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Silica-based metal chelate affinity sorbents
I1*. Adsorption and elution behaviour of proteins on
iminodiacetic acid affinity sorbents prepared via different
immobilization techniques

F. Birger Anspach

GBF-National Research Centre for Biotechnology, Biochemical Engineering, Mascheroder Weg 1, D-38124 Braunschweig,
Germany .

First received 12 October 1993; revised manuscript received 14 March 1994

Abstract

The chromatographic characteristics of some model proteins on silica-based metal chelates run under various
experimental conditions are described. The retention of proteins on silica-based iminodiacetic acid (IDA) was
compared among the different immobilization ‘methods employed and to chelates bound on soft gels, such as
chelating Sepharose and epibromohydrin-activated Sepharose. All Cu(II)-loaded chelators displayed adsorption of
proteins in the presence of 0.5-1 M NaCl at pH 7-8; however, elution in the pH and imidazole gradient varied
with the immobilization chemistry. The chemical structure in the neighbourhood of the metal chelate was of
influence on the development of a negative charge with increasing pH. Thus, a negative charge evolves at lower pH
with alkyl- than epoxy-immobilized IDA:Cu(II). Glycidoxypropyltrimethoxysilane-immobilized IDA displayed
almost identical chromatographic characteristics compared to chelating Sepharose FF. Basic proteins displayed
higher retention on butyl-immobilized IDA compared to other chelates; interactions with positively charged amino
acid residues seem to be superimposed on the interaction with histidyl residues. Proteins were least retained on
1,1’-carbonyldiimidazole-immobilized IDA:Cu(Il); however, the selectivity for human and bovine serum albumins
against other proteins employed was highest. The results obtained indicated that chelating interaction with some
proteins depend on the spacer length. Thus, less flexible histidyl residues at protein surfaces might not be
recognized from chelates immobilized by short spacers.

1. Introduction

Immobilised metal chelators are employed for
the reversible immobilization of metal ions,
thereby forming metal chelates. However, not
the immobilised metal ion alone is responsible
for the interaction of a protein with the resulting

*For Part 1, see ref. 7.

0021-9673/94/$07.00
SSDI 0021-9673(94)00333-5

affinity sorbent. The results from the present
investigations rather confirmed that the inter-
action of the protein with the entire metal
chelate is responsible for interaction. The term
metal chelate interaction chromatography
(MCIC), as proposed by El Rassi and Horvath
[1], is therefore preferred against other expres-
sions and abbreviations used.

Many publications on MCIC appeared in the

© 1994 Elsevier Science B.V. All rights reserved
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Table 1
Properties of proteins employed in this study

Protein Nucleophilic amino acids His at surface pl M,
RNase A (bovine pancreas) 4 His, 0 Trp, 8 Cys as S-S [37] 2 [6] 9.4 13 700
Cyt ¢ (horse heart) 2 His, 1 Trp, 2 Cys [38] 1 [10} 10.6 12 300
Lysozyme (chicken egg white) 1 His, 6 Trp, 9 Cys (8 as S-S) [39] 1 {40] 11.0 14 400
HSA 16 His, 1 Trp, 35 Cys (34 as S-S) [41] 2-3 [15] 4.6 69 000
BSA 16 His, 2 Trp, 35 Cys (34 as S-S) [42] 2-3 [15] 4.8 66 700
DsA 15 His [6] 1 [15]

OVA (chicken egg) 7 His, 3 Trp, 6 Cys [43] 1[1] 4.7 45 000

last years concerning the interaction of mostly
commercial immobilised metal chelates with pro-
teins [2-4]. Mostly iminodiacetic acid (IDA) is
employed as chelator because it combines tight
binding of transition metal ions with high acces-
sibility of the resulting metal chelate for amino
acid residues at protein surfaces [5]. Today it is
widely accepted that the basis for interaction of
proteins with IDA chelates is the interaction of
nucleophilic groups of amino acids, especially
the imidazole group of histidine. It remains
questionable, whether other nucleophilic amino
acids, such as tryptophan or cysteine, participate
in binding [6].

In Part I of this investigation, the covalent
immobilization of IDA leading to distinct struc-
tures of the chelator is described. The chelates,
as obtained through the different methods, dis-
played a deviate selectivity for amino acids when
compared to each other [7].

The impact of the chemical neighbourhood of
chelates on the chelate structure was also dem-
onstrated by Chaberek and Martell [8], who
developed metal chelates on the basis of car-
boxymethylated amines with different structure
(for chelation of metal ions). Their results clearly
demonstrated that small structural changes in the
neighbourhood of the chelating group alters the
titration curve of metal chelates; titration curves
allow directly the calculation of the stability
constant of chelates. Among other reasons, the
stability constant depended on the ring size of
the polydentate complex formed with the central
metal ion and on hydroxyalkyl groups located in
close proximity to the chelator [9]. These results
are very important in view of metal chelates
introduced in Part I but also of commercial metal

chelate sorbents. Their exact chemical structure
is mostly unknown to the user.

In order to gain a more systematic approach,
more insight on the interactions of proteins with
metal chelates is necessary, such as demonstra-
ted by Porath and co-workers [10,11], using
proteins or peptides, respectively. The influence
of buffer compositions was demonstrated by El
Rassi and Horvath [1] and Porath and Olin [12].
Those results are summarised in the following
which should be seen in connection with results
from this investigation:

(i) At least one histidyl residue at the protein
surface is required for adsorption on immobilised
IDA:Cu(Il); interactions with cysteine and
tryptophan are discussed, but need to be con-
firmed [6,10].

(ii) At least two histidyl residues are essential
for adsorption on immobilised IDA:Ni(II) [4].

(iii) Two histidyl residues in vicinity are
needed for adsorption on IDA:Zn(II) or
IDA:Co(II), either sequential or conformational
[13].

(iv) Tonic interactions can be modulated by
buffers of different ionic strength [1].

(v) Adsorption and elution are affected by pH;
pH-gradient elution is a common elution tech-
nique [14].

(vi) High-affinity metal ion binding sites of
proteins may scavenge the metal ion from the
immobilised metal chelator without binding
[4,15].

Proteins employed in this study were chosen
on the basis of their reported behaviour in
MCIC; their properties are compiled in Table 1.
Serum albumins employed and ovalbumin
(OVA) exhibit a net negative charge at most of
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the pH values chosen in this study. All other
proteins remain positively charged. According to
literature, they display a different number of
accessible histidyl residues at the protein surface,
some at least one, ribonuclease (RNase) A two,
also bovine (BSA) and human serum albumin
(HSA) at least two [15,16]. It was anticipated
that the different properties of these proteins
would allow a comparison of their binding prop-
erties onto these chelates under various chro-
matographic conditions. Besides influences of
the spacer length, leading to different accessibili-
ty of protein surface-located histidine residues,
the chemical neighbourhood of the chelate sig-
nificantly influenced the adsorption of proteins.
The appearance of a negative charge at Cu(II)
chelates with increasing pH could be linked to
the immobilization method employed. From the
results of this study more selective adsorption
and elution conditions can be predicted for some
chromatographic protocols.

The Cu(Il)-loaded 1,1'-carbonyldiimidazole
(CDI)-immobilised IDA is a specific metal che-
late chromatographic sorbent for the purification
of some serum albumins.

2. Experimental
2.1. Chemicals and chromatographic materials

Imidazole, BSA, HSA, dog serum albumin
(DSA) (all fraction V), OVA grade V from
chicken egg and horse heart cytochrome ¢ (Cyt
¢) were obtained from Sigma, Munich, Ger-
many. Lysozyme from chicken egg white and
RNase A from bovine pancreas were obtained
from Serva, Heidelberg, Germany. All other
chemicals were purchased from E. Merck,
Darmstadt, Germany or Riedel-de Haen, Seelze,
Germany. Analytical grade was used in all cases.
Chelating Sepharose FF (CS) was purchased
from Pharmacia, Freiburg, Germany.

2.2. Chromatographic sorbents
Silica-based chelators were prepared as de-

scribed in Part I [7]. Briefly, GLYMO-IDA is a
condensation product of 3-glycidoxypropyltri-

methoxysilane (GLYMO) and iminodiacetic acid
(IDA). Propyl-IDA and butyl-IDA are synthes-
ised by reaction of 4-aminobutyl- and 3-amino-
propyltriethoxysilane with bromoacetic acid, re-
spectively. All o,w-silano-chelators were bound
to non-activated silica. CDI::IDA and Epi::IDA
were prepared by reaction of IDA with CDI-
activated diol-silica and epibromohydrin-acti-
vated Sepharose 4B, respectively. Metal chelates
are abbreviated as IDA:M() with M being the
metal ion, embracing the oxidation state in
parentheses.

2.3. Instruments

The liquid chromatographic system for all
chromatographic experiments was the Pharmacia
500 system assembled for zonmal and frontal
chromatography, respectively.

2.4. Chromatographic conditions

Sepharose 4B-based chelating gels and CS
were packed in water. Silica-based chelating gels
were dry-packed. All experiments were carried
out with 5 mm LD. columns with bed heights
between 20 and 30 mm. Buffers, including water
and metal ion solutions, were filtered through
disposable filters (0.45 pm) before usage.

2.5. Zonal chromatography

Chromatographic tests were performed using
standard fast protein liquid chromatography
(FPLC) equipment, operating automatically.
The columns were washed first with 30 mM
EDTA + 0.5 M NaCl, pH 6, in order to remove
metal ions or contaminants, then water, then 15
mM metal ion dissolved in 50 mM acetate
buffer, pH 5, and finally with 50 mM acetate
buffer, pH 5, in order to elute those metal ions
which are adsorbed due to ionic interactions.
The columns were equilibrated with 20-25 col-
umn volumes of the starting buffer. All experi-
ments were conducted at 298 K at a flow-rate of
0.5 ml/min, unless stated otherwise.
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2.6. Chromatography of proteins

Proteins were dissolved in buffer A at con-
centrations of 0.3 g/1 for albumins and RNase A
and 0.1 g/l for lysozyme and Cyt c. A 200-ul
volume was applied on a column. Proteins were
monitored at 280 nm.

2.7. Elution with salt gradient

Buffer A was a 25 mM phosphate buffer,
adjusted to pH 5, 6, 7 or 8; buffer B comprised 1
M NaCl in addition. Gradients were formed by
increasing buffer B concentration from 0 to 50%
in 10 min, then to 100% B in 3 min, holding this
concentration for 2 min. Then the column was
reequilibrated with buffer A. Some investiga-
tions were performed in 50 mM acetate buffer,
pH 5.0 and 50 mM Tris - HCI, pH 8.0 as buffer
A, respectively. Gradient times were the same as
for phosphate-buffered systems.

2.8. Elution with pH gradient

Buffer A ‘was 25 mM phosphate +0.5 M
NaCl, adjusted to pH 8; buffer B was 100 mM
phosphate + 0.5 mM NaCl, adjusted to pH 2.8.
Elution was achieved by increasing the concen-
tration of buffer B in 15 min to 100%, holding
for 6 min.

2.9. Elution with 100 mM imidazole gradient

Buffer A was 25 mM phosphate +0.5 M
NaCl, adjusted to pH 6 or pH 7; buffer B
comprised 100 mM imidazole in addition. Some
experiments were also performed with 0.15 M
NaCl. For the CDI::IDA chelate only 25 mM
imidazole was used in buffer B. Gradients were
formed by increasing buffer B from 0 to 50% in
20 min, then to 100% in 5 min, holding for 2
min. Then the column was reequilibrated with
buffer A.

2.10. Frontal chromatography

Frontal chromatography was performed with
automated adsorption, elution and equilibration

of up to 7 columns and 5 protein concentrations
in one set of experiments. Each run was termi-
nated by the integrator after reaching the plateau
region of the frontal breakthrough.

2.11. Adsorption of lysozyme and BSA on
Cu(1l)- and Fe(Ill)-loaded chelators

Before the first and after each run the metal
chelate columns were washed with 30 mM
EDTA +0.5 mM NaCl to remove metal ion,
adsorbed proteins and contaminants. Then col-
umns were loaded with either Fe(III) or Cu(II)
using 15 mM Fe,(SO,;), or CuCl, dissolved in
water. For adsorption of lysozyme onto Fe(III)-
loaded sorbents, 50 mM acetate + 0.5 M NaCl,
pH 5 was used; for adsorption of BSA the buffer
contained only 0.1 M NaCl. In case of Cu(Il)
chelates, 25 mM phosphate + 0.5 M NaCl, pH 7
was chosen during adsorption. Lysozyme con-
centrations between 0.04 and 2 g/1 were applied.
BSA concentrations ranged from 0.3 to 2.5 g/I.

2.12. Contour plots of proteins

Contour plots of the protein surface were
achieved using the program BRAGI, developed
at the GBF by Schomburg and Reichelt [17].
The program allows a close investigation of the
accessibility of amino acids at protein surfaces
using X-ray structural analysis data for calcula-
tion.

3. Results
3.1. Adsorption at low ionic strength

It is characteristic for IDA metal chelates that
the chemical composition changes slightly with
pH. Hence, a negative charge develops through
deprotonation with increasing pH, as demon-
strated in Fig. 1. The titration of metal chelates
in solution revealed that the pK, corresponding
to the development of a negative charge, de-
pends both on the metal ion and the structure of
the chelator [8]. Therefore, this pK is an im-
portant criterion for comparison of IDA
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Fig. 1. Appearance of positive or negative charge at Fe(IIl) chelates and negative charges at Cu(1I) chelates depending on pH.
Whereas Cu(II) chelates presenting zero charge exhibit truly chelating interactions, charged chelates demonstrate ionic

interactions during the adsorption step in addition.

chelators employed in this study. Ionic interac-
tions with proteins, originating from a negative
charge, are usually suppressed by the addition of
0.5-1 M NaCl. In order to compare the in-
fluence of the immobilization chemistry of metal
chelates employed in this study on the retention
of model proteins, both low and high NaCl
concentration were employed.

IDA carries a negative charge at each carboxyl
group and a positive charge at the nitrogen with
one exception; CDI-immobilised IDA does not
accommodate a positive charge due to the amidic
character of the nitrogen. As a consequence,
model proteins bearing a net negative charge at
elevated pH values, such as albumins and OVA,
were expelled from IDA at low ionic strength
and eluted in the void volume. Proteins with net
positive charge adsorbed at low and eluted at
elevated NaCl concentration, similar to the re-
tention on a cation exchanger.

The different IDA:Cu(1II) chelates demonstra-
ted a distinct adsorption behaviour at pH 8 and
low ionic strength, depending on the immobiliza-
tion method employed. Whereas all proteins
adsorbed on chelates bound through an epoxy
group, butyl-IDA:Cu(II) and CDI::IDA:Cu(II)
did not retain serum albumins and OVA at low
salt concentration. It appeared that the chemical
neighbourhood of IDA, as obtained through the
different immobilization methods [7], affected
the pK corresponding to the development of a
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negative charge on IDA:Cu(Il) chelates. A
negative charge at copper chelates is discussed
by other groups as well [11,18].

3.2. Elution with increasing salt gradient

Chromatographic results from silica-based
GLYMO-IDA, butyl-IDA and CDI::IDA at pH
7 are illustrated in Figs. 2, 3, and 4, respectively.
On all naked IDA sorbents albumins and OVA
were expelled due to their net negative charge.
The chromatographic behaviour of the basic
proteins Cyt ¢, RNase A, and lysozyme corres-
ponded on all the chelators employed to their
retention on a cation exchanger.

Metal ion

When Ca(II) or La(III) were coordinated with
IDA, proteins demonstrated nearly identical
retention times as observed with naked IDA.
Although adsorption of Ca(Il) onto IDA sor-
bents was confirmed by atomic absorption
spectroscopic measurements, the resulting
IDA:Ca(ll) chelate is weak, as were IDA che-
lates with other alkaline-earth metals, too. Con-
sequently, these chelates demonstrated mainly
the properties of naked IDA.

Results from Fe(IIl)-loaded GLYMO-IDA
and butyl-IDA are indicative for a mixed inter-
action mechanism. IDA:Fe(III) behaved similar
to naked IDA at pH 7. However, retention times

S~
ATUINT
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Fig. 2. Elution of proteins with increasing ionic strength on Polygosil 500 GLYMO-IDA charged with and without metal ions.
Column, 30 X 5 mm 1.D.; flow-rate, 0.5 ml/min; temperature, 298 K; buffer, 25 mM phosphate, pH 7.0; linear gradient in 10 min
from 0 to 0.5 M NaCl, then in 3 min to 1.0 M NaCl. None of the proteins eluted on the GLYMO-IDA:Cu(Il), parts of RNase A

did not elute on the Ni(II)-loaded chelate, too.

of lysozyme and Cyt ¢ were slightly increased,
but not as high as with IDA:Cu(Il). Serum
albumins did not bind at pH 7 or 8, but at pH 6
and 5. Therefore, a positive charge on Fe(III)-
chelates is questionable, as could be assumed
from the complexation reaction of Fe(III) and
IDA in water (Fig. 1). However, the model
proteins and experimental conditions employed
in this study do not allow a statement to be
drawn on the actual interaction mechanism.
Using other model proteins and chromatographic
conditions, Sulkowski [19] was able to demon-
strate more clearly the mixed interaction mecha-
nism of IDA:Fe(Ill) and proteins.

On IDA:Zn(Il) and IDA:Ni(II), basic pro-
teins were retained more strongly than on naked
IDA and alkaline-earth metal chelates, indicat-
ing the presence of chelating interactions. On
GLYMO-IDA:Zn(II), Cyt ¢ and lysozyme dis-
played slightly higher interaction than on the
Ni(II)- chelate. RNase A demonstrated higher
interaction with chelated Ni(II) than Zn(I1). In

case of Ni(Il)-loaded CS and GLYMO-IDA,
RNase A did not elute in the salt gradient (data
of CS not shown). It is important to mention that
RNase A did not adsorb on GLYMO-
IDA:Ni(IT) at high salt concentration. Ni(II)-
loaded Epi::IDA and GLYMO-IDA always ex-
hibited broad and flat elution peaks of RNase A,
indicating kinetic effects during desorption. It
appeared that desorption of this protein from the
latter chelates was not complete at elevated
NaCl concentration and that parts of the total
protein mass was adsorbed strongly.

