with TES. The major peak at - 85 ppm
can be readily assigned to the Si-H group. How
ever, two other minor peaks are also present in the
spectrum. By analogy to spectra taken on silica, the
peak at - 110 ppm (Q4) can be assigned to a silicon
with four siloxane bonds while the peak at - 100
ppm (Q3) can be assigned to a silicon that has three
siloxane bonds and one hydroxide group. These res
onances are not part of any expected monolayer or
multilayer structure since each silicon atom must
have a hydride attached to it. Therefore the pres
ence of Q4 and Q3 resonances must be due to either
impurities in the starting reagent or some subse
quent decomposition of the hydride-modified sur
face. Additional experiments are currently under
way to study this problem. Despite these unknown
aspects of the hydride surface, it was decided to try
the olefin additions and test the product phases.

Both l-octene and l-octadecene were catalytical
ly bonded to the hydride-modified material. Ele
mental analysis of the two products gave coverages
of 5.5 and 4.4llmol/m2 for the C, and C1 S bonded
phases, respectively. This represents reaction of

36% and 29% of the available hydrides for the two
materials. Fig. IC is a typical infrared spectrum of a
product phase from the reaction of l-octadecene
with the hydride alumina. The strong bands be
tween 2800 and 3000 em - 1 are the expected C-H
stretching vibrations for the bonded alkyl moiety.
The appearance of the C-H bands is accompanied
by a diminishing of the Si-H band at 2260 em -1,

which is expected when the hydride reacts with the
olefin.

The success of the bonding reaction can also be
confirmed by CP-MAS-NMR spectroscopy. Fig.
2B shows the 29Si spectrum of the C1 S bonded
phase. In comparison to the hydride material, an
additional peak at about - 65 ppm is observed
which can be attributed to the Si-C linkage formed
in the bonding process. As expected a decrease in
the signal intensity of the Si-H peak near - 85 ppm
occurs. The presence of the siloxane species (Q4 and
Q3), as evidenced by the peaks at - 110 and - 100
ppm, are even more prominent in this spectrum. It
is unclear whether there is an actual increase in in
tensity of these peaks, or as is more likely, their
relative intensity compared to the other peaks in the
spectrum has increased. When compared to the
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CHROM. 24705

Evaluation of silanol-deactivated silica-based reversed
phases for liquid chromatography of erythromycin

J. Paesen, P. Claeys, E. Roets and J. Hoogmartens
Laboratorium voor Farmaceutische Chemie, Instituut voor Farmaceutische Wetenschappen, Katholieke Universiteit Leuven, Van
Evenstraat 4, B-3000 Leuven (Belgium)

(First received September 8th, 1992; revised manuscript received October 12th, 1992)

ABSTRACT

The suitability of eleven silanol-deactivated reversed phases for the liquid chromatography of erythromycin was investigated. The
selectivity and efficiency of each stationary phase were examined. The performance was compared to that of a non-deactivated C's
silica-based reversed-phase material, Hypersil C's (5 /lm). Two types of mobile phases were used, one containing no tetrabutylammoni
urn (TBA) and the other containing TBA. Addition of TBA as a silanol-blocking agent improved the theoretical plate number and
symmetry factor of the peaks corresponding to erythromycin A (EA) and erythromycin A enol ether for all the deactivated reversed
phases. These results are an indication of the presence of some residual silanol activity in these phases. Separation of erythromycin E
and EA was achieved on only two of the eleven phases. The selectivity was always poorer than that obtained in a previously described
method using a poly(styrene--divinylbenzene) stationary phase.

INTRODUCTION

A disadvantage of liquid chromatography (LC)
of basic substances on silica-based reversed-phases
is peak tailing due to interaction with residual sila
nols on the silica backbone. In the LC of the macro
lide antibiotic erythromycin, which is a mixture of
several related substances all of which are bases,
similar disadvantages were observed. The separa
tion was improved by adding tetraalkylammonium
compounds to the mobile phase, such as tetram
ethylammonium phosphate (TMA) or tetrabuty
lammonium hydrogensulphate (TBA) [1,2], TMA
and TBA can act as silanol-blocking agents, so that
interaction between erythromycin and the silanols
is weakened. It was also observed that older col
umns performed better [1].Ageing of Cs- and C I S

derivatised silica-based reversed phases improved

Correspondence to: J. Hoogmartens, Laboratorium voor Farma
ceutische Chemie, Instituut voor Farmaceutische Wetenschap
pen, Katholieke Universiteit Leuven, Van Evenstraat 4, B-3000
Leuven (Belgium)

the chromatography. It is believed that heating a
packing material, conditioned with a mobile phase
containing phosphoric acid, removes metal impuri
ties from the silica backbone and hence influences
the silanol activity. Nevertheless, large differences
in selectivity were seen between different brands of
reversed-phase materials [2,3].

In recent years, several silica-based reversed
phases have been developed that are especially suit
able for the chromatography of basic substances.
These "silanol-deactivated" materials are claimed
to have strongly reduced residual silanol activity
and to produce better peak symmetry and efficien
cy. As a consequence, addition of triethylamine or
tetraalkylammonium compounds would become
superfluous. The suitability of several silanol-deac
tivated stationary phases for the LC of erythromy
cin was investigated. A non-deactivated silica-based
reversed-phase material, Hypersil CIS (5 ,urn), was
used as a reference. The selectivity and efficiency of
each stationary phase were determined, first with a
mobile phase containing no TBA and then with a
mobile phase containing 5% (vjv) of 0.2 MTBA. In

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved
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CHROM. 24718

Separation of glucooligosaccharides and polysaccharide
hydrolysates by gradient elution hydrophilic interaction
chromatography with pulsed amperometric detection

Andrew S. Feste and Iftikhar Khan
US Department of Agriculture/Agricultural Research Service Children's Nutrition Research Center, Department of Pediatrics, Baylor
College of Medicine, lIOO Bates Street, Houston, TX 77030 (USA)

(First received July 22nd, 1992; revised manuscript received October 23rd, 1992)

ABSTRACT

Commercial glucooligosaccharide mixtures (Polycose) and polysaccharide hydrolysates (acid and enzymatic) were fractionated by
hydrophilic interaction chromatography and observed by pulsed amperometric detection. Seven peaks were observed when 625 ng of
glucose oligomers in Polycose were fractionated. The between-run precision of retention times (n = 10, 100 ug, 15 peaks) ranged from a
relative standard deviation (R.S.D.) of 0.09 to 0.40%; between-run precision of peak areas (n = 10) for the same separations had values
that ranged from 2.66 to 14.4%. Injection-to-injection time was 48 min. When polysaccharide hydrolysates were fractionated using a
gradient program capable of resolving all of the oligosaccharide species, dextran-derived a-(l--->6)-glucooligosaccharides were retained
to a greater degree than amylose-derived a-(1--->4)-glucooligosaccharides, which were retained to a greater degree than 13-(2---> 1)
fructooligosaccharides derived from inulin. Excluding the peaks that eluted before glucose or fructose, 25 to 35 peaks were observed
after fractionation of the hydrolysates. Differences in elution profiles were observed between acid and enzymatic hydrolysis products of
the same polysaccharide as well as between hydrolysis products of different polysaccharides. In' conjunction with high-performance
size-exclusion chromatography, the method demonstrated the effect of preheating starch before hydrolysis with isoamylase.

INTRODUCTION

Hydrophilic interaction chromatography (HIL
le) [1,2] describes the separation of polar molecules
on a variety of hydrophilic bonded supports [3-12].
The mechanism by which carbohydrates are sep
arated, as determined on silica bonded amine col
umns [7,II], appears to result from the partitioning
of the carbohydrate between the amine-bound wa
ter layer and the mobile phase.