The strongest chelating interactions were ob-
served with all Cu(II)-loaded chelators. Proteins
were not eluted in the salt gradient at pH 7 on
GLYMO-IDA:Cu(II). DSA was eluted from
butyl-IDA:Cu(Il) with low mass recovery and
BSA, HSA and RNase A did not elute on
CDI::IDA:Cu(II). This is consistent with data
obtained from the retention of amino acids [7]
and results published by El Rassi and Horvath
[1] and other groups [20,21]. Thus, all proteins
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Fig. 3. Elution of proteins with increasing ionic strength on Polygosil 500 butyl-IDA charged with and without metal ions.
Chromatographic conditions as in Fig. 2. Only DSA eluted on the Cu(II)-loaded chelate. lonic interactions are more apparent

than with the GLYMO-IDA chelator.

bear at least one accessible histidyl residue which
is recognised by all Cu(II)-loaded chelators em-
ployed. The high-affinity binding site in BSA and
HSA at the N-terminus, involving His 3 [22],
does not take part in binding of these proteins
onto chelates [15]. Therefore, binding must be
ascribed to other histidyl residues present in
BSA, HSA and DSA.

Immobilization chemistry

CDI::IDA behaved the most different com-
pared to other chelates. If other metal ions than
Cu(II) were loaded onto CDI::IDA, all proteins
eluted at low salt content (Fig. 4); Fe(III) was
not investigated.

'BSA, HSA and RNase A did not elute from
Cu(Il)-loaded CDI:IDA. If 1 M NaCl was
applied in the equilibration buffer all serum
albumins adsorbed at pH 7 and 8. This indicates
chelating interactions of CDI::IDA:Cu(II) with
proteins. On the contrary, Cyt ¢ and lysozyme
eluted in the salt gradient. These results led to

the conclusion that the interactions are ionic
rather than chelating. At pH 6, serum albumins
were not eluted without exception, but basic
proteins less retained than at pH 7. At pH 8 the
opposite was true; serum albumins were expelled
at low ionic strength. The latter result corre-
sponds well to results from GLYMO-IDA and
butyl-IDA.

Non-specific ionic interactions

Considering non-specific ionic interactions,
most silica-based sorbents displayed only slightly
increased retention of basic proteins compared
to Sepharose-based sorbents, except propyl-
IDA. Compared with other silica-based affinity
sorbents prepared in previous studies [23,24], the
impact of these ionic interactions was tolerable;
irreversible adsorption of proteins never
occurred. However, in comparison to butyl-IDA
and other silica-based chelators, on propyl-IDA
non-specific interactions were most expressed.
Native Sepharose 4B displayed also weak non-
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Fig. 4. Elution of proteins with increasing ionic strength on Polygosil 500 CDI::IDA charged with and without metal ions.
Chromatographic conditions as in Fig. 2. RNase A and HSA did not elute on the Cu(II)-loaded chelate.

specific interactions with basic proteins. How-
ever, with both Sepharose- and silica-based
chelators the majority of ionic interactions origi-
nated from the carboxyl group of IDA or metal
chelates exhibiting a net negative charge, but
neither from hydroxyl groups located at the silica
surface nor the Sepharose matrix.

pH effects

The development of a negative charge at metal
chelates does not occur in a narrow pH range but
changes gradually in a range of approximately
two pH units {8]. With all Cu(II)-loaded IDA
sorbents the change of the interaction mecha-
nism was most apparent, leading to non-binding
of proteins at elevated pH. Comparing the
adsorption behaviour of negatively charged
serum albumins and OVA in Table 2, the de-
velopment of a negative charge occurs at rather
low pH (pH 5-7) on propyl-IDA and butyl-IDA
but at elevated pH (= pH 8) on epoxy-immobil-
ised IDA. The exact pH cannot be provided at
which the negative charge becomes effective;

yet, the charge density on the metal chelate
affinity sorbent increases with increasing pH.
The present results indicated kinetic effects at
the transition pH. Kinetic effects either led to
partial breakthrough of negatively charged pro-
teins or to apparent low protein recoveries in the
salt gradient.

Histidyl residues coordinate to IDA chelates in
their unprotonated form only [18]. Therefore, at
pH 6 proteins were less retained on IDA:Ni(II)
than at pH 7 or 8. At pH 6, all proteins,
including RNase A, eluted in the salt gradient;
thus interactions were mainly ionic. On
IDA:Cu(Il), proteins demonstrated significant
changes in the elution behaviour at pH 5 only
(Table 2). However, at this pH only basic
proteins eluted at high salt concentration.

Buffer salt

Exchange of phosphate against acetate, pH 5
or Tris- HCl, pH 8, provided no benefits. Using
acetate resulted in nearly identical retention of
proteins as observed with phosphate buffers. Tris
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Table 2
Retention behaviour of proteins on Cu(II)-loaded chelators
Sorbent HSA OVA DSA Cyt C RNase A Lysozyme

8§ 7 6 5 8 7 6 5 8 7 6 5 8 7 6 5 8 T 6 5 8 7 6 5
CS o0 o0 00O 0O 00 oo 00 00 0 + 0 0 O0 o O O O +
Epi::IDA /I 0 C I o o/ / O C /4 1 O O/ 1 O O /IO C
GLIYMOIDA O O O O - O O O - O O O O O + + O O o + O O O +
CDI::IDA OO0 O O O — A A O - 0O + + + = O C A A C + A A
Propyl-IDA - o000 - - oo - - 00000 o o0 o0 O O O o0 O
Butyl-IDA O OC O o o c - oo o o0 OO0+ 000 + 0 0 0 +

Chromatographic conditions: 25 mM phosphate: linear gradient in 10 min from 0 to 0.5 M NaCl, in 3 min to 1 M NaCl. pH as

indicated below proteins.
A = broad peak: / =no data

caused a higher displacement of metal ions than
phosphate. However, chromatographic proper-
ties did not change significantly. The displace-
ment of Cu(Il) by Tris is due to the complex-
ation of this metal ion by Tris, resulting in a
competition of IDA and Tris for it. This phe-
nomenon was most apparent at low salt con-
centration.

In another study [25] the displacement of
concanavalin A by Tris from Cu(II)-loaded IDA
was observed over a long period of time. Con-
canavalin A is considered to bind very strongly
onto this chelate [26]. However, in the presence
of Tris displacement of the metal ion took place
and consequently a decrease in capacity was
evident over a long time scale.

3.3. Adsorption at high ionic strength

At high ionic strength ionic interactions on
metal chelates are suppressed; thus, specific
interactions with proteins are the dominating
force under these conditions.

Spacer length

Considering Ni(II)-loaded IDA, complete ad-
sorption of RNase A was evident on both CS
and GLYMO-IDA in the presence of 0.5 or 1 M
NaCl and pH 7 (data not shown). On Ni(1)-
loaded Epi::IDA, butyl- and propyl-IDA, RNase
A was not adsorbed. RNase A exposes 2 histidyl

Symbols: — =not retained: + = retained and eluted; O =not eluted; [ =Ilow mass rccovery;

residues at the protein surface. It is discussed in
literature that at least 2 accessible histidyl res-
idues are required for adsorption on IDA:Ni(II)
chelates [5]. The result mentioned above indicate
that one of the two histidyl residues might only
be reached by a long spacer, as provided by CS
and GLYMO-IDA.

Propyl-IDA:Cu(1l) did not display chelating
interactions with OVA and DSA in contrast to
epoxy-bound chelates (data not shown). Butyl-
IDA displayed kinetic effects during adsorption
of DSA and OVA, resulting in the breakthrough
of minor amounts of these proteins (see also
results at low salt concentrations). These results
can be explained by the short spacers of these
metal chelate sorbents. Short spacers restrict the
flexibility of immobilised chelates. Consequently.
the imidazole group of a histidyl residue cannot
be reached if not exposed at the protein surface.
It is plausible that also protein surface-located
histidyl residues differ in their degree of flexibili-
ty, depending on the environment. Therefore,
histidyl residues demonstrating low flexibility
may only be attached to chelates immobilised
through longer spacers. such as GLYMO or
bisoxirane.

Elution with decreasing salt gradient

All proteins adsorbed on Cu(Il)-loaded
GLYMO-IDA. CDI::IDA, and butyl-IDA at pH
8 and 1 M NaCl (see also Fig. 6 for comparison).
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It was of interest whether serum albumins would
be expelled and consequently eluted at this pH
and low salt concentration after being adsorbed
at high salt content. In practice, elution at low
ionic strength seemed to be an extremely slow
process on the time scale of the experiment
(25-30 column volumes in 10 min). Only on
butyl-IDA:Cu(II) elution was apparent without
doubt; also partial breakthrough of DSA and
OVA took place. On CDI::IDA:Cu(Il) elution
did in fact not occur. On GLYMO-IDA, OVA
eluted in a broad peak; the elution of serum
albumins was uncertain. Likely, once the
chelate—protein complex is formed at 1 M NaCl,
desorption depends mainly on the dissociation
rate at low ionic strength, which appears to be
slow. Desorption seems not to be enhanced by
repulsion of both negatively charged serum al-
bumins or OVA and chelates at low ionic
strength.

Elution with imidazole gradient

Imidazole is a competitive substrate, displac-
ing adsorbed proteins at pH 7 or 8 through
formation of a chelate—imidazole complex. Such
elution conditions are important for sensitive
proteins which may lose biological activity at low
pH. In practice, best reproduction of chromato-
graphic conditions is obtained by adding 1 mM
imidazole in the equilibration buffer [6], thereby
forming the chelate—imidazole complex before
adsorption of proteins. However, some proteins,
such as Cyt ¢, were found not to adsorb under
this condition [10]. Imidazole was therefore not
used in the equilibration buffer, in order to avoid
misinterpretation of results. Thus, imidazole
elution from this study cannot be compared
directly with data from other groups.

Best binding conditions were found at pH 7
for Cu(Il)- and Ni(II)-loaded IDA (Fig. 5).
Below pH 6, basic proteins did not adsorb even

CDI::IDA

GLYMO-IDA

Butyl-IDA

Epi::IDA

Proteins
[Jova [Ipsa [JHsA Eicyt c MRNase A B Lysozyme

Fig. 5. Elution of proteins with imidazole gradient on Cu(II)-loaded chelators with different immobilization chemistry and spacer
length. Column, 30 X 5 mm 1.D.; flow-rate, 0.5 ml/min; temperature, 298 K; buffer, 25 mM phosphate + 0.5 M NaCl, pH 7,
gradient in 20 min to 50 mM imidazole, then in 5 min to 100 mM imidazole; for the CDI::IDA chelate concentrations of

imidazole of 12.5 and 25 mM were realised, respectively.
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on Cu(Il)-loaded butyl-IDA or epoxy-immobil-
ised IDA. These results confirmed that interac-
tions at pH 6 and low ionic strength were mainly
jonic with these chelates. Consistently, BSA,
HSA and RNase A eluted at higher retention
times (=~30%) from Ni(II)-loaded than from
Cu(Il)-loaded CS and GLYMO-IDA. This
seems to be contrary to the chromatography of
human serum transferrin from Ni(II)- and
Cu(II)-loaded CS which was eluted later from
the latter chelate [13]. Perhaps the absence of
imidazole in the adsorption buffer effects protein
elution. However, an explanation for this be-
haviour has not been found yet.

In the presence of 0.15 M NaCl, silica-based
IDA:Cu(II) and IDA:Ni(II) demonstrated non-
specific ionic interactions in addition, especially
with Cyt ¢ and lysozyme (data not shown). Non-
specific ionic interactions were most apparent
with propyl-IDA. Presumably, the close proximi-
ty of hydroxyl groups at the silica surface re-
sulted in ionic interactions with positively
charged proteins. In the presence of 0.5 M NaCl,
as represented in Fig. 5, all proteins eluted
between 10 and 20 mM imidazole at very close
retention times for individual chelating gels,
except on CDI::IDA. Discrimination of surface
properties of different proteins did not take
place on GLYMO-IDA and Epi::IDA. This is a
major disadvantage of this particular elution
method.

Protein interactions with the CDI::IDA che-
late were rather weak. Therefore, a shallower
imidazole gradient was applied for this chelate.
Most proteins were recovered from the column
at approximately 2-3 mM imidazole (Fig. 5).
The interaction with HSA was stronger; elution
took place between 5 and 7 mM imidazole.

The interaction of basic proteins with epoxy-
and butyl-immobilised IDA seems to be differ-
ent, because the elution order of proteins
changed (Fig. 5). Elution order is Cyt ¢ <RNase
A <lysozyme on GLYMO-IDA:Cu(II) whereas
RNase A <Cyt ¢ <lysozyme was found on the
butyl-IDA:Cu(Il) at pH 7. Retention of amino
acids indicated lower selectivity for histidines but
higher selectivity for lysine with butyl-
IDA:Ni(II) compared to other chelates [7]. In

view of these results, the interaction of RNase A
seems to occur mainly with histidyl residues
while Cyt ¢ and lysozyme interact with basic
amino acid residues, such as lysine and/or ar-
ginine, in addition. Both proteins are rich in the
latter amino acids.

Elution with pH gradient on Cu(ll)-loaded
chelators

By decreasing the pH, histidyl residues are
protonated, consequently leading to elution of
adsorbed proteins. This represents a common
elution protocol [16,27,28]. In a first set of
experiments, a steep pH gradient was chosen. As
a result, eluted proteins displayed similar re-
tention times. With a shallower pH gradient
better discrimination of proteins was achieved
(Fig. 6). »

CDI::IDA allows the separation of some pro-
teins in the pH gradient. The peak of OVA was
relatively broad compared to other proteins and
the mass recovery of DSA relatively low. Per-
haps DSA does not completely elute under these
chromatographic conditions.

On epoxy-immobilised chelates, serum al-
bumins and OVA were most strongly retained.
Results varied with variation of the spacer
length. On GLYMO-IDA and CS, HSA did not
elute even on a prolonged time scale. Andersson
et al. [15] observed the same chromatographic
behaviour of HSA on CS:Cu(II) under these
conditions. On the contrary, on Epi::IDA all
proteins eluted at low pH.

Obviously, a shallow pH gradient is necessary
to discriminate between surface properties of
different proteins. These results are in concor-
dance with results published by Nakagawa et al.
[14], who applied very shallow pH gradients over
a period of 80 min for the isolation of various
peptides.

3.4. Bleeding of Cu(ll)

Bleeding of Cu(Il) was apparent with all
immobilised metal chelates at elevated imidazole
concentration or low pH. It was most evident
with butyl-IDA and propyl-IDA, increasing in
that order. With propyl-IDA the first 2 mm of
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Fig. 6. Elution of proteins with decreasing pH on Cu(Il)-loaded chelators with different immobilization chemistry and spacer
length. Buffer, 25 mM phosphate + 0.5 M NaCl, pH 8; linear gradient in 15 min to pH 2.8 and holding at this pH for 10 min.

Other chromatographic conditions as in Fig. 5

the column bed were virtually uncharged after
running 8 times the pH gradient.

3.5. Capacity of affinity sorbents

IDA:Fe(lll) chelates
During adsorption of lysozyme in the frontal
chromatographic mode significant amounts of
Cu(II) were displaced from propyl-IDA:Cu(II)
at pH 7. Thus, determination of the protein

Table 3
Adsorption of lysozyme and BSA on Fe(III) chelates

capacity was not possible. Loading propyl-IDA
with Fe(III) provided reproducible chromato-
graphic conditions. Apparently, bleeding of
Fe(III) from this chelate did not occur at pH 5.
For the sake of comparison, also the other
chelators were charged with Fe(III) and ana-
lyzed at this pH. Protein capacities and apparent
dissociation constants (K,;) are displayed in
Table 3. Comparing the capacities of the
chelators for these proteins represent more or

Capacity Capacity Apparent K,

(mmol/1) (g/1) M)

Lys BSA Lys BSA Lys BSA
GLYMO-IDA 1.35 0.37 19.4 25.2 7.9-107° 3-10°¢
Propyl-IDA 1.53 0.59 22 40 5.6-107° 6.6-107°
CDI::IDA 0.09 0.05 1.3 3.6 1.9-107* 1.1-107°
cs 1.39 1.1 20 75 83-107° 29-107¢
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less a mirror of the Cu(II) capacities on these
chelators, as described in Part I [7]. The CDI-
immobilised chelate yielded the lowest capacity,
as a consequence of the lower ligand densities.
Except for CDIL::IDA:Fe(IIl), dissociation con-
stants of different metal chelates to a particular
protein were close. CDI::IDA:Fe(III) displayed
higher dissociation constants for lysozyme and
BSA, indicating lower interactions with the che-
late.

The capacity for lysozyme was lower than for
BSA with all chelates. At first, this seems to be
inconsistent with results obtained from other
porous affinity sorbents. The capacities for larger
proteins is usually lower than for smaller pro-
teins due to pore size restrictions. However, the
reason for the low capacity for lysozyme in this
study is the higher NaCl concentration employed
(0.5 M NaCl for lysozyme, 0.1 M was required
for adsorption of BSA). The dependence on salt
concentration is unusual for metal chelate inter-
actions and indicative for ionic interactions [19].
Probably, the iron chelate exhibits a negative
charge at pH 5. Therefore, ionic interactions
may play a key role in the adsorption of proteins
at IDA:Fe(III). Hence, the dissociation constant
is an apparent thermodynamic value, the inter-
action is taking place at least partial via several
charged groups at the protein surface.

IDA:Cu(ll) chelates

Cu(II)-loaded butyl-IDA and GLYMO-IDA
were stable during the application of proteins.
Double reciprocal plots of experimental data
revealed that the chelators displayed Langmuir-
type adsorption behaviour, characterised by a
linear relationship of transformed adsorbate con-

Table 4
Adsorption of lysozyme and BSA on Cu(II) chelates

261

centration in solution and the stationary phase.
Both lysozyme and BSA displayed lower inter-
action with Cu(Il)-loaded butyl-IDA than
GLYMO-IDA (Table 4) at pH 7. Furthermore,
protein capacities were lower with butyl-IDA.