Glucose oligomers are used in medicine, biomed
ical research and the biotechnology industry. Con
sequently, a variety of chromatographic procedures
have been devised for their separation and analysis.
Size-exclusion chromatography has been used to

Correspondence to: Dr. Andrew S. Feste, Children's Nutrition
Research Center, 1100 Bates Street, Houston, TX 77030, USA.

fractionate oligomers of amylose, cellulose, pullu
Ian and dextran [13]; oligomers with a degree of
polymerization (DP) between I and 20 have been
resolved, and differences in the retention times of
a-(1--->4)- and a-(1--->6)-glucosidic linkages have
been observed. Cation-exchange supports loaded
with either Ag " or H+ counterions have been used
to fractionate degradation products in biomass hy
drolysates [14], enzymatic starch digests [15], and
malto-, cello-, galacturonic- and chitooligosaccha
rides [16] (oligomers ~ DP 14 were resolved). Glu
cooligomers have been separated on a CIs-bonded
vinyl alcohol copolymers support using alkaline
e1uents, and oligomers up to DP 23 were resolved
[17]. Chromatography of cellooligo saccharides on a
silica-bonded CIS column resulted in the resolution
of oligosaccharides up to DP 30, and 10 pmol of
cellotetraose were detected electrochemically after

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved
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passage through a cellulase-based enzyme reactor
[18]. Glucooligosaccharides (up to DP 35) were re
solved on a 3-J1m amine-bonded silica support [10],
and a polyamine-bonded polymer support was used
to separate dextran oligosaccharides up to DP 8
[19]. High-performance anion-exchange chroma
tography resolved glucooligosaccharides and poly
saccharides (DP ~ 50) using alkaline eluents fol
lowed by pulsed amperometric detection [20]. The
same methodology was used to analyze isoamylase
digests of amylopectin from various sources, and
plots of concentration versus DP served as chro
matographic "fingerprints" [21].

In a previous study [22], 33 J1g of a glucooligo
saccharide mixture with added monosaccharide
were fractionated by HILIC on a Protein-Pak 60
column and 19 peaks were resolved; fractionation
and column reequilibration required 90 min. The
objectives of the present study were (l) to decrease
the fractionation time of glucooligosaccharides in
Polycose and to submit to HILIC nanogram
amounts of Polycose, (2) to determine the retention
times of enzyme and acid hydrolysates of polysac
charides using identical gradient conditions, and (3)
to demonstrate the potential of HILIC and high
performance size-exclusion chromatography
(HPSEC) as chromatographic tools in the investiga
tion of starch structure.

A. S. Feste and I. Khan j J. Chromatogr. 630 (1993) 129-139

EXPERIMENTAL

Materials
The custom-packed Protein-Pak 60 column was

from Waters (Milford, MA, USA). The Bio-Gel
SEC-60 XL and guard columns were purchased
from Bio-Rad (Richmond, CA, USA). Inulin (from
chicory root), amylose (Type III, from potato),
amylopectin (from corn), starch (soluble ACS re
agent, from potato), dextran (clinical grade, pro
duced by Leuconostoc mesenteroides), trifluoroace
tic acid (TFA), dextranase (EC 3.2.1.11, from Pen
icillium sp.), and isoamylase (EC 3.2.1.68, from
Pseudomonas amyloderamosa) were purchased from
Sigma (St. Louis, MO, USA). Acetonitrile (HPLC
grade) and sodium hydroxide solution, 50% (wjw),
were obtained from Fisher Scientific (Houston, TX,
USA).

Hydrophilic interaction chromatography
Chromatography was performed on a Waters

860 system; the system configuration was described
previously [22]. A Waters custom-packed Protein
Pak 60 column (150 mm x 7.9 mm LD., 10 J1m)
was used to separate a commercially available mix
ture of glucooligosaccharides (Polycose) and acid
and enzymatic hydrolysates of polysaccharides. A
temperature control unit (Waters) was used to

TABLE I

GRADIENT ELUTION CONDITIONS FOR THE FRACTIONATION OF OLIGOSACCHARIDES

Oligosaccharides Time (min) Acetonitrile (%, vjv) Water (%, vjv)

Glucose polymers 0 67 33
from Polycose I 67 33

8 60 40
10 60 40
17 55 45
19 55 45
27 50 50
37 50 50
38 67 33
48 67 33

Oligosaccharides 0 67 33
from acid and 10 67 33
enzymatic hydrolysates 65 50 50
of amylose, 75 50 50
amylopectin, starch, 76 67 33.
dextran and inulin 86 67 33
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of 2.5, 1.25, 0.625 and 0.0625 mg/rnl. The solutions
were injected separately onto the Protein-Pak 60
column and fractionated by the gradient program
described in Table I. The detector sensitivity was set
between 0.2 /-LA and 10.0 /lA.

Precision studies
To determine reproducibility of the fractionation

of glucooligosaccharides, five samples of the Poly
cose mixture were separated by HILlC on two con
secutive days; the within-run (n = 5) and between
run (n = 10) precision of the retention times and
peak areas were determined. A 1O-/-L1 volume con
taining 100 /-Lg of the Polycose mixture was injected

and fractionated using the gradient program de
scribed in Table 1. The detector sensitivity was set at
10.0/-LA.

Determination of retention times of oligosaccharides
from polysaccharide hydrolysates

A 25-/-LI volume of the amylose (n = 3), dextran
(n = 3), and inulin acid hydrolysates (3 hydroly
sates, I injection) were fractionated by HILlC using
the gradient program described in Table I. The de
tector sensitivity was set at 2.0 /-LA.

Statistical methods
Analysis of variance for repeated measures and
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Fig. I. The gradient elution HILle fractionation of nanogram to microgram amounts ofPolycose. The tracings depict the fractionation
ofPolycose in the following amounts: 100 Jlg (a), 25 Jlg (b), 12.5 Jlg (c), 6.25 ug (d), 1.25 Jlg (e) and 0.625 ug (f), The detector settings
were 10.0 JlA (a), 2.0 JlA (b), 1.0 JlA (c), 0.5 JlA (d) and 0.2 JlA (e and f), The gradient elution conditions are described in Table I, and the
retention times of the peaks are listed in Table II. PAD = Pulsed amperometric detection.
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bond each on the glucuronic acid residue at the
non-reducing ends. The resultant oligosaccharides
show weak absorption at 232 nm due to the double
bond [5]. Modification of the reducing ends of the
resultant oligosaccharides with 2-aminopyridine en
hances UV absorption and allows fluorescence de
tection with high sensitivity [4]. The accurate HPLC
determination of individual oligosaccharides de
rived with these enzymes will make it possible to
elucidate the mechanisms of enzymic reactions and
also determine the content of HA.

In a previous study, we developed a method for
the determination of urinary chondroitin sulphates
based on the capillary electrophoresis of unsaturat
ed disaccharides derived therefrom by digestion
with chondroitinase ABC, as l-phenyl-3-methyl-5
pyrazolone (PMP) derivatives [6]. This method al
lows the simultaneous sensitive determination of
chondroitin, chondroitin sulphate A and C and re
lated glycosaminoglycans with UV absorption, and
is suitable for clinical analysis because of the sim
plicity of the procedure. In continuation of this
work, we compared the capabilities of PMP ana
logues, and found that 1-(4-methoxy)phenyl-3
methyl-5-pyrazolone (PMPMP) derivatives of oli
gosaccharides showed a higher molar absorptivity
than PMP derivatives.

In this paper, we propose a method for the deter
mination of HA, based on HPLC of the oligosac
charides derived therefrom as PMPMP derivatives.

EXPERIMENTAL

Materials
A sample of HA from pig skin, obtained from

Sigma (St. Louis, MO, USA) was used throughout.
Hyaluronate 4-glycanohydrolase (sheep testis, Type
V) was also obtained from Sigma. Samples of hya
luronate 3-glycanohydrolase (Hirudo medicinalis)
and hyaluronate lyase (Streptomyces hyalurolytics)
were purchased from Seikagaku Kogyo (Tokyo, Ja
pan). PMPMP reagent was prepared according to
the method described previously [7]. All other
chemicals were of the highest grade commercially
available.

Instruments
The HPLC system consisted of a Hitachi

655A-12 liquid chromatographic pump, a Shimad-
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zu SPD-6A UV detector and a Shimadzu C-R6A
chromato-recorder for measurements of peak area
and elution time. A column (150 mm x 6 mm J.D.)
packed with Cosmosil 5CI8-AR (average particle
diameter 5 Ilm) (Nacalai Tesque, Kyoto, Japan)
was used as the stationary phase. Elution was per
formed with acetonitrile-100 mM phosphate buffer
(pH 7.0) (15:85, v/v) at a flow-rate of 0.8 ml/min,
and PMPMP derivatives of HA-derived oligosac
charides were monitored at 249 nm.

Fast atom bombardment mass spectrometry
(FAB-MS) of HA-derived oligosaccharides was
performed on a JEOL SXI02 apparatus in the nega
tive-ion mode (glycerol as matrix) using JEOL stan
dard software.