Both metal chelate sorbents demonstrated a
lower capacity for BSA than for lysozyme. Thus,
the copper chelate demonstrates rather chelating
interaction. BSA requires more space in the
porous system due to its size; therefore, the
accessibility of the affinity ligands is lower
[29,30].

The stability of the covalent linkage of
GLYMO-IDA is high. In 10 consecutive runs no
apparent loss in protein capacity took place (Fig.
7). Data fluctuations in Fig. 7 demonstrate the
error in the determination of the breakthrough
time, as calculated automatically by the inte-
grator. The results confirm that the capacity of
this copper chelate is nearly independent of the
salt concentration, as typical for metal chelate
interactions.

In contrast, the propyl-IDA sorbent demon-
strated a loss of capacity with time. In zonal
chromatography, such a decline in capacity is
usually not evident because only parts of the
total capacity of chromatographic sorbents are
utilised. Of course, the loss in protein capacity
restricts the life time of the propyl-IDA sorbent.

4. Discussion

It is apparent that chelators bound through an
epoxy group onto silica, such as the glycidoxy
group in GLYMO, displayed the most compar-
able results with CS. With CS, IDA is also bound

Capacity Capacity Apparent K

(mmol/1) (g/D) (M)

Lys BSA Lys BSA Lys BSA
Butyl-IDA 1.67 0.176 24 12 1.6-107° 3-10°°
GLYMO-IDA 3.06 0.346 44 23. 59-107° 1.7-10°°
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Fig. 7. Capacity and hydrolytic stability of Cu(Il)-loaded silica-based sorbents during frontal chromatography of lysozyme.
Column 25 X 4 mm 1.D.; flow-rate, 0.5 ml/min; temperature, 298 K; buffer, 25 mM phosphate + 0.5 M NaCl, pH 7.0, lysozyme
concentration 1 g/l. The capacity of Polygosil 500 butyl-IDA (A) decreases from run to run, whereas the capacity of the
GLYMO-IDA chelator (M) is almost constant. Inset: dependence of capacity on salt concentration on the GLYMO-IDA chelate;
(A) no NaCl, (B) 0.5 M NaCl, (C) 1.2 M NaCl in phosphate buffer, pH 7.0.

through an epoxy group [6,28]. The adsorption
and elution behaviour of GLYMO-IDA chelates
was almost identical to CS under the chosen
chromatographic conditions. This is in concor-
dance with results obtained from the chromatog-
raphy of amino acids [7]. Furthermore, Cu(II)-
and Fe(III)-loaded GLYMO-IDA demonstrated
high capacity for lysozyme and BSA. The capaci-
ty is similar to silica-based ion exchangers.
Therefore, GLYMO-IDA is recommended in
case published chromatographic protocols shall
be applied for a silica-based metal chelate sor-
bent.

4.1. Spacer length

It is a general observation in affinity chroma-
tography that long spacers lead to improved
flexibility of affinity ligands [31,32]. Likely, this
is true also for metal chelate affinity sorbents.
Likely, also the mobility of amino acid residues

located at the protein surface is of influence for
binding.

Considering X-ray structural analysis data of
OVA [33], most of the histidyl residues are not
accessible. The adsorption of OVA onto
IDA:Cu(II) occurs through His 44, which is
situated in a hydrophobic environment at the
protein surface. Due to the short spacer of
propyl-IDA this histidyl residue may not be
reached; therefore, no adsorption of OVA is
observed on this chelate. Butyl- or GLYMO-
spacers may facilitate the correct orientation of
IDA in the encounter with this histidyl residue.
In the experiment, OVA was indeed retained on
both Cu(II)-loaded chelators. However, with the
butyl-IDA partial breakthrough of OVA
occurred. This indicates that steric restrictions at
close encounter of protein and ligand take place.
With GLYMO-IDA:Cu(Il), no breakthrough of
OVA took place.

Although GLYMO-IDA is immobilised
through an epoxy group onto silica, it appears
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that the spacer between the silica matrix and the
chelator is somewhat shorter than with CS. This
led to two exceptions of the compatibility of
silica-based and commercial chelator with the
proteins employed. HSA and BSA were ad-
sorbed only on Ni(Il)-loaded CS. Thus, the
binding histidyl residues of these proteins (at
least two [15]) are available only for interaction
with the long spacer of CS:Ni(II) but not with
GLYMO-IDA.

With RNase A, X-ray structural data revealed
that the two histidyl residues with highest prob-
ability for interaction are located at different
positions on the surface of the protein. RNase A
displays a kidney-like shape [34]. While His 105
is highly accessible at the protein surface, His
119 is located in the active site at a less accessible
position. This might be an explanation that
RNase A adsorbed on CS:Ni(II) only.

Chelates bound via long spacers are able to
penetrate more deeply into cavities or metal
binding sites of proteins. After binding onto a
histidyl residue they might be able to “interact
with amino acid residues located close to the
chelate, in addition. Consequently, chelate—-pro-
tein complexes might be formed which are more
stable at low pH than a typical metal chelate.
Although BSA and HSA display a change in
protein conformation at pH 4, consequently
leading to exposition of more histidyl residues, it
seems to be unlikely that they would be un-
charged at pH 4. The former interpretation
would explain the apparent irreversible binding
of HSA and BSA, as observed during pH gra-
dient elution with Cu(II)-loaded GLYMO-IDA
and CS. Such behaviour was found with HSA
[15] and human serum transferrin [13], as well.
With chelates immobilised by short spacers such
strong interactions are unlikely, since only single
amino acid residues at exposed positions can
interact.

4.2. Flexibility of the chromatographic matrix

Comparing results from affinity sorbents based
on either inorganic and polymeric chromato-
graphic matrices is a complex task. Besides
differences of the chemical composition also

structural deviations of the matrices exist. Silica
gel is a very rigid matrix which does not allow
any structural changes of the surface [35]. In
contrast, polymer gels consist of polymer chains,
demonstrating a certain degree of mobility [32].
This often leads to compression of a column bed.
However, it also allows some flexibility of those
polymer chains which are not cross-linked [36].

Differences in the adsorption behaviour on
different types of matrices will be more pro-
nounced in case the active site is located in a
cavity of the protein. It might be reached by a
sufficiently long spacer, as noticed with OVA. In
other cases an extremely long spacer or a flexible
matrix is required to either extend to the bottom
of a cavity or to adapt to a certain extent to the
shape of a protein. This might have been re-
quired for His 119 of RNase A, which is located
at the bottom of the kidney-like structure of this
protein.

4.3. Adsorption and elution

Although differences between the metal che-
late sorbents were most apparent employing an
increasing salt gradient, in practice this elution
method plays a minor role. Also, elution at low
pH is not always possible, as was experienced
with HSA. An imidazole gradient leads to small-
est peak volumes compared to other elution
models. In case imidazole is absent in the
equilibration buffer, as was done in this study,
retention times of different proteins were nearly
identical, i.e. no discrimination of surface prop-
erties of proteins took place. Therefore, this
method is not recommended in situations where
adsorbed proteins shall be separated during
elution.

It can be assumed that initially the formation
of the metal chelate—protein complex is con-
trolled by ionic interaction. Therefore, interac-
tion of both negatively charged proteins and
chelates is possible only at elevated salt content.
After formation of the metal chelate-protein
complex elution at low ionic strength is con-
trolled mainly by the reverse reaction rate, which
appeared to be slow. After dissociation, low
ionic strength prevents renewed binding of pro-
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teins; however, low ionic strength seemed not to
promote the desorption process. Probably, ad-
sorption of serum albumins on GLYMO-IDA
and CDI::IDA-Cu(Il) chelates is caused by an
extremely slow reverse reaction rate which on
the other hand indicates that the stabilities of
each chelate—protein complex are high.

4.4. Recommendations

Beside chelating interactions, ionic interac-
tions play a key role in MCIC. Primarily, this
seems to be a negative property of these group-
specific affinity sorbents, thus should be sup-
pressed by addition of salt. However, with a
given separation problem, comprising negatively
charged contaminants, low salt concentration
and high pH may expel negatively charged
proteins from a negatively charged chelate which
otherwise would have a chance to bind. This is
particularly true for butyl-IDA:Cu(I). In case of
Ni(II)- or Zn(II)-loaded chelators protein inter-
action increases at low salt concentration.

The spacer length should be seen as a variable
by manufacturers of chelating chromatographic
supports. No doubt, highest flexibility of an
affinity ligand is achieved with a long spacer;
however, high flexibility is not always needed.
For those separation problems where the prod-
uct of interest exposes a histidyl residue at the
protein surface but the contaminant’s histidyl
residue is not as accessible and cannot be
reached, a higher selectivity should be possible
with a short spacer.

The immobilization chemistry of a commercial
chelating gel is usually not known to the user.
The present investigation revealed that chro-
matographic protocols might not be interchange-
able without changing chromatographic condi-
tions. This implies that the exact chemical struc-
ture of the chelate and the linkage of commercial
chelating sorbents should be made available to
the user, in order to avoid inconveniences.

5. Conclusions

All the silica-based metal chelate sorbents
employed in this study displayed chelating inter-

actions with histidyl residues at protein surfaces.
The propyl-IDA however displayed highest non-
specific interactions and lowest stability. Thus, it
will be disregarded in future applications.

The protein capacities of Cu(Il)-loaded
GLYMO-IDA and butyl-IDA were comparable
to silica-based ion exchangers." The capacity of
CDI::IDA:Cu(II) was lowest but can be im-
proved. All three metal chelators displayed low
non-specific interactions and good stability of the
chemical linkage.

GLYMO-IDA:Cu(II) displayed almost identi-
cal chromatographic characteristics compared to
commercial CS.

The selectivity of metal chelate affinity sor-
bents is changed by alteration of the spacer
length and/or binding chemistry. Hence, the
butyl-IDA chelator and CDI::IDA chelator dem-
onstrated the most different elution behaviour
compared to epoxy-immobilised metal chelate
sorbents. It seems that butyl-IDA:Cu(II) recog-
nises also lysine and/or arginine residues.
CDI::IDA:Cu(Il) displayed tight interactions
only with serum albumins; thus, the selectivity
for these proteins was highest compared to other
chelates employed.

The current state of investigation revealed that
further optimization in view of pH, ionic
strength and composition of the adsorption buf-
fer might be advantageous. Coming investiga-
tions will demonstrate whether these new metal
chelators represent attractive alternatives for the
isolation of proteins from various sources.

Abbreviations

Butyl-IDA IDA immobilised by
butyl-spacer

Butyl-IDA:Cu(II) Cu(Il)-loaded butyl-IDA

CDI 1,1’-Carbonyldiimid-
azole

CDI::IDA CDI-immobilised IDA

CDI::IDA:Cu(II) Cu(II)-loaded CDI::
IDA

CS Chelating Sepharose FF

CS:Cu(1l) Cu(1I)-loaded CS

Cytc Cytochrome ¢



F.B. Anspach | J. Chromatogr. A 676 (1994) 249-266 265

DSA Dog serum albumin
Epi::IDA Epibromohydrin-im-
mobilized IDA

FPLC Fast protein liquid chro-
matography

GLYMO 3-Glycidoxypropyltri-
methoxysilane

GLYMO-IDA GLYMO-immobilised
IDA

GLYMO-IDA:Cu(Il) Cu(II)-loaded GLYMO-
IDA

HSA Human serum albumin

IDA Iminodiacetic acid

IDA:Cu(Il) Cu(II)-loaded IDA

MCIC Metal chelate interaction
chromatography

OVA Ovalbumin

Propyl-IDA IDA immobilised
through propyl spacer

RNase Ribonuclease
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Abstract

Spherical polymer adsorbents for endotoxin adsorption were prepared by suspension copolymerization of
N,N-dimethylaminopropylacrylamide (DMAPAA) with N-allylacrylamide (AAA). The amino-group contents and
the pore size of the adsorbents were easily adjusted by changing the monomer ratio and diluent ratio. The more
amino groups are introduced, the larger is the endotoxin-adsorbing capacity of the adsorbent, and the smaller the
pore size (molecular mass exclusion, M,;,) of the adsorbent, the less acidic proteins such as bovine serum albumin

are adsorbed. When M, was smaller than 300 (as the molecular mass of polysaccharide) and the amino group
content was 4.5 mequiv./g, the DMAPAA-AAA adsorbent showed a high endotoxin-removing activity at an ionic
strength of w = 0.05-0.4 and pH 5-9. The adsorbent was also able to remove endotoxin from a protein solution,
naturally contaminated with endotoxin, at p = 0.05 without affecting the recovery of the protein. The adsorbent
can be completely regenerated by washing with 0.2 M sodium hydroxide followed by 2.0 M sodium chloride.

1. Introduction

Removal of endotoxin (lipopolysaccharide,
LPS) from substances used as drugs is very
important, as its potent biological activity causes
pyrogenic and shock reactions in mammals on
intravenous injection even in nanogram amounts
[1-3]. Endotoxin, a constituent of the cell wall of
Gram-negative bacteria, is a potential contami-
nant of physiological fluids and aqueous solu-
tions and a very stable molecule which resists
extreme temperatures and pH values. For re-
moving endotoxin from solutions of high-molec-
ular-mass compounds, such as proteins, adsorp-
tion techniques are used.

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00264-A

Recently, some endotoxin adsorbents, im-
mobilized histidine [4-6] and polymyxin-Sepha-
rose [7], have become commercially available.
Although these adsorbents have high capacities
for adsorbing endotoxin, adsorption of acidic
proteins such as bovine serum albumin (BSA)
also occurs at a low ionic strength of p =0.05
and neutral pH. As the ionic strength increased,
the adsorption of BSA by the adsorbents de-
creased, and at a high ionic strength (u =0.2—
0.8) adsorption of endotoxin was also very slight
{5]-

We attempted, therefore, to develop endotox-
in adsorbents capable of retaining a high endo-
toxin-removing activity over a wide range of
jonic strength. We have reported that aminated
poly(y-methyl L-glutamate) (PMLG) spheres

© 1994 Elsevier Science B.V. All rights reserved
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having diaminoethane as a ligand have a high
endotoxin-removing activity even at a high ionic
strength (u = 0.2-0.8) [8,9]. Further, we found
that the interaction of various proteins with the
aminated PMLG adsorbent decreased with de-
crease in the pore size of the spheres [10].
However, this adsorbent is unsatisfactory with
respect to complete regeneration because it is
generally considered that PMLG, having es-
teratic sites (—CO-O- bonds), is gradually hy-
drolysed in an alkaline solution, one of the
solvents used for regeneration.

In this work, -we attempted to develop novel
endotoxin adsorbents that can be produced on a
large scale and can be easily regenerated many
times. This paper describes the synthesis of novel
spherical copolymers from N,N-dimethylamino-
propylacrylamide (DMAPAA) (monomer), hav-
ing amino groups [CH,=CHCONH(CH,),
‘N(CH,;),], and N-allylacrylamide (AAA)
(water-soluble cross-linking agent)
(CH,=CHCONHCH,CH=CH,), being highly
soluble in the monomer by one-step polymeriza-
tion. We describe also the characteristics and
applications of the spherical copolymers for the
selective removal of endotoxin and the regenera-
tion of this adsorbent.

2. Experimental
2.1. Materials

Purified endotoxin (Escherichia coli UKT-B)
was purchased from Wako (Osaka, Japan) and
other endotoxins from Difco (Detroit, MI,
USA). Limulus ES-J test Wako (Limulus
amoebocyte lysate) was a product of Wako.

Immobilized histidine (Pyro Sep) was pur-
chased from Daicel (Tokyo, Japan). N ,N-Di-
methylaminopropylacrylamide (DMAPAA) mon-
omer (Kohjin, Tokyo, Japan) and N-allylacryl-
amide (AAA) cross-linking agent (Kohjin) were
purified by vacuum distillation at 131°C/1 mmHg
and 115°C/0.7 mmHg, respectively.

Proteins were purchased from Wako. Endo-
toxin-free water was kindly supplied by the

Chemo-Sero-Therapeutic Research  Institute
(Kumamoto, Japan). All other chemicals were of
analytical-reagent grade.

2.2. Synthesis of adsorbents

DMAPAA monomer, AAA as a cross-linking
agent, l-hexanol as a diluent and 2 mass-%
azobisisobutyronitrile as an initiator were mixed
at room temperature. The mixture was added to
a 25 mass-% anhydrous sodium sulphate solution
containing 1% sodium carboxymethylcellulose,
which were suspended by stirring. The suspen-
sion was heated at 80°C for 12 h. The
DMAPAA-AAA (DAA) copolymer particles
obtained were washed successively with water,
hot water, methanol and ethanol.

DAA particles with diameters of 44 to 105 um
were used as adsorbents.

2.3. Determination of amino group contents of
adsorbents

Amino groups were determined by pH titra-
tion and elemental analysis as described previ-
ously [8].

2.4. Determination of the pore size of the
adsorbent

The prepared DAA adsorbents were packed
into a stainless-steel column (150 x5 mm I.D.).
The chromatograph included a JASCO Model
880-PU pump and a Shodex SE-51 refractomet-
ric monitor. The pore size (molecular mass
exclusion, M;; ) of the matrix in the adsorbent
was calculated from calibration graphs obtained
by size-exclusion chromatography (SEC).
Homogeneous series of pullulan and maltose
were used as permeable substances. The cali-
bration graphs were obtained by plotting the
average molecular masses against the peak elu-
tion volumes. The M, value was determined by
extrapolating the linear part of the graph as
described previously [11,12].
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2.5. Adsorption of endotoxin

The adsorption of endotoxin was measured by
a batchwise method as follows. The adsorbent
was washed and equilibrated with various buffers
with different ionic strengths as described previ-
ously [9]. A 0.2-0.3-g portion of wet adsorbent
was suspended in 2-3 ml of an endotoxin solu-
tion. The suspension was shaken for 2 h at 25°C
and filtered through a Millipore filter (0.8 wm) to
remove the adsorbent. The endotoxin content of
the filtrate was determined. The apparent dis-
sociation constant (K,) between endotoxin and
adsorbent was calculated from the adsorption
isotherm as described previously [5,6].

2.6. Reproducibility of adsorbent

The reproducibility of the adsorbent was de-
termined with a frontal column as follows. A
0.7-ml portion of wet adsorbent was packed in a
sterilized glass column (10 X 0.3 cm I.D.) and the
column was washed with 20 ml of 2.0 M sodium
chloride and then equilibrated with 0.02 M
phosphate buffer (pH 7.0, u =0.05). An endo-
toxin solution (1000 ng/ml, purified LPS from E.
coli UKT-B) was passed through the column at a
flow-rate of 0.2 ml/min at room temperature.
Fractions of 25 ml were collected and the endo-
toxin concentration in each fraction was deter-
mined.

The column was reused after washing with 20
ml of 0.2 M sodium hydroxide, 2.0 M sodium
chloride and endotoxin-free water.

2.7. Endotoxin assay

Endotoxin was assayed by the Limulus test
involving turbidimetric time assay at 660 nm with
a Toxinometer ET-201 (Wako) [13]. Purified
endotoxin (E. coli UKT-B) was used as the
standard. Limulus ES-J test Wako was used as
the reagent for the reaction.

2.8. Protein assay

The protein concentration was measured with
a UV-160 spectrophotometer (Shimadzu) at 280

nm (proteins other than cytochrome c) or 410
nm (cytochrome c).

3. Results and discussion

3.1. Effects of various factors on the endotoxin-
adsorbing activity of adsorbents

The endotoxin-adsorbing activities of the ad-
sorbents were examined by the batchwise meth-
od with various kinds of buffers. Two kinds of
standard LPS, from E. coli UKT-B and
O111:B4, were used as endotoxin-containing
samples.

The effects of amino-group contents or M; = of
DMAPAA-AAA (DAA) adsorbents on the
adsorption of endotoxins were investigated at pH
7.0 and ionic strength p =0.05. The results are
given in Table 1. DAA adsorbents with pore
sizes <300-40000 as M, and amino-group
content [-N(CH;),] of 1.1-5.1 mequiv./g were
prepared. The amino-group content and M, of
the adsorbents were easily adjusted by changing
the DMAPAA (monomer) ratio and 1-hexanol
(diluent) ratio in the suspension copolymeriza-
tion; the amino-group content increased from 1.1
to 5.1 mequiv./g with increase in the monomer
ratio from 10 to 90 mol-%, and M increased
from <300 to 45000 with increase in the diluent
ratio (to the DMAPAA-AAA solution) from 0
to 200 vol.-%. Each adsorbent satisfactorily
adsorbed endotoxin from endotoxin solutions.
When the amino-group content of the adsorbent
was 4.5-5.1 mequiv./g (DAA-70-0, -90-0, -70—
100, -70-200), the residual concentration of each
endotoxin after treatment was below 10 pg/ml.

Fig. 1 shows an electron micrograph of a
typical example of DAA adsorbents prepared
from DMAPAA and AAA by one-step poly-
merization without a diluent. The adsorbents
were spherical particles with a diameter of about
100 pm.

For selective adsorption of endotoxin, it is
necessary to reduce cationic and hydrophobic
interactions of the adsorbent with substances
such as proteins. The effects of the ionic strength
and M, _ of the adsorbent on the adsorption of

lim
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Table 1
Adsorption of endotoxin by various DAA adsorbents

Adsorbent Residual concentration
of endotoxin after
Type Molar ratio Diluent” M, " Amino-group S, ¢ treatment
(%. vIv) content” (wet-ml/dry-g) (pg/ml)
DMAPAA AAA (mequiv./g)
(mol%) (mol%) E. coli E. coli
UKT-B  Ol111:B4
DAA-10-0 10 90 0 <300 1.1 22 350 000 174 000
DAA-30-0 30 70 0 <300 2.3 2.6 175000 65000
DAA-50-0 50 50 0 <300 3. 2.8 50 000 150
DAA-70-0 70 30 0 <300 4.5 4.3 <10 <10
DAA-90-0 90 10 0 <300 5.1 7.9 <10 <10
DAA-70-100 70 30 100 10000 4.4 9.0 <10 <10
DAA-70-200 70 30 200 43000 45 23.8 <10 <10

“ % (v/v) of n-hexanol to DMAPAA-AAA solution.

® Value reduced as molecular mass of polysaccharide.

¢ Amino groups introduced into the adsorbent.

“ Degree of swelling in water.

¢ Adsorption of endotoxin by the adsorbent was determined by the batchwise method with 0.3 g of wet adsorbent and 3 ml of
endotoxin solution (E. cofi LPS, 500 ng/ml, pH 7.0. p =0.05).

BSA, an acidic protein, were examined with
various adsorbents at ionic strengths w = 0.05-
0.4. The adsorbents with an amino-group con-
tent of 4.5 mequiv./g and M, of <300-43 000
were used and the results are shown Fig. 2. Little
BSA was adsorbed by the DAA-70-0 adsorbent
(M,;,, <300) at any ionic strength. The BSA-

lim

Fig. 1. Electron micrograph of DAA adsorbents prepared
without a diluent. The amino-group content of adsorbents
was 4.5 mequiv./g. The scale bar represents 50 pum.

adsorbing capacity of the other adsorbents de-
creased with increase in the ionic strength. At a
low ionic strength (u =0.05), the adsorption
rate of BSA increased from 0 to 98% with
increase in M, of the adsorbent from <300
(DAA-70-0) to 43000 (DAA-70-200). Im-

100

80

60 [~

40

Adsorption of BSA (%)

0 01 02 0.3 0.4
lonic strength (u)

Fig. 2. Effects of ionic strength and M, on adsorption of
BSA by various adsorbents. The adsorption of BSA was
determined by the batchwise method with 0.3 g of each wet
adsorbent and 3 ml of a BSA solution (500 ug/ml, pH 7.0,
w =0.05-0.4). Adsorbent, M,,.: (O) DAA-70-0, <300; (@)
DAA-70-100, 10000; (A) DAA-70-200, 43000; (A) im-
mobilized histidine, 100000. Amino-group contents: DAA
adsorbents, 4.5 mequiv./g; immobilized histidine, 0.3
mequiv./g.
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mobilized histidine with a large pore size (M,
100 000) also showed high adsorption of BSA at
a low ionic strength of u = 0.05. The other DAA
(DAA-10-0, -30-0, -50-0, -90-0) adsorbents
with M, <300 hardly adsorbed BSA, just like
DAA-70-0. Little y-globulin (a neutral protein)
or cytochrome ¢ (a basic protein) was adsorbed
by any adsorbent under any conditions (data not
shown).

These results suggest that DAA-10-0, -30-0,
-50-0, -70-0 and -90-0 can adsorb endotoxins
without affecting the recovery of the proteins.
However, DAA-10-0, -30-0 and -50-0 are un-
satisfactory with respect to endotoxin-adsorbing
capacity and DAA-90-0 is disadvantageous with
a high flow-rate in the chromatographic process
because of its high degree of swelling (5,) of 7.8,
as shown in Table 1. In contrast, the DAA-70-0
adsorbent with an S, of 4.3 (similar to that of an
aminated PMLG sphere [14]) is expected to
show a higher flow-rate resistance than Sepha-
rose gels.

The adsorption isotherms for DAA-70-0
(amino-group content 4.5 mequiv./g) and im-
mobilized histidine (amino-group content 0.3
mequiv./g) adsorbents were determined in phos-
phate buffer (pH 7.0, p =0.05) by changing the
concentration of endotoxin (E. coli O111:B4
LPS) with the batchwise method. The endotoxin
adsorption of each adsorbent increased with
increasing concentration of endotoxin. Fig. 3
shows the Scatchard plots [6] derived from these
adsorption isotherms. According to these plots,
the adsorption capacities and dissociation con-
stants (K,) were calculated to be 0.81 mg endo-
toxin/g wet adsorbent and 8.5- 107'° M in the
DAA-70-0 adsorbent and 0.21 mg and 1.1-107"
M in the immobilized histidine, when the aggre-
gation mass of endotoxins was estimated as 10°.
The adsorption capacity of the DAA-70-0 ad-
sorbent was about four times larger than that of
the immobilized histidine although both of the
adsorbents showed similar K, values. These
results indicate that a high amino-group content
increased substantially the endotoxin-adsorbing
activity of the DAA-70-0 adsorbent.

The adsorption of endotoxins originating from
various Gram-negative bacteria by the DAA-70~

1.0

0.8
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Free endotoxin (ug/l)

Fig. 3. Scatchard plots derived from adsorption isotherms of
endotoxin on (O) DAA-70-0 adsorbent and (O) immobil-
ized histidine. The adsorption of endotoxin was determined
by the batchwise method with 0.2 g of the wet adsorbent and
2 ml of an endotoxin solution (E. coli O111:B4 LPS, 10°-10°
ng/ml, pH 7.0, u =0.05).

0 adsorbent were investigated, and the results
are given in Table 2. When adsorption of endo-
toxin was measured in water, the DAA-70-0
adsorbent showed a high endotoxin-adsorbing
activity for various purified endotoxins. Under
the conditions of pH 7.0 and p =0.1, the re-
sidual concentrations of endotoxin originating
from E. coli UKT-B and O111:B4 decreased

Table 2
Adsorption of endotoxins originating from various Gram-
negative bacteria by DAA-70-0 adsorbent

Endotoxin’ Residual concentration of
endotoxin after treatment”
(pg/ml)
Water Buffer
(pH 7.0, n =0.1)
Escherichia coli UKT-B <10 <10
Escherichia coli O111:B4 <10 <10
Escherichia coli O127:B8 <10 5600
Escherichia coli O55:B5 <10 100
Salmonella typhosa 0901 <10 50
Salmonella typhimurium <10 600
Bordetella pertussis Tohama <10 80

“The purified endotoxin was dissolved in water and phos-
phate buffer (pH 7.0, x =0.1) at a concentration of 500
ng/ml.

® The adsorption of endotoxin was determined by the batch-
wise method with 0.3 g of wet adsorbent and 3 ml of an
endotoxin solution.
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from 500 to less than 10 pg/ml, but all other
endotoxins were not completely removed.

The effects of pH and ionic strength on the
removal of endotoxin by DAA-70-0 and im-
mobilized histidine were investigated in various
kinds of buffers and the results are shown in Fig.
4a and b. Each residual concentration of endo-
toxin increased with increasing ionic strength at
any pH. When the ionic strength was adjusted to
# =0.05, both adsorbents removed endotoxin
satisfactorily at around neutral pH. When the
ionic strength was increased (u =0.1-0.4), the
endotoxin-removing activity of immobilized his-
tidine decreased considerably at any pH value
(Fig. 4b). DAA-70-0 adsorbent was able to
decrease the residual concentration of endotoxin
from 100 ng/ml to less than 100 pg/ml at p =
0.05-0.2 and pH 6-8 (Fig. 4a).

The effects of pH on the removal of endotoxin
from a BSA solution containing endotoxin
(endotoxin 100 ng/ml as E. coli O111:B4 LPS,
BSA 500 wg/ml) with DAA-70-0 adsorbent or
immobilized histidine were examined at an ionic
strength of u =0.05 (Fig. 5a and b). The DAA-
70-0 adsorbent satisfactorily removed endotoxin
from a BSA solution without affecting the re-
covery of BSA over a wide pH range from 5 to
8, as shown in Fig. 5a. In contrast, the immobil-
ized histidine had a high endotoxin-removing
activity over a wide pH range from 5 to 8, but
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Fig. 4. Effects of pH ‘and ionic strength on removal of
endotoxin by (a) DAA-70-0 adsorbent and (b) immobilized
histidine. The removal of endotoxin was determined by the
batchwise method with 0.3 g of the wet adsorbent and 3 ml of
an endotoxin solution (E. coli 0111:B4 LPS, 100 ng/ml, pH
4-9, p =0.05-0.4). Ionic strength: u =(O) 0.05, (Q) 0.1,
(A) 0.2 and (A) 0.4.
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Fig. 5. Effects of pH (x-axes) on removal of endotoxin from
a BSA solution containing endotoxin with (a) DAA-70-0
adsorbent and (b) immobilized histidine. The removal of
endotoxin was determined by the batchwise method with 0.3
g of wet adsorbent and 3 ml of a BSA solution (endotoxin
100 ng/ml as E. coli O111:B4 LPS, BSA 500 pg/ml, pH 4-9,
# =0.05). O = Endotoxin; O = BSA.

the residual concentration of BSA also decreased
from 500 to less than 10 ug/ml, as shown in Fig.
5b. As the ionic strength increased (u =0.2) the
adsorption of BSA by immobilized histidine
decreased (Fig. 2), but this was accompanied by
a decrease in the adsorption of endotoxin at any
pH value (Fig. 4b). Immobilized histidine there-
fore cannot remove endotoxin from a BSA
solution (500 w.g/ml) at any ionic strength or any
pH.
On the basis of these results (Figs. 2-5), we
assumed that the adsorption of endotoxin and
BSA by the adsorbent was induced by coopera-
tion of cationic and weakly hydrophobic prop-
ertiecs. The charge of the DAA adsorbent is
cationic at pH < 10 because of the amino groups
originating from the DAA copolymer. The ad-
sorption of endotoxin was dependent on pH and
ionic strength, as shown in Figs. 4 and 5. This
suggests that the ionic interaction participates in
binding between the adsorbent and endotoxins.
The adsorption, being independent of the ionic
strength, suggests a hydrophobic interaction; the
DAA adsorbent can retain the high endotoxin-
removing activity even at a high ionic strength of
# =0.1-0.4 (Fig. 4a). Immobilized histidine ad-
sorbed endotoxin mainly by ionic interaction at a
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low ionic strength, as it adsorbed little endotoxin
at high ionic strengths, u =0.2-0.4 (Fig. 4b).
Presumably, the high endotoxin-removing activi-
ty of the DAA adsorbent is related to the ionic
interaction between the cationic region of the
adsorbents and the anionic region (the phosphor-
ic acid group) of endotoxin, and to the weak
hydrophobic interaction between the alkyl chain
region of the adsorbent and the lipid region of
endotoxin.

It seems that the adsorption of BSA by the
adsorbent is induced by the cationic properties.
The charge of BSA is anionic at pH values
greater than its p/ (4.9), and also the adsorption
of BSA by the adsorbents is dependent on the
ionic strength, as shown in Fig. 2. This suggests
the participation of the ionic interaction in bind-
ing between the adsorbent and BSA; however,
the DAA-70-0 adsorbent with M, <300, which
is less than the molecular mass of BSA, adsorbed
little BSA at any pH value (Fig. 5a). The
adsorption of BSA increased with increase in
M, of the DAA adsorbent, at a low ionic
strength, as shown in Fig. 2. Immobilized his-
tidine with large pore sizes (M, = 100000)
adsorbed a considerable amount of BSA at pH
values greater than the pI (4.9) of BSA (Fig.
5b). These results show that adsorption of BSA
is caused by entry of the BSA molecules into the
pores of the adsorbent. Much endotoxin, how-
ever, was adsorbed by the DAA-70-0 adsorbent.
We reported previously [10] that endotoxin can-
not enter the pores of the adsorbent with M, <
300 because endotoxin aggregates to form super-
molecular assemblies (M,;,, > 1000000). There-

Table 3

fore, we assume that endotoxin is adsorbed also
on the surface of the DAA-70-0 adsorbent but
BSA can hardly be adsorbed on it.

3.2. Removal of endotoxin from various protein
solutions

Table 3 shows the selective removal of endo-
toxin with the DAA-70-0 adsorbent from vari-
ous useful protein solutions containing natural
endotoxin. BSA, myoglobin, vy-globulin and
cytochrome ¢ were used as test samples at
various concentrations. The proteins were natur-
ally contaminated with endotoxin at concentra-
tions from 500 to 32 000 pg/ml. When the endo-
toxin adsorption was measured at pH 7.0 and
1 =0.05, a high recovery of protein was ob-
tained with each sample solution after removal
of endotoxin. It is essential to eliminate endotox-
in or at least to decrease it to a concentration of
100 pg/ml from the fluid to be used for intraven-
ous injection [5], because of its potent biological
activity eliciting pyrogenic and shock reactions in
mammals [1]. As shown in Table 3, the DAA-
70-0 adsorbent was able to remove endotoxin
from any sample to a level below 100 pg/ml
without loss of the proteins.