Enzymic digestion
HA (50 mg) was dissolved in 60 mM citrate buff

er (pH 5.2, 5.0 ml), hyaluronate 4-glycanohydrolase
from sheep testis (0.5 mg) was added and the mix
ture was incubated for 24 h at 3rc. The enzymic
reaction was terminated by keeping the mixture on
a boiling water-bath for 3 min and the mixture was
centrifuged at 10 000 g for 10 min. The supernatant
solution was applied to a column of Sephadex G-15
(70 em x 2.5 em J.D.) equilibrated with 0.1% acetic
acid, and the column was eluted with the same sol
vent. Fractions of 7 ml were collected, with UV
monitoring at 220 nm. A 300-lll portion of each
fraction was subjected to carbazole-sulphuric acid
assay for glucuronic acid [8]. Each of the fractions
that showed a positive reaction to the assay was
lyophilized and a 100-llg portion was examined by
FAB-MS. Another portion was derivatized with
PMPMP and the elution volume of the product was
compared with those of the peaks from the deriv
atized digestion mixture obtained on an analytical
scale (see Fig. 3a).

Comparative study of depolymerizing enzymes
In the comparative study of various depolymeriz

ing enzymes, HA (50 Ilg) was dissolved in water (10
Ill) and an aqueous solution (I U, 10 Ill) of hyaluro
nidase and 100 mM citrate-phosphate buffer (pH
5.0 for hyaluronate 3-glycanohydrolase from Hiru
do medicinalis, pH 5.2 for hyaluronate 4-glycano
hydrolase from sheep testis and pH 6.0 for hyalur
onate Iysase from Streptomyces hyalurolytics) (40
Ill) were added. Each mixture was incubated for 24
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ABSTRACT

The use of sequence-specific DNA affinity adsorbents for the isolation of restriction endonucleases EcoRI and SphI to near homoge
neity has been reported. However, the high cost of these adsorbents is a limiting factor for their wider application. This paper reports
the application of sequence-specific DNA affinity ligands containing recognition sequences for 34 restriction endonucleases as group
specific ligands in the isolation of restriction endonucleases. Crude samples of six restriction endonucleases, namely BshFI, BamHI,
SmaI, SadI, Pvull and Sail, were shown to bind to these adsorbents and could be eluted at different KCI concentrations. High
purification factors and recoveries were obtained. Restriction endonuclease BshFI, an isoschizomer of HaeIII, from the microorganism
Bacillus sphaericus was purified to near homogeneity employing a two-step procedure which involves DNA-cellulose chromatography
and oligonucleotide-ligand affinity chromatography. The enzyme exists as a monomer with an apparent relative molecular mass of
34000 as determined by both sodium dodecyl sulphate-polyacrylamide gel electrophoresis and size-exclusion chromatography.

INTRODUCTION

Sequence-specific DNA affinity chromatography
has been successfully applied to the isolation of pro
teins that interact with specific DNA sequences
[1-6]. The use of this technique for the isolation of
restriction endonucleases to homogeneity has also
been reported [7,8]. Although several procedures
have been published regarding the purification of
restriction endonucleases, most of them involve
lengthy and laborious protocols [9,10]. However,

Correspondence to: V. Bouriotis, Institute of Molecular Biology
and Biotechnology, Enzyme Technology Division, P.O. Box
1515, Heraklion 711 10, Crete, Greece.

rapid two-step chromatographic procedures involv
ing triazine dye adsorbents, HPLC and affinity par
titioning have been reported, resulting in partially
purified restriction endonucleases free from con
taminating nuclease activities [11-13]. Although se
quence-specific DNA affinity chromatography
compares favourably with other adsorbents used
for the isolation of restriction endonucleases to ho
mogeneity, the high cost of this technique, resulting
from the different synthesis of the ligand for each
restriction endonuclease, is a limiting factor for its
wider application.

Affinity chromatography using specific ligands
requires a different and elaborate synthesis for each
purification problem. Further, as the choice of the
ideal ligand is still largely empirical, extensive ex-
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of bound DNA was calculated to be ca. 60 Ilg
DNA/ml gel (10 ml total gel).

Preparation of oligodeoxynucleotide affinity adsor
bent II

A 1.8-mg amount of the annealed DNA was
phosphorylated as above and then coupled to 3.5 g
of cyanogen bromide-activated Sepharose gel [4].
After coupling the concentration of bound DNA
was ca. 70 Ilg DNA/ml gel (10 ml total gel).

Protein assay and electrophoresis techniques
Protein determination was performed according

to Bradford using bovine serum albumin as protein
standard [17]. Polyacrylamide gel electrophoresis
(PAGE) of proteins in the presence of sodium dode
cyl sulphate (SDS) was performed according to the
method of Laemmli [18]. Agarose gel electrophore
sis of DNA fragments was performed as described
previously [12].

Comparison of properties of oligonucleotide affinity
adsorbents I and II

The same sample of a partially purified prepara
tion of BshFI (20 ml; 4 mg; 900 000 D/mg;
3 600 000 D) was applied to the same size ofcolumn
of both affinity adsorbents I and II (2 x 1.6 em
J.D.; 4 mI). The columns were washed with 25 mM
4-(2-hydroxyethyl)-I-piperazineethanesulphonic
acid (HEPES) (pH 7.8), containing 7 mM [3-mer
captoethanol, I mMEDTA and 10% (v/v) glycerol
until no absorption at 280 nm was evident in the
effluents, and then developed with a 0.3 M step gra
dient of KCI.

Fractions with BshFI activity eluted with the 0.3
M KCI step gradient from adsorbent I (0.32 mg;
6 400 000 D/mg; 2 050 000 D) and adsorbent II
(0.168 mg; II 309 520 D/mg; I 900 000 D) were
pooled and stored at 4°C.

Enzyme purification procedures
For purification of BshFI, frozen cell paste (8 g)

was thawed with 80 ml of 20 mM potassium phos
phate buffer (pH 7.0) containing 7 mM [3-mercap
toethanol, I mM EDTA and 5% (v/v) glycerol
(buffer A), sonicated in an ice-bath for a total of 7
min (14 x 30 s) and centrifuged at 4°C for I h at
100.000 g. The supernatant (80 ml; 2 mg/ml; 160
mg) was loaded onto a dsDNA cellulose column (4
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x 4.4 cm J.D.; 60 ml) previously equilibrated in
buffer A. The column was washed with buffer until
no adsorption at 280 nm was evident in the effluents
and then developed with a linear gradient of NaCI
(600 ml total volume, 0-0.8 M) in buffer A at a
flow-rate of 40 ml/h, Fractions (5 ml) with BshFI
activity corresponding to ca. 0.15 M NaCI in the
gradient were pooled (80 mI), concentrated with
PEG (M, 30 000) treatment and dialysed against 25
mM HEPES (pH 7.8) containing 7 mM [3-mercap
toethanol, 1 mM EDTA, 10% (v/v) glycerol (buffer
B) and 0.1 M KCI.

A sample (20 ml; 1 mg; 1 920 000 D) from the
latter preparation was applied to an adsorbent
bearing immobilized ligand II (adsorbent II, 5 x
1.6 em J.D.; 10 ml) which had previously been equil
ibrated in buffer B containing 0.1 M KCI. The col
umn was washed with buffer B containing 0.1 M
KCI (56 ml) and subsequently with buffer B con
taining 0.2 M KCI (78 ml) and then developed with
a linear gradient ofKCI (114 ml; 0.2-0.4 M) in buff
er B at a flow-rate of9 ml/h. Fractions (2.8 ml) with
BshFI activity corresponding to ca. 0.25 M KCI in
the gradient were pooled (36.4 ml; 1.35 ug; 40 D/IlI;
I 456000 units) and stored at 4°C.

Purification of restriction endonucleases BshFI,
BamHI, SmaI, SacII, PvuII and Saii

Partially purified preparations of restriction en
donucleases BshFI (1.26 mg; 3.96.106 D), BamHI
(0.2 mg; 20 000 D), SmaI (0.46 mg; 40 000 D), SacII
(3.22 mg; 42500 D), PvuIT (0.5 mg; 196000 D) and
Saii (0.35 mg; 80 000 D) were separately applied to
Affinity adsorbent IT (5 x 1.6 cm J.D.; 10 ml) which
had previously been equilibrated in buffer B. The
column was washed with buffer B until no absorp
tion at 280 nm was evident in the effluents and then
three successive step gradients consisting of 0.1, 0.2
and 0.3 M KCI in buffer B were applied at a flow
rate of9 ml/h. BshFI (22.5 ug; 3.4.106 D) and Bam
HI (0.5 ug; 15000 D) were eluted with 0.3 M KCI,
SmaI (9.2 Ilg; 35 000 D) and SacII (25 ug; 40 000 D)
with 0.2 M KCI and Pvull (4 ug; 168000 D) and
Saii (35 ug; 64000 D) with 0.1 M KCI. Fractions
with BshFI, BamHI, SmaI, SacII, Pvull and Saii
activities were pooled and stored at 4°C.
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TABLE III

SUMMARY OF THE PURIFICATION PROTOCOL FOR BshFI

157

Step

Crude extract
DNA--eellulose
Adsorbent II

Protein Enzyme Specific Purification Yield
(mg) activity activity (-fold) (%)

(U) (Ujmg)

160
I 1.92.106 1.92.106 I 100

1.35.10- 3 1.46.106 1.08.109 562 76

RsrI, an isoschizomer of EcoRI [24], whereas with
EcoRV the ratio of binding affinities is 1 [25].