3.3. Adsorption capacity and regeneration

The endotoxin-adsorbing capacity of DAA-
70-0 adsorbent was determined by frontal chro-
matography. An endotoxin solution (E. coli
O111:B4 LPS, 1000 ng/ml) was applied to a
column (10 X 0.3 cm L.D.) of the DAA-70-0

Removal of endotoxin from various protein solutions with DAA-70-0 adsorbent

Sample Concemration of endotoxin (pg/ml) Endotoxin removed Recovery of protein
(500 pg/ml) (%) (%)
Before treatment After treatment
BSA 32000 80 99 99
Myoglobin 500 20 96 99
y-Globulin 8400 50 99 99
Cytochrome ¢ 800 20 98 100

The endotoxin removed was determined by the batchwise method with 0.5 ml of wet DAA-70-0 adsorbent (M, <300,
amino-group content 4.5 mequiv./g) and 5 ml of a sample solution (pH 7.0, p = 0.05).
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Fig. 6. Adsorption capacity of DAA-70—0 adsorbent for
endotoxin (E. coli O111:B4 LPS, 1000 ng/ml, pH 7.0, u =
0.05) in frontal chromatography on a 10 X 0.3 cm I.D. glass
column. O = First use; © = fifth use (reused after treatment
with 20 mi of 0.2 M sodium hydroxide solution followed by
20 ml of 2 M sodium chloride solution).

adsorbent. As shown in Fig. 6, the adsorbent
was gradually saturated with endotoxin. When
the endotoxin-saturated column was washed with
20 m! of a 0.2 M sodium hydroxide solution
followed by 20 ml of 2 M sodium chloride
solution, the graph of the adsorbing capacity of
the regenerated column was similar to that of the
fresh column. We also repeated the column reuse
and the 0.2 M NaOH treatment five times. As
shown in Fig. 6, the curve of the adsorbing
capacity of the five-times regenerated column
was similar to that of the fresh column. These
results show that the DAA adsorbent can be
completely regenerated by the 0.2 M NaOH
treatment. The adsorption capacity of 1 ml of the
DAA-70-0 adsorbent was 0.87 mg of endotoxin
(E. coli O111:B4 LPS) at pH 7.0 and at an ionic
strength of w =0.05 in the column method.
Minobe et al. [5] found that the endotoxin-ad-
sorbing capacity of 1 ml of immobilized histidine
was 0.53 mg (E. coli O128:B12 LPS) at an ionic
strength of u =0.02. We also found that the
adsorbing capacity of 1 ml of the aminated
PMLG adsorbent (M, =20000, amino-group
content 3.2 mequiv./g) was over 2 mg of endo-
toxin (E. coli O111:B4 LPS) even at a high ionic
strength, u =0.17, as reported previously [9].
Although the adsorption capacity is lower than
that of the aminated PMLG adsorbent, the
DAA-70-0 adsorbent can satisfactorily remove

endotoxin from a protein solution naturally con-
taminated with endotoxin, as shown in Table 3.

For practical application, the ease of regenera-
tion is important, and the DAA-70-0 adsorbent
can easily be reused, as shown in Fig. 6. The
aminated PMLG adsorbent can also be reused
after washing by the same method as used for
the DAA-70-0 adsorbent. We suspect, however,
that the aminated PMLG adsorbent will be
gradually hydrolysed in a 0.2 M sodium hy-
droxide solution (one of the solvents used for
washing) because the adsorbent ha. free —CO-~
O- bonds originating from PMLG. In contrast,
the DAA adsorbent, being composed of
—CONH- bonds from DMAPAA and AAA, is
considered to keep its entire structure in 0.2 M
sodium hydroxide solution. It seems that this
favourable property permits the DAA column to
be reused many times.

4. Conclusion

The present results indicate that adsorption
technique using the DAA adsorbent can remove
endotoxin from a naturally contaminated protein
solution without affecting the recovery of the
protein. In addition, the DAA adsorbents have
the following advantages: (1) they are prepared
by one-step polymerization; (2) the amino-group
content of the adsorbent is easily adjusted by
changing the molar ratio of the monomer; and
(3) they can be completely regenerated by wash-
ing with several kinds of solutions.
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Abstract

The use of an electrolytic conductivity detector for chlorine-specific HPLC detection is described. The use of a
miniaturized LC system with flow-rates up to 60 ul/min allows the entire column effluent to be fed into the
detector. The design of the laboratory-made interface supporting the vaporization process by nebulizing the eluent
is described in detail. Various parameters were evaluated to determine the performance of the coupling, also
applied to environmental analysis. The detector is shown to be sensitive to 52—123 pg of chlorine in chlorine-

containing compounds eluted by normal-phase HPLC.

1. Introduction

High-performance liquid chromatography
(HPLC) is often limited by the lack of appro-
priate detectors specific to a class of compounds.
‘Especially in environmental analysis, selective
detection is desirable for minimizing extensive
sample clean-up procedures. Various attempts
have been made to improve the performance of
HPLC detection by interfacing GC detectors to
an LC system.

In recent years, papers have been published
on flame ionization, photoionization, nitrogen—
phosphorus, flame photometric and electron-cap-
ture detection (ECD) [1-4]. ECD has been used
on-line with moving-wire systems {5] and with
nebulizing [6] and vaporizing interfaces [7]. With
a recent miniaturized version (with a 200 x 0.7
mm 1.D. column) the detection limits for favour-

* Corresponding author.
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able electron-capturing compounds (chloro-
anilines) were of the order of 0.2-10 pg [8].

A chlorine-selective flame-based detector
using the indium(I) chloride emission band at
360 nm was described by Folestad et al. [9] for
microbore LC (20-70 wl/min). Under non-re-
taining conditions, the detection limit for 1,1,2-
trichloroethane is 0.39 ng of injected compound,
provided that quenching effects by organic modi-
fiers are avoided and pure water is used as the
mobile phase. The use of electrolytic conductivi-
ty detection (ELCD) with an instrument de-
signed for GC has the advantage of low sensitivi-
ty for non-halogenated interferents. This means
that most of the sample clean-up associated with
other types of detectors can be eliminated.

In the ideal case, the detector response is
proportional to the chlorine content of a com-
pound; this offers the possibility of quantitative
determination without calibration for each com-
pound in question.

© 1994 Elsevier Science B.V. All rights reserved
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Basic research in this field was carried out by
Shepherd et al. [10] using a segmented stream
splitter to reduce the eluent flow reaching the
detector. The development of miniaturized
HPLC allows the introduction of the entire
effluent into the GC detector.

The performance of the HPLC-ELCD system
was investigated by varying parameters such as
cluent flow-rate, interface position, reaction gas
flow and reaction temperature. Various applica-
tions of HPLC-ELCD under normal-phase con-
ditions are demonstrated and discussed.

2. Experimental
2.1. Apparatus

HPLC system

A syringe pump (LDC/Milton Roy) was used
for delivering pulse-free flow-rates in the range
1-500 wl/min. The narrow-bore column em-
ployed (300 X 1 mm I.D.) was packed with 5-um
NH,-Nucleosil (Grom, Herrenberg, Germany).
Injections were made with a Rheodyne Model

w
Injection

7010 injection valve equipped with a 2 or 4-ul
external sample loop.

Detector

The detection system consisted of a Model
ROK 3/30 horizontal tube furnace (Heraeus,
Hanau, Germany) including a quartz pyrolysis
tube (350X 1 mm 1.D.), a Tracor Model 700A
differential conductivity cell and a Tracor Model
700 control unit (Techmation, Diisseldorf, Ger-
many). Data analysis was performed with a
Shimadzu, C-R3A integrator.

Interface

The design of the laboratory-made interface is
shown in the inset in Fig. 1. The front part of the
pyrolysis tube has an extended inner diameter
(3.5 mm LD.). The stainless-steel capillary (20
cm X 0.1 mm L.D.) from the analytical column
enters the tube through a Swagelok tee-piece
(1/4 in.) and stops where the pyrolysis tube
begins to narrow. The capillary end has a hand-
filed tip so that the resulting orifice acts as a
restrictor for a liquid stream down to 10-20
p1/min. Thus, the column effluent can be nebul-
ized for supporting the vaporization process. The
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— -="
H
( Column ... ... . /:\
[ l |
: W
Control X X
unit \'Z :
Registration . I '
1
Syringe | :
pump Int_eiffacfﬁ ___________ ] :
g o o IB— / Solvent !
| i I © Pump , reservoir :
2 C*ﬂ G\D . ! Lz |
Eluent : \Q = / - -
_ 17—7—%‘__3‘\5 D lon exchange
. :

Fig. 1. Schematic diagram of the HPLC-ELCD system. Interface details: 1=LC capillary; 2= PTFE ferrule; 3 = tee-piece;
4 = reaction gas inlet; 5 = graphite ferrule; 6 = ceramic ring; 7= quartz tube; 8 = furnace.
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performance of the interfaced ELCD instrument
was compared with that of a variable-wavelength
UV detector (Model 575; Applied Biosystems,
Weiterstadt, Germany).

2.2. Chemicals

The solvents used were of analytical-reagent
grade from Merck (Darmstadt, Germany) and
Baker (Deventer, Netherlands). They were used
as received, except for n-pentane and n-hexane,
which were purified by refluxing over a disper-
sion of 45% sodium in paraffin (Fluka, Buchs,
Switzerland) and subsequent distillation [11].
Tetrachloromethane and 1,1,1-trichloroethane
(analytical-reagent grade) were obtained from
Merck; all other compounds used as solutes were
analytical reagent grade products from Fluka,
Riedel-de Haén (Seelze, Germany), Aldrich
(Steinheim, Germany) and Polyscience (Niles,
IL, USA).

High-purity hydrogen (99.999%) was used as
the reaction gas. All solvents used as eluents
were previously degassed under vacuum.

3. Results and discussion

The physical nature, in particular the detector
transparency and evaporation properties, of the
mobile phase and the volume of the eluent
transferred into the detection unit are key factors
for successful LC interfacing. The on-line-cou-
pling of a GC detector to a liquid chromatograph
requires continuous effluent vaporization. The
constancy of this process has a direct influence
on the detection limits. Favourable evaporation
conditions, however, should agree with the con-
ditions required by the chromatographic process
and with the parameters demanded for the
detector operation.

3.1. HPLC solvent and flow-rate

In spite of the detector selectivity, the solvent
flow, which has to be evaporated, produces a
background noise depending on the solvent
used, the impurities and the flow-rate. The

combustion products of the eluent act as interfer-
ing compounds, which are constantly present in
the detector and can increase the limit of detec-
tion for halogenated compounds.

To compare the interfering properties of pos-
sible eluents, solutions of tetrachloromethane in
methanol, acetonitrile and n-pentane were pre-
pared. The solutions were directly injected (4 ul
in each instance) into the detector via a GC
injection port and a fused-silica capillary (250 x
0.53 mm 1.D.) as transfer line, heated at 100°C.
Hydrogen acted as the carrier gas (50 ml/ min)
and the reaction gas (150 ml/min). This resulted
in a higher sensitivity with the alkane as solvent,
especially where lower concentrations were
concerned (Fig. 2). It is also seen that a non-
linear relationship exists with methanol and
acetonitrile as solvents at a concentration range
that is more than two orders of magnitude
smaller than that which was investigated by
Shepherd et al. [10].

The baseline noise with a continuous solvent
flow increases with increase in flow-rate. The
best results were observed with alkanes as
eluents. To achieve the highest signal-to-noise
ratios, the flow-rates, or at least the fraction of
the LC effluent reaching the detector, should not
exceed 60—80 w1/min, as can be seen from Table
1.

A further disadvantage of increased flow-rates

Peak area [au]

10 - —

10

Concentration of Tetrachloromethane [pg/mli] in

T n-Pentane A Methanol O Acetonitrile

Fig. 2. Influence of the solvent on the chlorine sensitivity.
For conditions, see text.
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Table 1
Influence of the eluent flow-rate on the signal-to-noise ratio

Eluent Signal-to-noise Eluent Signal-to-noise
flow-rate ratio flow-rate ratio

(u1/min) (p1/min)

10 74 90 51

30 77 110 36

50 75 130 32

70 60 150 28

Eluent, n-pentane; reaction temperature, 1000°C; hydrogen
flow-rate, 200 ml/min; injections (without separation col-
umn), 4 ng of tetrachloroethylene.

is a greater deposition of carbon in the furnace
tube. The extent of this deposition depends on
the eluent used and its carbon content. A flow-
rate of 40 ul/min of n-hexane gives a distinct
carbon deposition in the furnace tube after only
20 min, whereas no carbon is found with metha-
nol as solvent, even after 40 min.

To decrease the detector load, a miniaturized
LC system with a column of 1 mm I.D. was
employed. Typical flow-rates of 5-50 wl/min
allow the entire column effluent to be fed into
the detector.

The increase in volume that occurs on convert-
ing the liquid eluent into vapour is, compared
with the reaction gas flow, negligible at these
flow-rates. In spite of greater carbon deposition,
further investigations were confined to normal-
phase chromatography with alkanes as solvents,
because of a more sensitive determination.

Moreover, cleaning of the reaction tube by
burning the carbon deposits can be carried out
easily by changing the reaction gas to oxygen for
30 min when the eluent flow is turned off. The
conductivity cell should be removed for this
operation. Although no effect on sensitivity was
observed over an operating period of 7 days
(with an average of 2—4 h operation daily), this
cleaning procedure was performed every 2 days.

Great variations in solvent purity were ob-
served, although the same brands and grades
were employed. Whereas single charges of n-
hexane or n-pentane could be used as received
from the suppliers, most of them show high noise
levels (when used as eluents) and give peaks

(when injected as solvents). Sensitive and re-
producible results could be obtained after purifi-
cation of the alkanes in the above-described
manner.

3.2. Hydrogen flow-rate

According to manufacturers’ recommenda-
tions, operation in the halogen mode requires a
hydrogen-flow-rate of 50 ml/min. This adjust-
ment cannot be applied for the LC-coupled
system, because the eluent has to react addition-
ally. The theoretical consumption of hydrogen,
assuming that methane is produced exclusively,
which is a coarse approach, because other re-
action products are also formed, is 43 ml/min at
an n-hexane eluent flow-rate of 50 ul/min. This
excess demand should be considered to achieve
complete decomposition of the analyte.

In fact, the effect of an insufficient supply of
reaction gas is observed. This is particularly
apparent with aromatic chlorine compounds with
a high carbon content. Distinctly diminished
signals of di- and trichlorobenzenes are obtained
at flow-rates below 80 ml/min, whereas varying
the hydrogen flow-rate between 10 and 100 ml/
min has no observable effect on the sensitivity
for tetrachloromethane and tetrachloroethylene.

Further, as a result of a more efficient de-
composition, increased hydrogen flow-rates (200
ml/min as compared with 75 ml/min at an n-
pentane eluent flow-rate of 50 u/min) decrease
both the baseline noise and the carbon deposi-
tion in the pyrolysis tube. Above 300 ml/min,
however, increased hydrogen flow-rates decrease
the residence time in the reaction tuoe, which
results in diminished signals. Hence a hydrogen
flow-rate of 200 ml/min was routinely employed.

3.3. Reaction temperature

The efficiency of the thermal fragmentation
also depends on the reaction temperature. Fig. 3
shows the temperature profiles of the response
for three chlorinated compounds at an eluent
flow-rate of 20 wl/min. With increasing furnace
temperature, the detector response increases to a
maximum. Unlike in its GC application, higher
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Fig. 3. Effect of reaction temperature on detector response.

furnace temperatures are required to obtain the
maximum response. Further, because of the
higher dissociation energy of the aromatic C-Cl
bonds, the temperature must be sufficiently high
to ensure that there is no difference in the
response to aliphatic and aromatic compounds.
Discriminating effects between the two groups
are eliminated at a furnace temperature of
1050°C. In consideration of the working life of
the furnace, however, a temperature of 1000°C
was chosen for most experiments.

3.4. Conductivity solvent

The flow-rate of the solvent determines the
concentration of the absorbed ions. Thus the
detector response decreases with increasing flow-
rate. Occasional carbon deposits in the conduc-
tivity cell may cause flow changes. To minimize
variations in sensitivity, the correct volume flow,
set at 0.6 ml/min, was checked daily. Undiluted
ethanol was used as a conductivity solvent in-
stead of alcohol-water mixtures, which tend to
change their composition owing to gradual
evaporation. In spite of the on-line coupled
modification, the electrolyte is continuously
circulated through the ion-exchange resin (Fig.
1) without any deterioration in sensitivity even
after several weeks. Replacement of the resin

and solvent is necessary when the background
noise increases significantly.

3.5. Selectivity

As specific detector, the ELCD instrument
responds only to compounds that contain ele-
ments for which it is tuned. The selectivity is
determined by the products formed in the fur-
nace tube. Under reductive conditions (in the
halogen mode hydrogen is used as reaction gas)
strong acids are produced by the decomposition
of organic halogen compounds. The low re-
sponse of interfering compounds is due to poor
solubility or low ionization of their pyrolysis
products in the conductivity solvent. In spite of
the selective properties of the detector, a large
excess of interfering compounds can lead to
systematic errors. To quantify the selectivity
under coupling conditions, the chlorine response
is compared with the responses to other
heteroatomic compounds, which produce corre-
sponding hydrogen compounds such as NH;,
H,S and H,0.

Solutions of these compounds in n-pentane (10
wl1/ml) were injected into the solvent stream (40
wl/min). The separation column was removed
for this operation. The response data shown in
Fig. 4 are expressed in terms of peak areas
related to the amount injected. Under the de-
scribed conditions, a selectivity of 10*-10° for
organic-bound chlorine relative to the investi-
gated compounds is achieved.

3.6. Interface

The interface must provide for an efficient
transfer of analyte molecules from the LC outlet
into the detector, while the contribution to band
broadening must be minimized.

The most important parameters influencing
the interface performance are the temperature
and the shape of the interface. As far as the
geometry is concerned, the interface must pro-
ject into an opening of 1.5 mm because of the
pyrolysis tube diameter. Further, the interface
construction includes the reaction gas feed im-
plied by the detection method. A possible later
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Fig. 4. Relative detector responses to various heteroatomic compounds.

supply would cause an additional band broaden-
ing, or a make-up gas stream as in the GC mode.
The position of the liquid-vapour transition is
determined by the interface temperature. It can
be regulated by varying the position of the
interface with respect to the heating zone of the
furnace.

Different possibilities of solvent evaporation
can be discussed. At low temperatures, the
liquid flows until the capillary end and evapo-
rates after leaving the capillary. In the case of a
non-restricting orifice, this happens more as a
result of the reaction gas stream passing by and
would be a completely insufficient transfer for
non-volatile solutes. At sufficiently high tem-
peratures, the interface would be used under
conditions of inside-capillary- evaporation. With
extremely volatile solvents (e.g., n-pentane)
however, the “solvent concurrent evaporation”
effect is risked with this operation. In this
instance, the solvent evaporates at the liquid
front, whereas high-boiling compounds are re-
tained at the inner wall of the capillary.

All these effects are indicated when operating
the interface without eluent nebulization. The
measurements were made at various interface
positions with solutes of different volatility. For
high temperatures (>400°C), the stainless-steel

capillary projected 30 mm into the heating zone
of the furnace. To avoid inside-capillary evapo-
ration, the capillary tip was set at a distance of
10 mm from the furnace front. Exact tempera-
tures at the capillary orifice inside the interface
cannot be ascertained because of the cooling
reaction gas jacket. This resulted in small and
broadened peaks for hexachlorobenzene, where-
as no band-broadening effects were observed for
more volatile compounds (perchloroethylene or
1,2 dichlorobenzene). For 2,2',3,4,4’.5,5'-hepta-
chlorobiphenyl, no signal could be obtained with
the crude capillary outlet under the various
temperature conditions.

In contrast, high-pressure nebulization of the
eluent permits the transfer even of the less
volatile investigated compounds without evident
band broadening; note peaks 2 and 4 in Fig. 5.
The contribution of the interface to band
broadening is identical with that which can be
obtained with a UV detector equipped with a
low-volume detector cell (0.5 nl) under identical
chromatographic conditions, including the length
and inner diameter of all connecting tubings. A
liquid jet transports the solute molecules into
zones of sufficiently high temperature. In order
to achieve a steeper temperature gradient, the
furnace aperture is diminished by a ceramic ring,
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Fig. 5. ELCD chromatogram of an organochlorine standard
mixture; Column, 5-um Nucleosil NH, (300 X I mm 1.D.);
eluent, n-pentane (30 wl/min); hydrogen flow-rate, 200 ml/
min; furnace temperature, 1000°C.  Peaks: 1=
tetrachloroethylene (4 ng); 2 = hexachlorobenzene (4 ng);
3 =1,2-dichlorobenzene (4 ng); 4=2.2"344"55"-hepta-
chlorobiphenyl (5 ng).

which allows the capillary tip to reach up to the
furnace front (Fig. 1).

The condition for a jet disintegrating into a
spray of droplets can be evaluated by the equa-
tion [12]

2
d<v2pf

T

where d is the orifice diameter, F is the solvent
flow-rate, p is the density and o the surface
tension of the liquid. Thus, the prepared stain-
less-steel capillary produces a continuous jet at
an n-pentane flow-rate of 30 w!/min if the orifice
of the capillary end has a diameter of 13 um or
less. This calculation can be verified by examina-
tion of a cut-off of the capillary tip using a
scanning electron microscope: A photograph of
the liquid jet at an n-pentane flow-rate of 30
wpl/min is shown in Fig. 6.

Possible pneumatic nebulization with hydro-

Fig. 6. Photograph of the nebulizing capillary tip and the
liquid jet produced at an n-pentane flow-rate of 30 ul/min.
For dimensions, sec capillary diameter of 1.6 mm. The
furnace and the quartz tube are removed.

gen as nebulizer gas would require such high gas
flow-rates that they would not be compatible
with operation of the conductivity cell.

3.7. Detector performance and application

The limits of detection for some selected
compounds are summarized in Table 2. In order
to determine the chlorine response under cou-
pled conditions, the sensitivity for the investi-
gated compounds, obtained from the slope of the
calibration graphs, is divided by the chlorine
content. The relative values in Table 2 show the
linear response to the content of chlorine in the
molecule. Assuming a normal peak width of ca.
35s, the chlorine sensitivity found is in the 2-3
pg/s range, which is also specified in GC use.

The present set-up is suitable for analysing
solid or aqueous environmental samples, sub-
sequent to enrichment, using liquid-liquid or
liquid—solid extraction. The organic extracts can
be directly injected into the system. The advan-
tage of the specific detection, which does not
exist with other HPLC detectors, is shown in
Fig. 7. which compares the ELCD and UV
traces for a contaminated soil extract; the
characterization of the signals obtained with
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Table 2

Characteristics of some selected chlorinated organic compounds

Compound Limit of Relative standard Chlorine content Relative chlorine
detection (3s) deviation (n = 4) (%) sensitivity
(pg) (%)
1,3-Dichlorobenzene 205 2.8 48 1.00°
1,2-Dichlorobenzene 257 3.8 48 1.07
1,2,3-Trichlorobenzene 209 3.2 59 0.97
Hexachloroethane 58 . 1.0 90 0.96
“ Defined.

ELCD as 1,2- and 1,3-dichlorobenzene was
achieved by comparison with reference data
(GC-MS analysis).

ELC response

UV response

tp [min]

Fig. 7. LC-UV and LC-ELCD traces for a soil extract.
Sample, 7.5 g soil; solvent, 5 ml of n-hexane; extraction
period, 1 h; UV detection at 205 nm. Peaks: 1 = unidentified
halogenated aliphatic; 2 = 1,3-dichlorobenzene; 3 =1,2-di-
chlorobenzene.

4. Conclusions

The on-line coupling of a electrolytic conduc-
tivity detector to a miniaturized LC system has
been successfully accomplished. The interface is
based on nebulizing the total column effluent,
while the contribution to band broadening is
negligible. The minimum detectable amounts of
chlorine (52-123 pg) are about 1000 times lower
than those found in earlier studies.

The described HPLC-ELCD interfacing offers
a very useful extension to the available range of
the LC detectors and has its advantage in areas
where thermal instability and low volatility make
analysis by GC difficult. Compared with ECD,
ELCD has the advantage of a direct propor-
tionality between the response and the chlorine
content of a compound. This can also be an
interesting aspect for application as an extended
parameter of extractable organic halogen com-
pounds (EOX), with the possibility of sample
characterization.

Further investigations on chromatographic op-
timization (shortening of extra-column tubings,
use of polar modifiers and phase separators for
coupling to reversed-phase chromatography)
should improve the chromatographic resolution
and increase the possibilities of identification and
application.
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Abstract

The technique of high pH anion-exchange chromatography method with pulsed amperometric detection
(HPAEC-PAD) has been adapted for the rapid determination of common carbohydrates present in fermentation
broths. Simple water dilution of filtered fermentation broth samples was the sole sample preparation step required.
The samples were analyzed using a Dionex CarboPac PA1 column with 150 mM NaOH as the mobile phase at a
flow-rate of 1 ml/min and a total run time of 20 min. A gradient method was also developed to resolve species
which exhibited similar z, in the isocratic procedure. Among the analytes examined in this study were ethanol,
glycerol, galactose, glucose, mannose, fructose, raffinose, ribose and lactose. Examples from several microbial
fermentations using chemically defined or complex medium are presented.

1. Introduction

Fermentations are complex processes designed
to control the growth and productivity of micro-
organisms or cultured cells. The productivity of
the fermentation process is directly influenced by
environmental parameters such as pH, tempera-
ture, dissolved oxygen, and other nutritional
factors.

Thus, definition of the nutrient composition of
fermentation medium is essential to the under-
standing of the physiology of fermentation pro-
cesses. Carbohydrates are one of the most im-
portant classes of nutrients that can affect micro-
bial growth. An understanding of carbon catabo-

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00374-1

lism is critical to optimization of culture con-
ditions. The concentration of the preferred car-
bohydrate utilized by the microorganism can
vary widely depending upon the type of fermen-
tation as well as the stage of culture growth (e.g.,
from 1-5 mg/l to 100 g/l in batch cultures).
Clearly, analysis of carbohydrates is a critical
element of medium optimization and for prod-
uctivity improvements of fermentation processes.

Many analytical techniques have been used to
quantitate carbohydrate concentration in fer-
mentation broths. Historically, enzyme-based or
chemical identity assays have been used to detect
individual saccharides [1]. However, sample
throughput is limited, the technique is cumber-
some, and the assays are specific for a single
saccharide. More recently, flow injection analysis
has been tested as an on-line process monitoring

© 1994 Elsevier Science BV. All rights reserved
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technique [2]. Some drawbacks of this technolo-
gy are the limitation of one analyte per channel
and the extensive training necessary to allow the
use of this technology. HPLC analysis affords a
more comprehensive picture of the carbohydrate
constituents in media. This technology has been
used extensively for analysis of defined and
complex fermentation media [3]. Commonly,
refractive index (RI) detection is utilized for
carbohydrate determination as direct UV detec-
tion is not practical [4]. However, since gradient
methods cannot be used with RI detection,
resolution may be compromised. To overcome
this problem, post-column derivatization has
been investigated by some groups [5,6]. Bell and
Newman {7] found that solid-phase extraction of
the fermentation sample was necessary to re-
move broth matrix interferences prior to HPLC-
RI analysis.

To the authors’ knowledge, an alternative
HPLC technology that has not been applied to
fermentation broth analysis is high-performance
anion-exchange chromatography (HPAEC) in
combination with pulsed amperometric detection
(PAD). HPAEC-PAD has been widely applied
as a sensitive detection system for alcohols,
monosaccharides and oligosaccharides in biologi-
cal samples such as soil [8], dairy products [9],
peat samples [10] and fruit juices [11]. The
successful application of HPAEC-PAD for the
determination of carbohydrates in numerous
biological samples led us to investigate and
develop this technique for ion chromatographic
determination of common carbohydrates used in
fermentation. Carbon sources of wide interest in
fermentation technology include, but are not
limited to, the following compounds: ethanol,
glycerol, galactose, glucose, mannose, fructose,
raffinose, ribose and lactose.

This report describes the method develop-
ment, optimization and validation of chromato-
graphic methods to monitor carbohydrates in
fermentation broth without the need for exces-
sive sample pretreatment. The utility of this
analysis was documented by application to a
variety of microbial fermentations employing
chemically defined media or complex nutrient
sources, several examples of which are illus-
trated.

2. Experimental
2.1. Chemicals

Sodium hydroxide (50%, w/w) was obtained
from Fisher Scientific (Malvern, PA, USA).
HPLC-grade glacial acetic acid was obtained
from J.T. Baker (Phillipsburg, PA, USA). All
stock carbohydrate standards were prepared
from analytical-grade material obtained from
either Pfanstiehl (Waukegan, IL, USA) or Fluka
(Ronkonkoma, NY, USA).

2.2. Carbohydrate chromatographic system and
eluents

Isocratic

Component analysis was performed using a
Dionex ion chromatography system (Sunnyvale,
CA, USA) that contained a gradient pump, PAD
system, autosampler and data-handling system.
The actual separation was accomplished using a
CarboPac PA1 analytical column (Dionex, 250 %
4 mm) and a CarboPac PA1 guard column
(Dionex, 50 x4 mm) with a 150 mM NaOH
mobile phase. The method was isocratic with a
flow-rate of 1 ml/min. A PAD system equipped
with a gold electrode was used for detection. The
PAD settings were: E1=0.05, E2=0.65, E3 =
—0095;T1=2,T2=2,T3=5and range=2. A
50-n] sample was injected using the filled-loop
mode. The total run time was 20 min.

Gradient :

The aforementioned analytical system was
used for a gradient elution method by.changing
appropriate conditions. The mobile phase com-
ponents were distilled water (A) and 50 mM
NaOH-2 mM acetic acid (B). The gradient
conditions were: A-B (94:6) held constant for
13.8 min; varied linearly to 100% B over the
next 11.2 min; and then returned to A-B (94:6)
over an additional 16 min. The PAD settings
were: E1=0.05, E2=0.60, E3= —0.65; T1=
5, T2=2, T3=1 and range =2.

Data system
A Dionex advanced computer interface (ACI)
Model III was used for data transfer to an AST
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Premium 486/33TE computer. Data reduction
and processing were accomplished using Dionex
AI-450 software (version 3.20).

Preparation of standards and samples

Stock carbohydrate standards were prepared
at a concentration of 10 mg/ml using Milli-Q
water and were stored at —70°C. Dilutions of
stock standards to prepare 10, 25, 50, 100, 250
and 500 pg/ml working standards were made
daily. Fermentation samples were prepared by
diluting 0.22-um-filtered broth with Milli-Q
water; dilutions of at least 1:50 were used.

3. Results and discussion

The objective of the study was to develop an
HPAEC-PAD method for the determination of
carbohydrate concentration in fermentation
broths. While establishing the sensitivity and
linear range of the assay, we were especially
concerned with the wide range of carbohydrate
concentrations (1 mg/1 to 100 g/1) that can occur
during the course of a microbial fermentation.
To accommodate this magnitude of change, we
employed the least sensitive PAD setting that
allowed for a broad range of sensitivity. The
working limit of detection for most analytes was
10 pwg/ml under these conditions. These detec-
tion limits could be reduced to ca. 10 pg/ml by
adjusting the PAD settings appropriately, as
reported by other investigators [12,13]. The
concentration of these analytes in fermentation
media usually exceeds this range (10 pg/ml) by
several orders of magnitude. It was determined
that simple dilution with water (commonly 10- to
400-fold) was required to perform the analysis,
thus, method sensitivity was not stressed.

To determine if the isocratic method could be
adapted for fermentation broth analysis, analytes
of interest were evaluated. These included rib-
ose, trehalose, fructose, galactose, mannose,
glucose, rhamnose, sucrose, lactose, maltose,
raffinose, ethanol, glycerol, ribitol, galactitol and
sorbitol. Because of the wide variety of fermen-
tation media that were potentially available and
to simplify assay protocol, a common matrix for
the standards was necessary. Water was chosen

as the first approximation for the matrix because
the starting concentrations of most carbohy-
drates of interest in fermentation broths were in
the g/l range and considerable dilution with
water was necessary for analysis. To define the
HPLC parameters for separation and quantita-
tion, mixtures of known standards in water were
examined.

Fig. 1 illustrates the resolution of a mixture of
components (each present at 50 n.g/ml) using the
isocratic method. Hardy et al. [14] reported that
the order of elution of simple carbohydrates and
polyols was affected by the accessibility of poly-
anions to functional groups attached to the
stationary phase; thus, there is not a strict
relationship between t; and molecular mass.
Alcohols exhibited the shortest t; followed by
monosaccharides, disaccharides, then trisac-
charides. Chromatographic parameters, includ-
ing tg, response factor (1/sensitivity), sensitivity
(peak area/concentration), column capacity fac-
tor (k') and working range of linearity are listed
in Table 1.

For some applications, glucose and galactose

500+

mvV 7

U A

0 5 10 15 20
Minutes
Fig. 1. Chromatogram of standard mixture of alcohols and
carbohydrates: separation by the isocratic method. Injection
volume, 50 ul. Peaks: 1=ethanol (1000 wg/ml); 2=
glycerol; 3 =sorbitol; 4=mannose; 5 = galactose; 6=
fructose; 7 = ribose; 8 = lactose; 9 = maltose (all at 100 ug/
ml). '

100
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Table 1

HPLC parameters for eleven carbohydrates and five alcohols generated using the isocratic carbohydrate method

Carbohydrate M, tr Response Sensitivity k' Range of linearity
(min)* factor (pg/ml)
D-Ribose, C.P. 150.13 5.57 0.000091 1105 271 10-500
Trehalose dihydrate, C.P. 179.90 3.28 0.00078 1280 1.19 10-500
D-Fructose, C.P. 180.16 5.20 0.00078 1288 2.47 10-500
D-Galactose, C.P. 180.16 4,78 0.00070 1422 2.19 10-500
D-Mannose, C.P. 180.16 4.43 0.00061 1632 1.95 10-500
Glucose 180.16 4.72 0.00061 1649 2.15 10-500
L-Rhamnose monohydrate, C.P. 182.17 3.20 0.00047 2117 1.13 10-500
Sucrose 342.30 10.03 0.00448 223 5.69 25-500
Lactose monohydrate 360.31 8.25 0.00181 553 4.50 10-500
Maltose monohydrate, C.P. 360.31 19.57 0.00713 140 12.05 25-500
Raffinose, C.P. 594.52 17.93 0.00463 216 10.95 10-500
Ethanol 46.06 1.65 0.03264 31 0.10 500-5000
Glycerol 92.09 1.80 0.00024 4091 0.20 10-250
Ribitol 152.15 2.63 0.00038 2647 0.75 10-250
Galactitol 182.17 2.62 0.00038 2644 0.75 10-500
Sorbitol, N.F. 182.17 2.62 0.00039 2566 0.75 10-500

Data were obtained using 100 pg/ml standards; ethanol at 1000 pm/ml. C.P. = Chemically pure, N.F. = national formulary.

“Based on chromatograms from 100 pg/ml samples.

separation was important. As these analytes
cannot be resolved using the isocratic method, a
gradient method was optimized to resolve these
two species which have the same molecular mass
(Fig. 2). In practical terms, this did not hamper
analysis of fermentation media since most sam-
ples could be analyzed using the isocratic meth-
od. Chromatographic parameters for the gra-
dient separation are listed in Table 2. The data
listed in Tables 1 and 2 are comparable to values
reported by other investigators [14,15].

The linearity of response was investigated for
all analytes listed in Tables 1 and 2. Representa-
tive plots for seven saccharides and two polyols
are depicted in Fig. 3. Using either method, the
linearity of response for most analytes was be-
tween 10 and 500 pug/ml (Tables 1 and 2). This
relatively large standard curve range was select-
ed to accommodate the large variability in ana-
lyte concentrations expected to occur in fermen-
tation broths. A cubic fit of the data was used to
obtain a better quantitation of standards.

To ensure that water was a good approxi-
mation of the medium background, and that

12

500+

mV

Minutes

Fig. 2. Chromatogram of standard mixtures of alcohols and
carbohydrates: separation by the gradient method. Injection
volume, 50 ul. Peaks: 1=ethanol (1000 pg/ml); 2=
glycerol; 3 =sorbitol; 4 =mannose; 5= galactose; 6=
fructose; 7 = ribose; 8 = lactose; 9 = maltose; 10 = lactose (all
at 100 pg/mi). :
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Table 2

291

HPLC parameters for ten carbohydrates and five alcohols generated using the gradient carbohydrate method

Carbohydrate M, ta Response Sensitivity k' Range of linearity
(min)" factor (ng/ml)
p-Ribose, C.P. 150.13 22.30 0.00007 13 662 13.87 10-500
Trehalose dihydrate, C.P. 179.90 2.83 0.00008 12 164 0.89 10-500
D-Fructose, C.P. 180.16 19.38 0.00006 15 508 11.92 10-250
D-Galactose, C.P. 180.16 11.45 0.00005 19 952 6.63 10-500
p-Mannose, C.P. 180.16 17.95 0.00005 19 444 10.97 10-500
Glucose 180.16 13.85 0.00005 19 248 8.23 10-500
L-Rhamnose monohydrate, C.P. 182.17 10.08 0.00005 19019 5.72 10-500
Sucrose 342.30 13.25 0.00018 5480 7.83 25-500
Lactose, monohydrate 360.31 22.98 0.00007 13 608 14.32 10-500
Raffinose, C.P. 594.52 21.75 0.00009 10 619 13.50 10-500
Ethanol 46.06 1.62 0.03175 31 0.08 250-5000
Glycerol 92.09 1.73 0.00003 38776 0.15 10-500
Ribitol 152.15 2.47 0.00003 28 739 0.65 10-500
Galactitol 182.17 2.40 0.00004 22341 0.60 10-500
Sorbitol, N.F. 182.17 2.52 0.00005 20963 0.68 10-500

Data were obtained using 100 pg/ml standards; ethanol at 1000 pg/ml.