This study has demonstrated the effectiveness of
a group-specific oligonucleotide affinity adsorbent
for the isolation of restriction endonucleases. It is
expected that restriction endonucleases that exhibit
higher affinity for specific rather than non-specific
DNA sequences will be successful candidates for
purification by sequence-specific DNA affinity
chromatography.
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TABLE IX

COMPARISON OF TAG COMPOSITION (%) OF HIGH OLEIC SUNFLOWER OIL DETERMINED BY GC-FID ANALYSIS
WITH THOSE OBTAINED BY HPLC-RI AND TOTAL FAME ANALYSIS

The values are means of five determinations with confidence interval at a significance level (X = 5%.

TAG

POP
PLP
POS
POO
PLO + PoOO
PLL + PoOL
SOS
SOO
000 + SOL
OLO
OLL
LLL
AOO
GOO
BOO

SOO + AOL
000 + SOL + POO
OLO + PoOO + PLO
AOO + BLO
BOO + BOP

a ND = Not detected.

GC-FID From total
FAME analysis

F %

0.64 0.31 ± 0.02 0.42 ± 0.01
0.66 0.16 ± 0.01 <0.1
0.76 0.51 ± 0.04 0.82 ± 0.02
0.80 8.58 ± 0.09 9.66 ± 0.14
0.83 1.36 ± 0.11 2.14 ± 0.03
0.86 0.70 ± 0.06 <0.1
0.92 0.35 ± 0.06 0.39 ± 0.01
0.95 10.99 ± 0.39 9.26 ± 0.20
I 64.68 ± 0.53 56.48 ± 0.07
1.04 5.79 ± 0.20 15.90 ± 0.12
1.09 1.90 ± 0.08 1.55 ± 0.02
1.34 1.43 ± 0.07 <0.1
1.16 0.82 ± 0.11 0.78 ± 0.02
1.20 0.54 ± 0.07 0.61 ± 0.01
1.41 1.88 ± 0.24 2.00 ± 0.12

10.99 ± 0.39
73.26

7.15
0.82 ± 0.11
1.88 ± 0.24

HPLC-RI

0.23 ± 0.13
ND"

0.46 ± 0.18

ND

2.25 ± 0.24
1.45 ± 0.05

0.57 ± 0.15

11.07 ± 0.51
72.09
8.32
0.70 ± 0.22
1.82 ± 0.41

HPLC-RJ peaks of olive and sunflower oils, giving
approximate values whose errors were not evaluat
ed. In olive oil (Table VII), great variations (25
50%) occur for the minor peaks PPoO + PLP,
POLn + PoOL + PLL, OOLn + OLL, AOO and
GOO + AOL, and considerable variations (10
20%) for the medium peaks POP, PLO + PoOO
and OLO + LnOS. In sunflower oil (Table VIII),
better results are obtained; variations from 25 to
50.% are found for the small peaks POP, POO +
PLS and SOO + SLS and less than 10% for the
remainder. Consequently, HPLC-RI seems a more
appropriate technique than GC for TAG determi
nation, in spite of its lower precision. For high oleic
sunflower oil (Table IX), comparisons were made
between the sums of several peaks, as the percent
ages derived from theoretical calculations are not
applicable. The results show a variability similar to
those for the other oils. The similarity of results for
olive and sunflower oils reinforces the applicability

of the theoretical calculations for the identification
of the main components of the chromatographic
peaks in oils complying with a 1,3-random 2-ran
dom distribution. For high oleic sunflower oil, the
proposed peak identities are a tentative approach
that renders acceptable results.

As an example, Figs. 2, 3 and 4 show the chro
matograms of high oleic sunflower oil obtained by
HPLC-RI, HPLC-ELSD and GC-FID, respec
tively. These illustrate the different elution orders of
triacylglycerol species according to the method used
and the long time of analysis required when the iso
cratic HPLC method with RI detection is em
ployed.

In summary, the TAG composition of vegetable
oils can be determined by the isocratic HPLC-RI
technique. Correction factors have to be applied if
the differences between response factors of major
peaks are greater than 10%. Calculation of the
composition from FAME analysis is suitable only if
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ABSTRACT

Temperature-programmed gas chromatographic retention indices, relative to n-alkane and n-alkylbis(trifluoromethyl)phosphine
sulphide (M-standard) homologous series, were determined for nine chemical warfare agents using SE-54 fused-silica capillary columns.
The influence of changes in the chromatographic conditions on the absolute values and on the reproducibility of the indices was
evaluated. Nineteen parameters were investigated, with the purpose of discovering those most critical for the retention index monitoring
of chemical warfare agents. The parameters most affecting the absolute value of the indices were the carrier gas flow-rate, the temper
ature programming rate and the properties of the column. Changes in conditions most strongly affected the indices of the low-volatility
compounds O-ethyl S-2-(diisopropylamino)ethyl methylphosphonothioate (VX) and dibenz[bJ]-1,4-oxazepin (CR). The reproducibil
ity of the indices was good in every case, even when the absolute values of the indices changed. Retention index monitoring is thus a
reliable method for preliminary identification of compounds in mixtures, provided that the chromatographic system is regularly tested
with a test mixture and corrections to the chromatographic conditions or the retention index library data are made where necessary.

INTRODUCTION

A reliable analytical system is needed for the in
ternational verification of chemical weapons disar
mament. The Finnish Research Project on the Ver
ification of Chemical Disarmament has been devel
oping screening and identification methods for
chemical warfare (CW) agents, their precursors and
transformation or degradation products for the
past 20 years. High-resolution gas chromatography
with retention index monitoring (HRGC-RIM) has
been selected as a primary screening technique, for
several reasons: it offers separation of the sample
components, location of suspected agents in a chro
matogram, detection of agents containing specific
heteroatoms, testing of agent purity, quantification

Correspondence to: Mariitta Kokko, Department of Organic
Chemistry, University of Helsinki, Vuorikatu 20, SF-OOIOO Hel
sinki, Finland.

and an introduction method to mass (MS) and Fou
rier transform IR (FTIR) spectrometry for ultimate
identification. The RIM method is especially valua
ble when hundreds of samples must be analysed,
since then investigation by MS or FTIR is required
only for positive samples or samples whose chro
matograms are too complex to be resolved with se
lective detectors. The retention index window de
pends on the sample background; in most instances
± 2 index units is sufficient.

Linear retention indices calculated according to
Van den Dool and Kratz [1]are preferred to Kovats
isothermal retention indices [2] for the preliminary
identification of compounds in complex sample
mixtures because they allow the indices of highly
volatile and less volatile compounds to be deter
mined during a single analytical run.

Although straight-chain alkanes (C-standards)
are the most widely used retention index standards,
it is always preferable to employ retention index

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved
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Retention indices (Ie) calculated with these equa
tions differed by 0.2-1.3 i.u. from the measured val
ues, except for sarin, with a difference of 3.2 i.u.

Different operators
The retention indices measured by three oper

ators on one instrument and on one individual col
umn in most instances differed by less than I i.u.
The slightly larger variations in the indices for CS
and VX were due to the peaks not being fully sep
arated from those of retention index standards in all
runs.

Make of instrument
This study was done using two Micromat HRGC

412 instruments, a Hewlett-Packard (HP) 5890 A
and a Carlo Erba Fractovap 2900. Peak shapes
were good in the chromatograms obtained with all
the instruments.

As all screening for CW agents involves temper
ature programming, it was also of interest to know
exactly how the oven of the gas chromatograph
used follows the temperature programme. The oven
temperature of the Micromat 412 rose more slowly
and that of the Carlo Erba 2900 faster than the pro
grammed rate. The oven temperature of the HP
5890 A followed the programmed rate (lO°C/min)
within ± 1°C, measured at the centre of the column
coil. When the actual programming rate was calcu
lated at a set value of l O'Cmiin it was 9.25°C/min
for the Micromat HRGC 412 and 11°C/min for the
Carlo Erba 2900; at a set value of 5°C/min the ac
tual rate was 4.6YC/min for the Micromat and
5.33°C/min for the Carlo Erba instrument. As
noted above, the retention indices of the test com
pounds increased when the rate of the temperature
programme increased. and this may be one reason
why the retention indices determined on the Hew
lett-Packard and Carlo Erba instruments were
slightly higher than those determined on the Micro
mat HRGC 412. The reproducibility, however, was
good on all instruments.