*Based on chromatograms from 100 ug/ml samples.

standards exhibited the same characteristics in
fermentation medium, potential interferences
from medium components were examined. Inter-
ferences from compounds with ionizable groups
should be minimized by dilution. Concentrations
for most analytes (2.5 ug/mi), other than the
predominant carbohydrate species, were below
the limit of detection with the PAD settings
used. When an alkaline pH mobile phase is used,
a PAD system equipped with a gold electrode 1s
sensitive to analytes that contain oxidizable func-
tional groups such as hydroxyls, amines and
sulfides [16,17]. Carboxylic acids and inorganic
species are transparent in such a system. Other
organic compounds that would be converted to
anions under the alkaline conditions used for
chromatography were also potential sources of
interference. Thus, certain amino acids, nu-
cleosides, and choline (all with relatively high
dissociation constants, pK,>10.5) were tested
as potential interfering compounds by spiking
water with 250 pg/ml standards. At these levels
only proline, arginine and lysine exhibited any
noticeable' detector response (data not shown).
These compounds did not present an interfer-
ence problem because the normal concentration

of these amino acids was <2-5 pg/ml and at
these levels they were undetectable. To confirm
that medium components posed no interference,
spike recovery studies in various complex media
were performed. Equivalent analyte concentra-
tions were detected in water spiked with analyte,
media spiked with analyte then diluted, and
diluted media spiked with analyte when either a
representative alcohol, pentose, hexose or di-
saccharide was used (data not shown).

The intraday accuracy of the method was
tested by assaying a galactose standard six times.
The relative standard deviations (R.S.D.s) of
retention times or peak heights were 1.8 and
0.2% for galactose at 10 and 500 png/ml, respec-
tively. Interday accuracy has been monitored for
over two years with R.S.D.s of 5.6 and 0.5% for
the 10 and 500 pg/ml galactose standard, respec-
tively. Intraday and interday reproducibility
studies have also been performed for five addi-
tional analytes (glucose, ribose, ethanol, glycerol
and lactose) with similar results (data not
shown).

To ensure assay performance during fermen-
tation sample analysis, quality control (QC)
samples were analyzed approximately every ten
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Fig. 3. Typical calibration curves for (A) three hexoses (glucose, galactose, fructose), (B) two pentoses (ribose, arabinose), (C)
two disaccharides (lactose, sucrose) and (D) two alcohols (glycerol, sorbitol). Standard curve ranges: 10 to 500 wg/ml for
hexoses, pentoses, disaccharides and sorbitol; 10 to 250 ug/ml for glycerol. R*>0.9999 for all analytes.

fermentation samples. QC samples were 100 ug/
ml galactose in water. For each fermentation
sample set, the variability of the QC samples was
determined. Typical variation for QC samples
was R.S.D. <5% with actual values being < *
5% of the nominal QC value. The limiting factor
for run size was the sample schedule (software
limitation), not QC variation. Accuracy was
observed to vary with the type of fermentation
medium used, thus the minimum recommended
dilution was established for each medium.

The utility of the system for analyzing fermen-
tations broths was demonstrated by monitoring
carbohydrate profiles of several different fermen-
tations. Several examples are depicted in Figs.
4-6. Fig. 4 depicts the chromatograms from two
recombinant Escherichia coli fermentations gen-
erated using the isocratic method. The upper

panel is an analysis of a filtered broth sample
from a chemically defined fermentation medium
with glucose (peak 1) as the sole carbon source;
the lower panel is a sample from a complex
medium formulation with glycerol (peak 2) as
the primary carbon source. In both casés a
simple 1:50 dilution with water was the only
sample pretreament. The chromatogram gener-
ated from the chemically defined medium sample
shows that except for the glucose peak, virtually
no other components are detectable. While sev-
eral minor peaks were detected in the complex
medium, the major peak was glycerol (peak 2),
the principal carbon source.

Fig. 5 presents a representative time course of
the chromatograms from a fermentation of
Haemophilus influenzae b cultivated in complex
medium with glucose as the major carbon
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Fig. 4. Representative chromatograms showing isocratic
analysis of carbohydrates in an E. coli fermentation using
chemically defined medium with glucose (peak 1) as the
major carbon source (top) or complex medium with glycerol
(peak 2) as the major carbon source (bottom).

source. These were generated using the isocratic
method. Two major monosaccharides are re-
duced in concentration during the course of the
fermentation. One can infer that glucose (peak
1) and ribose (peak 2) are coordinately metabo-
lized during the period of 18 and 8 h, respective-
ly. Note also the relative stability of the minor
peak such as sucrose (peak 3) over the same
time course. '

The concentration of the maltose (peak 4) did
not change during this period but in this series of
chromatograms, maltose exhibited an #; of ca.
19.2 min which does not agree with the 19.6 min
ty as listed in Table 1. This finding illustrated a
notable feature of the method. Over time, with
repeated injections of complex medium samples,
the r; of disaccharides such as maltose and
raffinose tended to decrease. The column per-
formance was restored by washing the column
with 1 M NaOH for 30 min. This phenomenon
was attributed to the loss of column binding sites
due to interference from complex medium com-

1
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10041 18H
T L T 1
0 5 10 15 20
Minutes

Fig. 5. A time course of representative chromatograms
showing isocratic analysis of carbohydrates in a H. influenzae
fermentation using complex medium with glucose as the
major carbon source. Peaks: 1= glucose; 2 = fructose; 3 =
ribose; 4 = maltose. H= Hours.

ponents [18]. An altered ¢ of other analytes that
elute sooner than 15 min was not observed.
Fig. 6 illustrates the fermentation time course

of a recombinant Saccharomyces cerevisiae

grown in chemically defined medium containing
galactose (peak 1) and glucose (peak 2) at
starting concentrations of 89 and 20 g/l, respec-
tively. As shown, the concentration of galactose
in the broth decreased by 86% during the fer-
mentation, while glucose is virtually depleted
from the broth by 16 h. :

A gradient chromatography method, which
has an extended run time, was required to
resolve these two main analytes. From a practi-
cal viewpoint, to maximize ample throughput the
isocratic method was utilized for analysis of
fermentation samples after glucose exhaustion
(e.g., >16 h, data not shown).

HPAEC-PAD can be used for direct detection
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Fig. 6. A time course of representative chromatograms
showing gradient analysis of carbohydrates in a S. cerevisiae
fermentation using chemically defined medium with two
principal carbon sources, galactose (peak 1) and glucose
(peak 2). H=Hours. Al = After inoculation.

of common carbon sources in fermentation
media with only 0.22-pm filtration of fermen-
tation broths and ca. 100-fold dilution of the
filtered broth as the sole sample preparation
steps. The system can be used for fermentation
broths of various composition (either chemically
defined or complex) with neither extraction,
sample derivatization, nor ashing required. As
fermentation broths can contain a variety of
components, we were especially concerned about
interferences from high ion levels, complex or-
ganic components and metabolic by-products.
The majority of the components in fermentation
media have relatively low pK, values; thus, the
only analytes which would be ionized in alkaline
mobile phases are those with high pK, values
such as certain amino acids and nucleoside bases.
No interference was observed due to media
components. The system proved to be rugged,
with greater than 1000 injections prior to column

cleanup (defined as change in t; of standards by
10%). The system has been in continuous use for
three years with no major problems in over
10 000 injections. Samples from multiple fermen-
tations constituting different media formulations
have been analyzed without compromising the
accuracy of the system. In comparison to other
analytical methodologies for obtaining carbohy-
drate concentration in fermentation broth, this
system is straightforward and simple. Biological-
ly relevant information about carbohydrate me-
tabolism is critical to the understand.ng of micro-
bial physiology. Moreover, the central role of
carbon metabolism in microbial fermentation
processes is the basis for many on-line process
control strategies. Thus, the dilute and shoot
feature of this method makes on-line sampling/
analysis an attractive option for future studies.
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Abstract

A variety of cyclic N-3,5-dinitrobenzoyl B8-amino esters has been synthesized and resolved by chiral HPLC. The
B-amino esters were derived from B-lactams formed by the [2 + 2] cycloaddition of N-chlorosulfonyl isocyanate
with simple olefins. Chromatographic separation of the enantiomers of these N-(3,5-dinitrobenzoyl)-B-amino esters
on three 7r-basic chiral stationary phases is described and the origin of the observed chiral recognition considered.

1. Introduction

A chiral stationary phase (CSP) derived from
a conformationally restricted B-amino acid, CSP
1, was developed in these laboratories several
years ago [1]. Despite the greater distance be-
tween two of the potential recognition sites, CSP
1 has broader analyte scope and generally af-
fords larger separation factors than its a-amino
acid analogue, N-(3,5-dinitrobenzoyl)phenylgly-
cine [2]. It is presumed that greater degrees of
recognition site preorganization and conforma-
tional rigidity are present and are responsible for
CSP 1’s improved performance. To explore this
hypothesis, a series of cyclic (and thereby con-
formationally restricted) B-amino acids were
prepared and the enantiomers of their 3,5-di-
nitrobenzamide derivatives were examined chro-
matographically on three CSPs, each of which
has a somewhat different conformational prefer-
ence. Should large separation factors be encoun-

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00352-A

tered for the enantiomers of one or more of the
analytes in this series, one might, in view of the
reciprocity often noted for chiral recognition [3],
use this information to aid in the development of
a still more efficacious B-amino acid-derived
CSP. The understanding one might gain con-
cerning the relationship between structure and
chiral recognition using this series of analytes
would be an added benefit.

OC,Hs
(o] H 0 e
] Si
ON A rO—{CHa 7 0
| A
4 Ph 1-Bu
NO,
CSP1

The synthetic route used to prepare the B-
lactam precursor of CSP 1 is not suitable for the
preparation of cyclic B-amino acids [1,4]. A
convenient method for the rapid synthesis of
small quantities of B-lactams (and the derivative
B-amino acids) is the [2+ 2] cycloaddition of

© 1994 Elsevier Science B.V. All rights reserved
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Fig. 1. The synthetic sequence used to prepare racemic
analytes 5-14.

N-chlorosulfonyl isocyanate (CSI) to simple
olefins, either cyclic or acyclic (see Fig. 1) [5].
The [2 + 2] cycloaddition reaction proceeds with
net retention of the stereochemistry of the start-
ing olefin. Hence, either cis or trans disubsti-
tuted B-lactams can be obtained.

The N-chlorosulfonyl B-lactams, 1, obtained
by [2 + 2] cycloaddition of the isocyanate to an
alkene, were hydrolyzed to give the corre-
sponding B-lactams, 2. These were then ring
opened, esterified and acylated as previously
described to give the N-3,5-dinitrobenzoyl
(DNB) amino esters, 4 [1]. The compounds
synthesized by this route are shown in Fig. 2.

The liquid chromatographic separation of the
enantiomers of the DNB derivatives of a series
of acyclic B8-amino acids on several 7-basic CSPs
was reported earlier [6,7]. The chromatographic
separation of the enantiomers of derivatized 8-
amino acids by liquid chromatography [8,9],
ligand-exchange chromatography [10-13], gas
chromatography [11], diastereomeric derivatiza-
tion [14-16] and mobile phase additives [17]
have been reported elsewhere. In this study,
DNB B-amino esters were evaluated on #-basic
CSPs 2-4. CSPs 2 and 3 are commercially
available (see Experimental). The synthesis and
evaluation of CSP 4 are being reported else-
where.

Ud n
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0
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Fig. 2. N-(3,5-Dinitrobenzoyl) B-amino esters synthesized
for use in this study.
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2. Experimental
2.1. Equipment

Chromatography was performed with an Al-
cott 760 HPLC pump, a Rheodyne Model 7125
injector with a 20-ul sample loop, a 250 X 4.6
mm stainless-steel column packed with either
CSP 2, 3 or 4, a LDC Analytical UV Monitor D
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fixed-wavelength detector (254 nm), a Rudolph
Research Autopol III automatic polarimeter
using a 2-dm flow-cell and a Hewlett-Packard HP
3394 A integrator.

CSPs 2 and 3 are available from Regis (Mor-
ton Grove, IL, USA).

2.2. Chemicals

The CSI, undecenyl alcohol and olefins were
purchased from Aldrich. Chromatography sol-
vents were generously provided by EM Science.
The normal-phase void volume was determined
using tri-tert.-butylbenzene [18].

2.3. General synthetic approach

The B-lactams were synthesized according to
published procedures or minor modifications
thereof [19-22]. The ring opening of the B-
lactams and esterification of the resulting B-
amino acids was accomplished by heating a
1:1.2:1.2 molar ratio of B-lactam, undecenyl
alcohol and methanesulfonic acid, respectively,
in benzene at reflux overnight with azeotropic
removal of the water formed. The resulting
reaction mixture was washed successively with
saturated NaHCO, and brine, dried over
MgSO,, filtered and isolated in vacuo. The crude
amino ester was then acylated with 3,5-dinit-

Table 1

robenzoyl chloride according to standard pro-
cedure [1]. Compounds were purified by silica
gel flash chromatography or preparative TLC
with an ethyl acetate—hexane solvent system.

3. Results and discussion

The enantiomers of each of the DNB B-amino
esters studied were successfully resolved by each
of the three CSPs examined, see Table 1. In
most cases, baseline (or better) resolution of the
enantiomers was obtained. The enantiomers of
the five-, six- and seven-membered rings, 5-7,
are the most readily separated by these CSPs.
Analytes having still larger rings (e.g. 8 and 9)
are less well resolved. The decrease in the
separation factors of the enantiomers of a larger-
ringed analyte is presumably due to the in-
creased degree of conformational flexibility. This
is believed to result in a loss of preorganization
and to lead to a blend of retention processes
which causes increased retention of the least-
retained enantiomer and reduced retention of
the more retained enantiomer.

The relative placement of interaction sites and
the rigidity of two of the smaller ringed analytes
was altered either by incorporation of a bridge,
10 and 11, or by fusing a benzo substituent, 12
and 13, onto the cyclic analytes. Increased ana-

Separation of the enantiomers of N-3,5-dinitrobenzoyl 8-amino esters

Compound CSP 2 CSP 3 CSP 4
ki a Sign” k} a Sign* k! a Sign*
5 1.88 1.63 (+) 1.51 3.76 ) 1.13 6.72 -)
6 2.45 1.87 2.27 3.67 1.19 9.40
7 2.01 2.07 (+) 1.89 4.57 ) 1.08 10.3 (-)
8 1.89 1.57 (+) 1.79 2.71 =) 1.13 5.36 (-)
9 1.76 1.56 2.19 2.28 1.35 2.94
10 2.11 1.52 (+) 1.76 2.55 ) 1.02 4.67 (-)
11 3.00 1.17 2.17 1.99 0.91 5.08
12 3.28 1.16 ) 1.99 2.78 (+) 2.53 1.66 (+)
13 2.93 1.60 (+) 2.60 1.50 (+) 3.76 1.06 -)
14 1.89 1.31 (-) 1.65 2.30 (+) 1.38 3.96 (+)

Chromatographic conditions: mobile phase, 2-propanol-hexane (20:80); flow-rate, 2.0 ml/min.
“ The sign of rotation at 589 nm of the most retained enantiomer is given.
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lyte rigidity may be either beneficial or detrimen-
tal to chiral recognition by a given selector.
Should a structural change in an analyte more
heavily populate a conformation having good
spatial complementarity of its interaction sites
with those of the selector, one can increase the
retention of the more retained enantiomer while
diminishing the retention of the least-retained
enantiomer. By locking the analyte enantiomers
into an unfavorable (for chiral recognition) con-
formation, rigidity can reduce or destroy the
selectors’ ability to distinguish between the en-
antiomers.

The enantiomers of the bridged 10 and 11
exhibit separation factors adequate for resolution
but smaller than those of their monocyclic coun-
terpart, 6. In retrospect, it seems likely that, to
some extent, the rigid bridge interferes sterically
with the selector-analyte interactions principally
responsible for chiral recognition. Benzo ana-
logues 12 or 13 show less enantioselectivity on
CSPs 2-4 than do the monocyclic analogues 5
and 6. The added benzo substituent may func-
tion as an additional interaction site, either
leading to non-chiral retention or to an alter-
native and opposite-sense chiral recognition pro-
cess. In fact, 12 and 13 exhibit larger separation
factors on CSP 3 than on CSP 4, 13 being best
resolved on CSP 2. The order of elution of the
enantiomers of 13 from CSP 4 differs from that
noted on CSPs 2 and 3. This aspect of chromato-
graphic behavior is not consistent with the gener-
al trends observed in Table 1 and seems to
support the contention that the benzo substituent
can alter the (otherwise) dominant recognition
process.

The structurally simple non-cyclic analyte, 14,
prepared for comparative purposes, is well re-
solved by all three CSPs, demonstrating that the
enantiomers of simple DNB B-amino esters
bearing sterically small substituents can be sepa-
rated by CSPs 2-4.