Different laboratories
The reproducibility of the retention indices of the

test compounds was good in three different labora
tories using the same individual column (Table IX).
The reproducibility was slightly better with the
10°C/min temperature programme. ,11 values were
usually less than I i.u. With the 5OC/min temper
ature programme the ,11value for soman was nearly
3 i.u.

r = 0.99999

r = 0.99999

r = 0.99999

HP column (25 m):
Ie = 0.9660IM + 487.8

Make of column
Stationary phases and columns marketed under

the same product name may have different proper
ties. Columns of the SE-54 type with bonded phenyl
methyl polysiloxane phases, purchased from J & W,
HP and OA (see Experimental), were compared.

All test compounds were separated with good
resolution from retention index standards at a 10
°C/min programming rate on the J & W (30 m) and
OA (25 m) columns and at 5°C/min on the J & W
column. On the HP (25 m) column the peak of sarin
was badly tailed and the peaks of tabun and VX
were slightly tailed at both rates. Perhaps the thin
ner film causes wall effects to appear. The peak of
VX was slightly tailed on the OA column at a pro
gramming rate of 5°C/min.

There were no great differences in the reproduc
ibility of successive runs on the different columns,
even on the column from HP which had a thinner
film (Table VIII). The absolute values of the reten
tion indices were lower when measured on the HP
column, except for sarin and tabun, which eluted
slightly slower from the HP than from the OA col
umn. This effect may be due to adsorption or differ
ent polarity of the columns. Values of retention in
dices obtained for the J & W column were higher
than values obtained for the HP and OA columns,
except for the retention indices of sarin and tabun.
In part this may be because the J & W column was
longer than the others.

The two sets of retention indices, 1M and Ie,
showed a linear dependence on different columns.
The correlation coefficients were high in each in
stance, however, and when 1M is known, Ie can be
calculated, and vice versa. The linear regression
equations were calculated from the results in Table
VIII for the 10°C/min temperature programme, as
follows:

OA column (25 m):
Ie = 0.9656IM + 487.2

J & W column (30 m):
Ie = 0.9663IM + 485.9
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ther in the laboratory or in the field, the ambient
temperature was in the range 15-2YC.

Preparation of low-level carbon monoxide calibra
tion standards using a one-stage dilution

Initially, a working CO standard was prepared by
dilution of a 1000 ppm (v/v) CO standard (BOC) in
air. This standard was analysed using the Scotty IV
standards described earlier, and found to contain
1.82 ppm (v/v) of CO. Sub-ppm (v/v) standards of
carbon monoxide were prepared by a single-step di
lution of the 1.82 ppm (v/v) CO standard. The ap
paratus used was identical to that shown in Fig. 1,
other than the addition of a 6 in. x 3/4 in. O.D.
stainless-steel mixing volume where the two flows
are combined. Prior to performing dilutions of the
gas standard, it was confirmed that the Sofnocat
682 removed >99.5% of the carbon monoxide
from the CO gas standard at flows of both 100 and
950 nil/min. Dilutions of up to 100-fold were made
by simply blending the undiluted and "CO
scrubbed" flows from the Sofnocat 682 to maintain
a combined maximum flow of 100 ml/min. The
flows were accurately measured using either 0--10 or
0-100 ml/min mass flow meters as appropriate. To
avoid any memory effects the dilutions were per
formed using increasing concentrations. The dilut
ed gas standard was split, part to the gas sampling
valve, the balance being vented to avoid back pres
suring the system. The quantitative removal effi
ciency of the Sofnocat 682 catalyst for carbon mon
oxide was confirmed at the end of each series of
dilutions.

RESULTS AND DISCUSSION

The Sofnocat 682 trap containing 238 g of cata
lyst was tested in the laboratory for the purification
of air at a flow-rate of 50 ml/rnin for a total of 2575
h (107 days). Of this time, 1920 hours were with air
containing 0.327 ppm (v/v) CO and 3.00 ppm (v/v)
H 2 , and 655 h with the gas standard containing 1.82
ppm (v/v) CO and 1.08 ppm (v/v) H 2 • At the end of
these tests, the Sofnocat 682 was still removing
>99% of both carbon monoxide and hydrogen
from the air carrier gas. This quantitative removal
efficiency was also observed during shorter duration
tests at the higher flows of 100, 640 and 940 ml/min.

A similar Sofnocat 682 trap containing 246 g of

catalyst was evaluated at 50 ml/min for the puri
fication of nitrogen for a total of 2136 h (89 days).
At the end of these tests, the Sofnocat 682 was still
removing > 99% of carbon monoxide from an in
put concentration of 0.196 ppm (v/v). No hydrogen
breakthrough was observed from the nitrogen test
gas containing 0.040 ppm (v/v) of hydrogen. Since
this level is not far above the system detection limit
for hydrogen, the hydrogen removal efficiency was
determined on completion using a nitrogen source
containing 8.1 ppm (v/v) of hydrogen and 0.345
ppm (v/v) of carbon monoxide. Quantitative (i.e.
> 99%) removal of both species was observed.
Since the mechanism for both carbon monoxide
and hydrogen removal is oxidative [33], the quanti
tative removal of the gases in high-purity nitrogen
of nominally 8 ppm (v/v) total impurities was some
what unexpected. We therefore assume that suffi
cient residual oxygen is present in the system to fa
cilitate oxidation.

The above results therefore demonstrate the suit
ability of Sofnocat 682 catalyst to purify the carrier
gas on ambient carbon monoxide and hydrogen
analysers in which either air or nitrogen are em
ployed as carrier gases. Analysis of a random batch
often, commercially supplied, air gas cylinders gave
carbon monoxide levels in the range 0.044-0.800
ppm (v/v) [mean 0.354 ppm (v/v) S.D. ± 0.222 ppm
(v/v)] and hydrogen levels of 0.87-2.76 ppm (v/v)
[mean 1.43 ppm (v/v), S.D. ± 0.71 ppm (v/v)].
Analysis of four high-purity commercial nitrogen
cylinders chosen at random gave carbon monoxide
levels ranging from 0.078-0.345 ppm (v/v) [mean
0.178 ppm (v/v), S.D. ± 0.096 ppm (v/v)], the hy
drogen levels varying over the range 0.049-8.1 ppm
(v/v).

The results of our laboratory studies were con
firmed in field experiments where a smaller trap
containing 46.9 g of Sofnocat 682 was used to puri
fy air carrier gas cylinders on a RGA-3 analyser
continuously monitoring ambient carbon monoxide
levels. After eighteen months of "scrubbing" air
carrier gas at a flow-rate of 20 ml/min, the trap still
removed ~ 99% of both carbon monoxide and hy
drogen from an air cylinder containing 1.71 ppm
(v/v) carbon monoxide and 2.80 ppm (v/v) of hy
drogen. This field Sofnocat 682 trap was also tested
with high-purity nitrogen [0.198 ppm (v/v) CO,
0.018 ppm (v/v) H 2] whereupon a carbon monoxide
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indicates that for the HFCs at a sub-ambient tem
perature of - 50°C the adsorbent strength of the
different Carboxens is very compound dependent,
as summarised in Table VIII. Clearly from these
results either Carboxen 1000 or 569 would be the
best general adsorbent for most HFCs. One other

important observation is that although HFC 125
(b.p. - 48.4°C) has a slightly lower boiling point
than HFC 143a (b.p. -47.6°C) it is more strongly
retained on both Carboxen 569 and 1000. Similarly,
HFC 22 (b.p. - 40.8°C) is again more strongly re
tained than the higher boiling HFC 134a (b.p.
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force in CZE at low pH. While electrostatic attrac
tions will be affected by changes in pH, ionic
strength, temperature, and dielectric constant, ex
perimental conditions have been developed to mini
mize changes in these solvent characteristics during
CZE separations. The pH and ionic strength can be
easily controlled through the choice of buffer and its
concentration. Temperature is also controlled by
modern CZE instrumentation.

In CZE, the net velocity of an individual peptide
will vary as a direct function of charge and as an
inverse function of size. This is demonstrated in
Stokes' equation for frictional drag in an electric
field.

where q is the net charge, YJ is the viscosity of the
separation buffer, and r is the radius of spherical
species. The Stokes radius is a parameter which de
fines size and is intended to describe the mobility of
uniform spherical ions, thus making its application
to peptide mobility correlations of limited use.
Therefore, an analogous value must be derived
which will describe peptide size in solution and
which will mathematically define the physical im
pedance observed in CZE separations.

In their recent study, Grossman et al. [1] attempt
ed to characterize the contribution of local dielec
tric to the electrophoretic mobility of a series of
heptapeptides which contained one variable amino
acid at the fourth position in the chain with lysine
residues at positions three and five. This treatment
accounted for the observed mobility differences be
tween the peptides as a function of the degree of
solvent perturbation by each substituted residue in
the microenvironment of the lysine prosthetic
groups. The resultant change in local dielectric was
proposed to affect the degree of ionization and, ulti
mately, the charge of the Iysines at pH 2.5. In order
to significantly affect the local dielectric in the re
gion surrounded by two charged lysine residues, a
structure capable of solvent perturbation must be
generated [5-9]. Since it has been demonstrated that
small peptides are generally unable to form more
than very limited secondary structure [10,11], it
would seem highly unlikely that the mobility differ
ences observed by Grossman et al. [1] can be attri
buted to charge differences caused by shifts in local
dielectric.

f1 = -q
6nrYJ

(1)

We therefore proposed that a more discriminat
ing treatment of the real size of each peptide should
facilitate explanation of the observed mobility dif
ferences. Initial attention focused on an analysis of
the means by which size is accounted for in existing
peptide mobility correlations. In the model de
scribed by Grossman et al. [1], the size of each pep
tide is defined by the number of constituent amino
acids. Every peptide is viewed as a homopolymer.
From a physical perspective, this homopolymeric
treatment of peptides represents a random coil
model. It relies on a one-dimensional separation
mechanism, with the root-mean-square end-to-end
distance being the only size factor considered.

The use of molecular mass, as described by Rick
ard et al. [2] is, in principle, an improvement. Theo
retically, a molecular mass model should account
for volume because individual amino acids possess
characteristic length-to-mass ratios and some dis
crimination would occur as a result. Separation ac
cording to this model involves a component of
length, as the peptide backbone is considered identi
cal for all amino acids. The mass will increase with
the addition of each amino acid residue, and the
average excess molecular mass remaining after sub
traction of the backbone molecular mass would
represent the width component. This approach as
sumes that the overall average shape of each pep
tide is disk-like.

Therefore, we wanted to identify a mechanism
that would properly account for the size of each
amino acid residue and also agree with existing so
lution models. Since CZE separations occur in the
absence of inter-phase mass transfer, the nature of
the "size phenomena" should be a function of the
thermodynamic interactions between the solvent
and the sample. If the effective size of a sample is a
function of such solute-solvent interactions, then
solvation should greatly affect the effective size of
the solute. Since the water ordering is a function of
surface area, this is extremely useful in defining the
"effective size" in CZE separations. The greater the
surface area, the greater the degree of water order
ing that occurs, and, consequently, the larger the
hydration sphere that surrounds the residue. Hence,
it is the degree of hydration which would, theoret
ically, define "effective size".

Comparison between existing models should
prove useful in describing the factors contributing
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EXPERIMENTAL

Apparatus
A Bio-Rad (Richmond, CA, USA) HPE 100 ap

paratus equipped with a UV detector set at 210 nm,
a power supply able to deliver up to 12 kV d.c. and
a Bio-Rad 148-3014HPE capillary cartridge (35 cm
x 50 Jlm I.D., uncoated) were employed. A Chro

matopac C-R3A (Shimadzu, Kyoto, Japan) was
used for data processing. Electrokinetic sampling
was used to introduce samples into the capillary.

Drug and chemicals
Three derivatives of xanthine and phenobarbital

were purchased from the National Institute for the
Control of Pharmaceutical and Biological Products
(Beijing, China). Amidopyrine, phenacetin, ephe
drine hydrochloride, hydrochlorothiazide and leva
misole hydrochloride were authentic specimens, ob
tained from the Shaanxi Institute for Drug Control
(Xian, Shaanxi, China). Theophylline tablets (three
batches) were purchased from Xian Pharmaceutical
Factory (Xian, Shaanxi, China).

Sodium dodecyl sulphate (SDS) was obtained
from Nacalai Tesque (Kyoto, Japan). All other re
agents and solvents, of analytical-reagent grade,
were products of the Beijing Chemical Factory
(Beijing, China). A carrier solution was obtained by
dissolving a suitable amount of SDS in a buffer so
lution prepared by mixing 0.02 M sodium tetra
borate solution with 0.2 M sodium dihydrogen
phosphate solution to given pH 8.0, 8.5 and 9.0, or
adding 0.1 M sodium hydroxide solution to sodium
tetraborate solution to give pH 9.5 and 10.0. The
solutions were filtered through a 0.45-Jlm mem
brane filter and degassed by ultrasonication before
use.

Procedure for the quantitative analysis
A test solution for separation studies was pre

pared by shaking the solutes with an appropriate
amount of methanol first, owing to the low solu
bility of phenacetin in water, then with a mixture of
methanol and pH 9.2 buffer solution that was add
ed later, the final concentration of methanol in the
solution being 20%. Five solutions were prepared
as above to give a series of concentrations in the
ranges 8-10 Jlg/ml of phenobarbital and ephedrine
hydrochloride, 12-60 Jlg/ml of caffeine, 20-100 Jlg/

Q.-x. Dang et al. / J. Chromatogr. 630 (1993) 363-369

ml of theophylline and theobromine and 80400 Jlg/
ml of amidopyrine and phenacetin for the determi
nation of the linear range and response factors. Af
ter preparation as described above, the concentra
tions of the solutions for the recovery test were
about 20 Jlg/ml of phenobarbital and ephedrine hy
drochloride, 30 Jlg/ml of caffeine, 50 Jlg/ml of theo
phylline and theobromine and 200 Jlg/ml of amido
pyrine and phenacetin and two other concentration
levels equivalent to 80% and 120% of these concen
trations. An appropriate amount of finely ground
powder of theophylline tablets was dissolved to give
a solution at the same concentrations as above. The
concentrations of internal standards in all the solu
tions were about 70 Jlg/ml of hydrochlorothiazide
and about 15 Jlg/ml of levamisole hydrochloride.

Sample solutions were introduced into the capil
lary by the electrokinetic method at the positive end
of the capillary using a constant voltage of 5 kV and
a loading time of 5 s. All the experiments were com
pleted at ambient temperature.

Procedure for capillary rinsing
In order to obtain good working conditions and

reproducible data, it is helpful to wash the internal
wall of the capillary between each individual injec
tion. The capillary was washed with carrier solution
after each analysis and, when the carrier solution
was replaced, was washed first with water, then with
0.1 M sodium hydroxide solution, with water again
and finally washed and filled with carrier solution to
be used for the next run. These procedures were
carried out by injecting the appropriate fluid into
the capillary with a 100-Jll syringe (Hamilton, Re
no, NY, USA) at the negative end.

RESULTS AND DISCUSSION

Migration characteristics
The seven active ingredients in theophylline tab

lets and the two internal standards were successfully
separated by MECC. A typical electropherogram is
shown in Fig. 1;' each compound was baseline re
solved.

Experimental conditions such as pH value, SDS
concentration and the order of priority of consec
utive runs could affect the migration behaviours of
the solutes. When the concentration of SDS was
0.05 M and the applied voltage was 10 kV, the effect
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Fig.!. Separation of seven ingredients by MECC. Carrier, 0.02
M borate-phosphate buffer (pH 9.2) containing 0.05 M SDS.
Applied voltage, 10 kV. Peaks: I = theobromine; 2 = caffeine;
3 = hydrochlorothiazide (I.S. I); 4 = theophylline; 5 = pheno
barbital; 6 = amidopyrine; 7 = phenacetin; 8 = levamisole hy
drochloride (I.S. 2); 9 = ephedrine hydrochloride.

of pH on migration time of solutes is as shown in
Fig. 2. The migration times of all the solutes except
theobromine and theophylline increased slightly
with increasing pH from 8 to 10. In contrast, the
migration times of theobromine and theophylline
increased considerably. Xanthine molecules contain
an acidic functional group owing to the tautomeric
shift of hydrogen from nitrogen to keto oxygen
(enolization), a weakly acidic H being formed on
the resulting OH group [11]. Hence theobromine
and theophylline gradually dissociated, having a
negative charge within the above pH range, and mi
grated slowly towards the cathode owing to an op
posite electrophoretic migration. Having no NH
group to participate in enolization, caffeine is an
exception. Because the acid dissociation constant
(pKa = 8.77) of theophylline is stronger than that of
theobromine (pKa = 10.04) [12], theophylline mi
grated more slowly than theobromine.

Phenobarbital is also an acidic compound, with

a 4 min 8
Fig. 2. Effect of pH on the migration times of (0) theobromine,
(e) caffeine, (D) theophylline, (.) phenobarbital, (6) amido
pyrine, ("") phenacetin and (0) ephedrine hydrochloride. Other
conditions as in Fig. I.

the strongest dissociation constant (pK1 = 7.3, pKz
= 11.8) [13] of these compounds, but its migration
time did not change much. Possibly phenobarbital
dissociated and achieved a sufficiently slow migra
tion velocity prior to pH 8, also owing to its electro
phoretic migration to the anode, and consequently
the migration time of phenobarbital did not in
crease with increase in pH from 8 to 10. Also, we
observed that for MECC separation a high pH is
always better than a low pH.

The dependence of the migration times of the sev
en active ingredients on SDS concentration was ex
amined at pH-9.2 with surfactant concentrations in
the range 0-0.1 M (Fig. 3). Theobromine, caffeine,
amidopyrine and phenacetin were not resolved by
electrophoresis without SDS. The migration times
of all the the ingredients increased gradually with
increasing SDS concentration. The changes in the
migration time of amidopyrine, phenacetin and
ephedrine hydrochloride were larger, indicating
that they were more readily solubilized in the sur
factant, presumably owing to their higher hydro
phobicity at pH 9.2.
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ABSTRACT

Capillary zone electrophoresis with indirect UV detection was used for the determination of a series of alkylphosphonic acids. For
this purpose, a few UV-absorbing background electrolytes were tested and phenylphosphonic acid, which has a mobility close to that of
the analysed compounds, was shown to be the most suitable. The influence of several parameters such as concentration of the
UV-absorbing background electrolyte and concentration of borate on both sensitivity and efficiency was investigated. An increase in
the borate concentration produced an improvement of the signal-to-noise ratio. Conversely, the sensitivity decreased with increasing
concentration of the phenylphosphonic acid. The reproducibility of the method was very satisfactory and limits of detection were less
than 0.21 pmol injected.

INTRODUCTION

Alkylphosphonic acids represent a great variety
of components which are widely used as herbicides,
insecticides and antibiotics. The determination of
these compounds is of relevance not only in the en
vironmental field, owing their biocidal potency, but
also in biological fluids for trace determinations of
antibacterial (fosfomycin) or antiviral compounds
(foscarnet). However, the alkylphosphonic acids do
not absorb or fluoresce in the UV or visible spectral
range, which is why many attempts have been made
by different workers to convert these compounds
into ester derivatives to allow their separation by
GC [1-4] or to produce fluorescing [5] or UV-ab
sorbing species [6] for their analysis by RP-HPLC.

Correspondence to: A. Baillet, Laboratoire de Chimie Analy
tique, Faculte de Pharrnacie, 5 Rue J.B. Clement, F-92290 Cha
tenay-Malabry, France.

Schiff et al. [7] described an ion chromatographic
method for the analysis of phosphonic acids, but
the technique is limited by the poor efficiency and
the low sensitivity achieved using conductimetric
detection. Other direct detection methods such as
mass spectrometry [8] and dual flame photometry
phosphorus-selective detection [9] have also been
mentioned.

Here we report the separation of linear alkyl
phosphonic acids using capillary zone electrophore
sis (CZE). A series of homologous alkylphosphonic
acids was selected to evaluate the applicability of
the method to separate related compounds and to
obtain more information on the selectivity of this
technique. No derivatization was required as indi
rect UV detection was used to monitor these com
pounds. Parameters affecting both efficiencyof sep
aration and sensitivity, such as the nature of the
UV-absorbing background electrolyte and its con
centration, were investigated. Finally, the method
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ABSTRACT

The application of capillary zone electrophoresis to the separation and determination of metal ions after the precolumn formation of
negatively charged chelates is described. Multi-component mixtures of transition metal complexes with 8-hydroxyquinoline-5-sul
phonic acid (HQS) were separated in about 10 min in a.fused-silica capillary column with a borate buffer of pH 9.2 at an applied voltage
of 15 kV followed by direct UV detection. The capillary pretreatment with an electroosmotic flow modifier, namely a tetraalkylammoni
urn salt, is necessary to achieve resonable migration times of these metal complexes. Incorporating the chelating reagent in the
electrophoretic buffer markedly improves the detectability of relatively unstable chelates, such as those of Co(II), Zn(II) and Cd(II), and
allows the separation of metal ions that form unstable HQS chelates, such as Mn(II) and alkaline earth metals. The effects of
electrophoretic buffer parameters affecting the complexation reaction and migration behaviour are discussed. Linearity of calibration
graphs is observed for about three orders of magnitude with sub-ppm detection limits. The applicability of the method to the analysis of
real samples is demonstrated.

INTRODUCTION

High-performance capillary zone elctrophoresis
(CE) is a highly efficient separation method capable
of yielding excellent resolution of ionized com
pounds based on the combined effects of electro
phoresis and electroosmosis. Although a multitude
of CE applications have been reported in the past
decade, this method has been introduced into inor
ganic analysis only in the last 3 years [1-4]. The
determination of metal ions by CE, particularly
transition metal ions as ionic species of nearly iden
tical charge and dimensions, and hence very similar
electrophoretic mobilities, is still a complicated

Correspondence to: A. R. Timerbaev, Department of Analytical
Chemistry, Johannes Kepler University Linz, Altenbergerstrasse
69. A-4040 Linz. Austria.
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problem because the efficiency ofCE might often be
inadequate for the separation. Obviously, the en
hancement of separation selectivity would be the
only alternative to achieve a satisfactory resolution.

A fairly promising approach in this direction is
based on the addition of complexing components to
the electrophoretic buffer. These complexing agents
can selectively moderate the mobility of metal cat
ions owing to the formation of metal complexes of
different stability within the capillary. This CE sep
aration mode was first proposed by Foret et al. [5]
in combination with indirect UV detection for the
separation of lanthanides (using hydroxyisobutyric
acid as a complexing counter ion) and then inten
sively developed by Weston et al. [6]. Swaile and
Sepaniak [7] employed the formation of fluorescent
complexes of 8-hydroxyquinoline-5-sulphonic acid
(HQS) for the sensitive detection of metal ions sep
arated by CE using laser-based fluorimetry.

Another promising possibility of complexation

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved
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is complete only for metals of high complex stabil
ity, such as copper(Il) and iron(IlI), and to a lesser
extent nickel(Il). Following the addition of an ex
cess ofHQS (up to a threefold excess) with resultant
more complete complexation, the detect ability is
substantially improved, especially for metals such
as Zn(Il), Co(Il), Cd(II) and Mn(Il) (even less sta
ble complexes of alkaline earth metals can be de
tected). However, beginning from a 3:I molar ratio,
an increase in HQS concentration is followed by
increasing interference with the metal detectability.
Large reagent excesses impair the signal-to-noise
ratio (due to the increased background signal) and
also cause overlapping peaks (HQS migrates with a
mobility between those of the zinc and the iron che
late).

Further, the pH of the electrophoretic buffer
must be controlled during complexation optimiza
tion, as it affects the conditional formation constant
of the complexes, Increasing the pH above 9.5 or
decreasing it below 7.5 decreases the complex for
mation (as is generally the case for metal complexes
in solutions), resulting in smaller peak areas and
zone spreading. Moreover, on further decreasing
the pH (below 6.5), the peaks become very broad
and even split (divalent metals can react with HQS
to form both I: I and I:2 complexes). Therefore, we
considered that moderately alkaline buffers should
be studied for optimum detectability of metal ions.

Electrophoretic buffer complexation. Incorporat
ing the chelating reagent into the electrophoretic
buffer will favour the complexation reaction and fa
cilitate the establishment of the equilibrium after

. sample injection. Therefore, when the effect ofHQS
concentration in the buffer is considered, a general
increase in detectability will be expected with in
creasing concentration. The corresponding electro
pherograms for precolumn-formed metal chelates
at different concentrations of HQS are shown in
Fig. 3. As can be seen, increased peak intensities can
be observed only with sufficiently low concentra
tions of HQS (cf, electropherograms a and b). At
0.2 mM and especially 0.4 mM HQS an increase in
the absorbance background, a reduction in the ob
served mobilities and band broadening take place,
all of which reduce detectability. As stated above,
the last two effects are connected with the impact of
HQS on the EOF velocity.

Complexation without addition of HQS to the
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injected samples is far from completion, even with
0.4 mM HQS (the largest concentration investigat
ed) and for the most stable complexes. This is prob
ably a result of both comparatively small migration
times (i.e., insufficient reaction times) and a low
flow mixing in the narrow-bore capillary. Because
of slow kinetic effects one could not use simply the
on-column complexation alone to maintain the
equilibrium conditions in the capillary.

Therefore, the complete on-column formation of
complexes requires a certain amount of HQS in the
sample. The electropherograms shown in Fig. 4 will
be used to illustrate the influence of varying HQS
concentration on detectability.

As for the precolumn complexation, lower HQS
to metal ion ratios (even if the most favourable 0.1
mM concentration of HQS in the buffer is used)
resulted in peaks with small heights and poor effi
ciency for Ni, Co and Zn complexes (less stable
manganese, magnesium and calcium chelates were
detected as very broad and asymmetric zones). Fur
ther, a lack of chelating reagent in the sample not
only led to incomplete complex formation, but also
additional unfavourable detection effects (a slow
positive baseline drift, a small rapidly migrating
peak and a matrix dippeak) were observed. The
main reason of these effects, which are typical of
metal ion chromatography with HQS-containing
eluents [12,13] (we came across them specifically in
ion-pair reversed-phase chromatography [11]), is
the large adsorption of HQS and the perturbation
of the adsorption equilibrium between HQS and the
stationary phase (here the hydrophobically treated
capillary).

Increasing the HQS concentration will improve
the complex-forming conditions and thereby in
crease detectability; the aforementioned "chro
matographic" effects also disappear. The most
probable reason for the latter improvements is that
the sample matrix closely matches the electropho
retic buffer. On reaching an optimum concentration
ratio, corresponding to a ca. threefold molar excess
of reagent, a further increase in the HQS concentra
tion has little effect on peak heights, but interferes
with the detection of the iron(III) complex (Fig. 4c).

Summarizing, it should be stressed that the
achievement of optimum metal detectability with
this method requires the reasonable combination of
pre- and on-column complexation techniques.
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ABSTRACT

The influence of the conformation of globular proteins and glycosaminoglycans in high-performance size-exclusion chromatography
(HPSEC) was studied. Glycosaminoglycans (heparin, chondroitin sulphate and derma tan sulphate) with different primary structures,
sulphate-to-carboxyl ratios and physico-chemical properties were extracted and purified. Their physico-chemical properties and purity
were evaluated by several analytical techniques. Glycosaminoglycans with different relative molecular masses (Mr) were prepared by a
chemical depolymerization process. These heteropolysaccharides were evaluated by HPSEC and compared with globular proteins of
known relative molecular mass. The two third-degree polynomial regression curves for proteins and glycosaminoglycans have different
coefficients and the columns present different exclusion limits. In particular, under the experimental conditions, the M, exclusion limits
for high M; are 44000 for glycosaminoglycans and 240000 for globular proteins. In contrast, the behaviours of these two classes of
macromolecules are similar for lower M'; In fact, the two third-degree polynomial curves show the same regression below about M, =

1000. The behaviour in HPSEC is discussed in relation to the different steric conformations for proteins and glycosaminoglycans with
different relative molecular masses.

INTRODUCTION

Size-exclusion chromatography (SEC) (also
termed gel filtration, gel permeation or molecular
sieving) involves a simple principle of separation.
Unlike other separation systems, such as ion-ex
change; reversed-phase or affinity chromatography,
SEC generally obviates chemical interactions be
tween the sample and stationary phase. The elution
order depends mainly on the molecular size dis
solved in the eluent and also on hydrodynamic vol
ume [1].

Correspondence to: N. Volpi, Chair of Biological Chemistry,
"Biologia Animale" Department, University of Modena, Via
Berengario 14,41100 Modena, Italy.

For linear polymers, which are present in solu
tion as random coils, the size can be directly related
to relative molecular mass (Mr) . For molecules with
an ordered structure the usual plot of the log M,
versus elution volume does not properly describe
their behaviour in SEC properly [2].

Glycosaminoglycans (GAGs) are complex, poly
disperse, sulphated polysaccharides. They are alter
nating copolymers of uronic acids and amino sug
ars; the structures are commonly represented by
their prevalent disaccharide sequences obtained by
enzymatic cleavage. They are very heterogeneous
polysaccharides in terms of relative molecular mass,
physico-chemical properties and biological activ
ities [3].

Heparin (Hep) has a heterogeneous structure due
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alone. Addition of ethanol is necessary, in general.
Optimum yields with both MCF and ECF were
achieved when the amount of alcohol added to ace
tonitrile was about 4-5%, and this is just the same
reaction medium as for the treatment of fatty acids
[8]. When water is added to replace acetonitrile par
tially in the medium, the yield of the main product
declines, provided that alcohol is not co-added (Fig.
2a). From Fig. 2b it follows that even 25% of water
is are tolerable when the amount of methanol is
increased from 1 to about 5%. However, an in
crease in methanol concentration causes a rise of
peak 0 (the values are in parentheses for MCF
treated lactic acid in Table I, as this peak more than
less co-elutes with the front peaks and its amount is
difficult to estimate), so that for an optimum yield
of the main product a compromise between pre
peak and post-peak sizes, in relation to the content
of alcohol, has to be found.

With ECF the best yields are achieved with 4-5%
of ethanol in acetonitrile, and an increase in water
content should be accompanied by the addition of
an approximately equal amount of alcohol. It is in
teresting that even with 50% of water in the medi
um the third best results with lactic acid can be ob
tained (IIh, Table I). In contrast, the lowest yield of
the main product was noted with equal amounts of
the three solvents in the medium.

The preceding experiments were done with 10%
of pyridine in the medium. However, the yields were
improved by increasing the pyridine concentration
to 15%, as shown in Fig. 2c and Table I (Ig). The
same applies for treatment with ECF.

In Table II, individual differences in HA with re
gard to side-product formation are presented. As is
apparent, lactic and HB acids are the most prob
lematic, affording the highest abundance of the
side-products. HIV and HV acids, on the other
hand, give only small amounts of side-products.
Hence the derivatization yield proved to be com
pound dependent to a certain extent.

The main reaction products of 3HB and 4HB
acids have the hydroxyl group underivatized, as
found previously [6]. However, about 5-8% are al
so alkylated on the hydroxyl group. This is true for
MCF treatment; with ECF only 3HB acid behaves
as described. When 4HB acid was subjected to
treatment with ECF, the product formed was
found to be the internal ester:

P. Husek I J. Chromatogr. 630 (1993) 429-437

Special approach
The distribution of mass between the main and

side reaction products can be positively influenced
in favour of the main product by reversing the order
of addition of the organic base and the reagent.
With this "reversed mode", i.e., when reagent is
added to the reaction medium first followed by ad
dition of pyridine, the formation of side-products is
substantially reduced. This concerns especially lac
tic acid treated with MCF (Fig. 1), where the yield
of the main product is 30% higher. With the ECF
treated lactic acid the difference is about 20% (Fig.
3), which means that the effect of reversing the or
der of addition is not so marked here. With the
MCF-treated 2HB the yield of the main reaction
product is relatively high even with the "normal
mode"; the improvement after the reversal is about
10%. Moreover, the occurrence of double peaks
points to the formation of diastereomeric interes
ters and lactides due to the racemic reference sub
stance used.

Considering to the baseline at the rear of the
chromatogram in Fig. 4, where an equimolar mix
ture of 7HA was analysed after treatment with
MCF, the improvement with the reversed mode is
also clearly apparent. Another phenomenon is the
number of rear peaks, which are eluted almost con
tinuously one after the other. With a high probabil
ity it can be concluded that interesters are formed
not only by conjunction of two molecules of the
same HA but even by conjunction of various mem
bers in the mixture. Hence the difficulty of mini
mizing the formation of side-products increases
with increasing number of analytes in a mixture of
HA, and this is of prime importance when a quanti
tative analysis is taken in account.

Under the optimum reaction conditions (main
product yields of 94-98%), the reproducibility was
high enough to make the procedure suitable for
quantitative analysis. The relative standard devia
tions were below 3% and a linear relationship was
observed between the peak height and the amount
of the lactic acid in the range 1-1000 nmol. More
over, the same accuracy and linearity were main
tained even under the less favourable conditions
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