The separation factors for the enantiomers of
most DNB B-amino esters on CSPs 2 and 3 are
much smaller those found for simple DNB «-
amino esters under similar chromatographic con-
ditions [7,23]. This is more or less to be ex-
pected, since a greater distance and a larger

number of bonds between interaction sites typi-
cally leads to greater conformational flexibility
and less preorganization. Similar considerations
apply to chiral selectors. While CSPs 2 and 3 are
essentially the same mechanistically, a claim
consistent with a body of experimental data [24-
26], the latter often show significantly larger
separation factors for the enantiomers of DNB
a-amino acid derivatives than do the former.
CSP 3 is conformationally more rigid and appar-
ently better preorganized to accommodate the
more retained enantiomer of the DNB derivative
of either an a- or B-amino acid (see Table 1).

Although in a slightly different spatial arrange-
ment, the necessary (for chiral recognition) in-
teraction sites present in DNB a-amino acid
derivatives are also present in DNB B-amino
acid derivatives. There is no reason to suspect
that the chiral recognition processes of the two
are conceptually much different even though the
enantioselectivity shown by the latter is reduced
for the aforementioned reasons. The chiral rec-
ognition process proposed to account for the
ability of CSPs 2—4 to “recognize” the enantio-
mers of DNB B-amino esters involves face to
face 7= interaction of the electron-rich naph-
thyl group and the electron-poor DNB group, a
hydrogen bond between the aryl NH and the
terminal carbonyl of the B-amino ester and a
second hydrogen bond between the DNB amido
hydrogen and the terminal carbonyl of the a-
amino acid derivative of the CSP. These pro-
cesses must occur simultaneously (Fig. 3) for the
more retained enantiomers of these analytes.

The preceding chiral recognition mechanism
readily accounts for the greater enantioselectivity
of CSP 4 relative to CSP 3. The amide carbonyl
oxygen of CSP 4 bears a higher electron density
than that of the ester carbonyl oxygen of CSP 3
and is hence a better hydrogen bond acceptor.
By moderately increasing the strength of an
interaction essential to the chiral recognition
process, one expects to increase enantiodiscrimi-
nation. The data in Table 1 are consistent with
this argument. The separation factors for the
enantiomers of every analyte (with the exception
of 12 and 13) are greater on CSP 4 than on CSP
3.
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Fig. 3. A generic chiral recognition mechanism proposed to
account for the separation of the enantiomers of DNB -
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As is the case with most brush-type CSPs,
CSPs 2-4 generally exhibit good chromatographic
efficiency and resolution factors (R,) sufficient
for complete separation of the enantiomers of
these analytes. For example, the resolutions of
one of the less-well separated analytes, com-
pound 11, on these phases (CSP 2, R, = 1.2; CSP
3, R,=3.5; CSP 4, R, = 8.6) are of a magnitude
adequate for most analytical and preparative
applications. Compound 13 does show a de-
crease in resolution from CSPs 2 to 4 (CSP 2,
R, =4.0; CSP 3, R,=3.3; CSP 4, R ,=0.61)
consistent with the previously noted unusual
chromatographic behavior of this analyte.

The depiction of CSP 4 shows (S)-N-(1-naph-
thyl)leucine di-n-propyl amide doubly linked to
the silica support. This is an idealized picture, a
mixture of linkage modes doubtless occurs. A
selector tethered by both trimethylene legs, as is
CSP 4, is expected to manifest a degree of
rigidity not present in CSP 3. Plausibly, “two-
legged” attachment may lead to a greater spac-
ing between the strands of bonded phase than
occurs with “one-legged” attachments, a point
under study. Strand spacing can influence the
level of enantioselectivity afforded by a given
immobilized selector.

Conclusions

The enantiomers of a variety of DNB B-amino
esters have been chromatographically separated

on three r-basic CSPs. From the ease of sepa-
ration observed, it is likely that the enantiomers
of a wide variety of substituted B-amino acids
derivatives can be resolved by CSPs 2-4. The
chiral recognition mechanism earlier advocated
as responsible for the separation of the enantio-
mers of a-amino acid derivatives on CSPs 2 and
3 also accounts for the differential affinities
shown toward the enantiomers of B-amino acid
derivatives by these CSPs. From the magnitudes
of the separation factors observed, one presumes
that separation of the enantiomers of C-terminal
amides of DNB B-amino acids will be separated
easily using CSPs 2-4.

CSPs corresponding to analytes 12 and 13 have
been synthesized and their performance will be
reported in due course.
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Abstract

A silica-based chiral stationary phase derived from r-alanyl- and pyrrolidinyl-disubstituted cyanuric chloride was
prepared for the enantioseparation of methyl esters of N-(3,5-dinitrobenzoyl)amino acids. The chromatographic
results show that effective and efficient enantioseparation was achieved on this chiral stationary phase. Rationales
purporting to account for liquid chromatographic observations of chiral recognition are examined.

1. Introduction

Owing to the increasing awareness of the
importance of separating enantiomers, interest in
the separation of enantiomers by high-perform-
ance liquid chromatography has grown dramati-
cally during the past decade [1-5]. The efficient
separation and resolution of enantiomers from
racemic mixtures can be achieved by utilizing
chemically bonded chiral stationary phases
(CSPs) [6-9]. For the successful resolution of
enantioseparation on CSPs, the molecular struc-
tures of the chiral moieties of the CSP and the
enantiomeric analytes must be complementary in
some fashion so that at least three simultaneous,
preferential and distinct interactions prevail be-
tween them [10]. A CSP capable of preferen-
tially retaining one of a pair of enantiomers
should exhibit at least one preferential inter-

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00266-C

action that is stereochemically dependent. The
preferential interactions important for enantio-
selectivity cause a differential retention of the
enantiomeric analytes. As the extent of these
interactions depends on the molecular structures
of enantiomeric analytes, an appropriate deri-
vatization of chiral molecules may become a
determining factor for the effective and selective
resolution of enantiomeric analytes.

The design of effective and selective CSPs is
often aided by understanding the mechanism of
chiral recognition. Recently, the origin of chiral
recognition has been investigated by many re-
searchers using empirical [11-20] and/or compu-
tational [21-29] methods. In this way, chiral
recognition models pertaining to the mode of
operation of those CSPs become better under-
stood.

As the high-performance liquid chromato-
graphic separation of enantiomers on some s-
triazine derivatives of amino acid dipeptide es-

© 1994 Elsevier Science B.V. All rights reserved
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ters, tripeptide esters and (S)-1-(a-naphthyl)-
ethylamine chiral stationary phases [30-32] dem-
onstrated the practicability of using the s-triazine
ring as a linking unit, we considered that in the
design of new chiral stationary phases the chiral
selector can be composed of an amino acid and
an s-triazine derivative possessing strong 7r-basic
character for the chiral separation of amino
acids. In this work, a CSP composed of an
L-alanyl- and pyrrolidinyl-disubstituted s-triazine
derivative was prepared and the enantioselec-
tivities of some amino acids on this CSP column
were examined. Rationales purporting to ac-
count for liquid chromatographic observations of
chiral recognition were considered.

2. Experimental
2.1. Chemicals and reagenis

Pyrrolidine, cyanuric chloride, N,N-dicyclo-
hexylcarbodiimide and 3,5-dinitrobenzoyl chlo-
ride were purchased from Merck. The silica gel
used was Nucleosil (pore size 10 nm; particle size
10 mm; surface area 350 m?/g) obtained from
Macherey-Nagel. 3-Aminopropyltriethoxysilane
(APS) and N-methylmorpholine were obtained
from Janssen. N-Hydroxysuccinimide was pur-
chased from Aldrich and amino acids from
Sigma. Synthesis reagents for preparing the
chiral stationary phase and the derivatization of
chiral analytes were purchased from various
suppliers and were used as received. 2-Propanol
and n-hexane of LC grade were purchased from
Mallinckrodt. Water was purified by ion ex-
change followed by treatment in a Milli-Q water
purification system (Millipore).

2.2. Preparation of chiral stationary phase

Pyrrolidinyl-substituted cyanuric chloride

A solution of sodium carbonate (0.021 mol)
and pyrrolidine (0.02 mol) in water (70 ml) kept
in an ice-bath near 0°C was added with agitation
to a solution of cyanuric chloride (0.02 mol) in
acetone (30 ml). After the mixed solution had
reacted at 0°C for 1 h, the product was filtered,
washed well with cold water several times and

then dried over P,O,, at reduced pressure. The
product yield is about 85%.

L-Alanyl- and pyrrolidinyl-disubstituted
cyanuric chloride

A solution of sodium carbonate (0.021 mol)
and L-alanine (0.01 mol) dissolved in water (100
ml) was added with agitation to a solution of
pyrrolidinyl-substituted cyanuric chloride (0.01
mol) dissolved in acetone (30 ml). The mixed
solution was reacted near 50°C for 2 h. The
solution was filtered to remove the precipitate,
then the clear filtrate was neutralized with dilute
HCl solution until substantial precipitation
occurred, with the filtrate in the ice-bath. The
precipitate ‘was collected by filtration, washed
several times with water and then dried over
P,0,, at reduced pressure. The yield of the
product was about 55%.

Silane-modified silica gels

The preparation of silane-modified silica gels
was described previously [33]. The silane used
was 3-aminopropylsilane.

Chemically bonded chiral stationary phase

After adding N-hydroxysuccinimide (0.005
mol) to a solution of r-alanyl- and pyrrolidinyl-
disubstituted cyanuric chloride (0.005 mol) dis-
solved in tetrahydrofuran (THF) (100 ml) in an
ice-bath at 0°C, N,N-dicyclohexylcarbodiimide
(DCC) (0.005 mol) was slowly added with agita-
tion. Reaction proceeded at 0°C for 1 h, then at
room temperature for a further 24 h. The solu-
tion product was obtained by filtering off un-
wanted dicyclohexylurea, in which APS-modified
silica gel (3 g) was suspended and to which
N-methylmorpholine (1 ml) was added. The
reaction proceeded at 0°C for 1 h, then at room
temperature for a further 48 h with agitation.
The product was collected by filtration, washed
thoroughly with THF, methanol, water and
methanol successively, then dried over P,O,, at
reduced pressure. Fig. 1 displays the reaction
scheme for the preparation of this chiral station-
ary phase.

2.3. Apparatus and chromatography
The chromatographic system and the column-

packing apparatus were described previously
[32]. Mixtures of 2-propanol and n-hexane (typi-
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Fig. 1. Reaction scheme for the preparation of chiral station-
ary phase.

cally 20:80, v/v) were used as the mobile phase
and were filtered through a 0.45-um membrane
filter and degassed by ultrasolic vibration. The
flow-rate was 1.0 ml/min. The detector was
operated at 254 nm. Elemental analyses of the
chiral stationary phase and the corresponding
silane-modified silica gel were performed with a
Perkin-Elmer Model 240C elemental analyser.

3. Results and discussion
3.1. Characterization of the stationary phase

The nitrogen contents of APS-modified silica
and chiral stationary phase obtained from
elemental analyses were 1.29 and 3.31%, respec-
tively. The loading capacities determined from
the nitrogen contents for APS-modified silica
and chiral stationary phase were 0.92 and 0.33
mmol/g, respectively. The loading capacity of

APS-modified silica (X) was calculated with the
equation

X (mmol) = N (%) x 1000/(14 x 100)

and the loading capacity of the chiral stationary
phase (Z, in mmol/g) was calculated with the
equation

N (%) = (14X + 5 % 14Z) X 107° x 100/

[1+(M)-18)Z]x 107>

where M is the molecular mass of pyrrolidinyl-
and L-alanyl-disubstituted cyanuric chloride. By
comparing the loading capacity of the APS-
modified silica with that of the chiral entity, we
found that only 36% of the amino groups on the
APS-modified silica surface were converted into
the chiral moiety.

3.2. Enantioseparation of amino acids

Table 1 presents the results of the enantio-
meric separation of methyl esters of 3,5-dinit-
robenzoyl amino acids on this chiral stationary
phase. Fig. 2 shows typical chromatograms of the
enantiomeric separation of valine and leucine.
Except for proline, which shows no chiral selec-
tivity, most of the amino acids listed in Table 1
showed excellent enantioselectivity. In most in-
stances, baseline separation of the enantiomers
of amino acids was achieved using 2-propanol-n-
hexane (20:80, v/v) as the eluent.

As shown in Table 1, the capacity factors of
the enantiomers of amino acids having an alkyl
substituent attached to the chiral carbon de-
crease with increasing chain length of the alkyl
group, but the enantioselectivity indicated by the
« values seems to be unaffected by variation of
the chain length of the alkyl group. In contrast,
the enantioselectivities of amino acids with a
branched-chain alkyl group are larger than those
of amino acids with a linear alkyl group. This
may indicate that a small but stereochemically
significant steric interaction exists between the
branched-chain alkyl group of the chiral selec-
trand and the methyl group of the chiral selector.

Among the chiral analytes tested, the enantio-
mers of amino acids with substituents other than
an alkyl group were retained longer in the
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Chromatographic separation of methyl esters of N-(3,5-dinitrobenzoyl)amino acids on L-alanyl- and pyrrolidinyl-disubstituted
cyanuric chloride-derived CSP

ON
gN H (l:H COOMe
R
ON

Amino acid R k¢ a Configuration®
Alanine CH, 3.65 1.36 R
Aminobutyric acid CH,CH, 2.78 1.45 R
Norvaline CH,CH,CH, 2.31 1.39 R
Norleucine CH,CH,CH,CH, 2.09 1.35 R
Valine (CH,),CH 2.38 1.54 R
Leucine CH,CH(CH,)CH, 2.01 1.44 R
Isoleucine CH,CH,CH(CH,) 2.03 1.49 R
Phenylglycine C.H, 4.46 1.20 R
Phenylalanine C.H,CH, 3.95 1.53 R
Tyrosine HOCH;CH, 10.78 1.62 R
Tryptophan C,;H,(NH)CH, 11.89 1.55 R
Aspartic acid CH,00CCH, 6.63 1.28 R
Glutamic acid CH,00CCH,CH, 5.85 1.40 R
Methionine CH,SCH,CH, 5.02 1.46 R
Threonine HOCH(CH,;) 6.53 1.17 R
Proline - 3.45 1.00 -

Eluent, 2-propanol-n-hexane (20:80, v/v); flow-rate, 1 ml/min.
“ Capacity factor of the first-eluted enantiomer.

* Absolute configuration of the first-eluted enantiomer.

R
s
£ s g
3 Z
o) 431
O Q
Z A g 8
: :
i "3 LJ i
0.00 12.50 0.00 6.25 12.50

Fig. 2. Enantioseparation of methy! esters of N-(3,5-dini-
trobenzoyl)amino acids: (A) valine; (B) leucine. Eluent,
2-propanol-n-hexane (20:80, v/v); flow-rate, 1 ml/min.

column than those of amino acids with alkyl
substituents, particularly for amino acids with
aromatic substituents such as tyrosine and
tryptophan. Hence the involvement of the addi-
tional 77— interaction between amino acids with
aromatic substituents and the chiral stationary
phase is clear. As indicated in Table 1, the «
values for phenylglycine, phenylalanine, tyrosine
and tryptophan were 1.20, 1.53, 1.62 and 1.55,
respectively. The remarkable difference in the
enantioselectivity between phenylglycine and
phenylalanine, tyrosine or tryptophan reveals
that the relative orientation of the aromatic
substituent and the structural compatibility be-
tween these chiral analytes and the chiral station-
ary phase plays a significant role in the enantio-
separation.

The capacity factors of amino acids with a
carboxyl group such as aspartic acid and glutamic
acid esters were found to be twice as large as
those of amino acids with an alkyl group. This
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effect is probably due to hydrogen bonding
between the carbonyl group of the chiral ana-
lytes and the secondary amino group of the
chiral stationary phase. However, as reflected by
the smaller « value of aspartic acid than that of
amino acids with alkyl substituents, this inter-
action could not be considered as a preferential
interaction contributing to the formation of dia-
stereomeric complexes.

The structural difference between threonine
and valine clearly indicates that the presence of a
hydroxyl group in threonine causes an increased
capacity factor, because of hydrogen bonding
with the carbonyl group of the chiral stationary
phase. However, as reflected by the smaller «
value of threonine than that of valine, the
existence of this interaction seems not to favour
chiral recognition also.

The enantiomers of N-(3,5-dinitrobenzoyl)-de-
rivatized proline molecule cannot be resolved on
this chiral stationary phase. The reasons are
unknown; perhaps the absence of an acidic NH
group in the derivatized proline prevents hydro-
gen bonding.

3.3. Chiral recognition mechanism

In accordance with previous reports [11-13],
the design of the present chiral stationary phase
is based on the following three preferential
interactions: (a) w—= interaction involving the
3,5-dinitrobenzoyl group of the chiral selectrand
and the pyrrolidinyl-substituted s-triazine ring of
the CSP, (b) hydrogen bonding involving the
carbonyl group in the carboxyl ester group of the
chiral selectrand and the secondary amino group
belonging to the amino acid of the chiral selector
and (¢) hydrogen bonding involving the secon-
dary amino group in the amide linkage of the
chiral selectrand and the carbonyl group in the
amide linkage of the chiral selector. Fig. 3 shows
the preferential interactions existing between the
chiral selectrand and the chiral selector. How-
ever, as mentioned by several researchers [34-
36], these preferential interactions may not be
the sole determining factors for chiral discrimina-
tion. Additional interactions, such as the steric
interaction between the substituent group at-

o_
O}Nﬁcnzcﬂzcnzs:{o_g
o._

Fig. 3. Preferential interactions between methyl ester of an
N-(3,5-dinitrobenzoyl)amino acid and the chiral stationary
phase.

tached to the chiral centre of the chiral selec-
trand and the alkyl group attached to the chiral
centre of the chiral selector, may also be in-
volved to some extent in the chiral recognition
process.

In order to establish whether the w— inter-
action involving the 3,5-dinitrobenzoyl group in
the chiral selectrand and the pyrrolidinyl-substi-
tuted s-triazine ring in the chiral selector is
essential for chiral recognition, we examined the
effect of various 7r-acceptor substituents on the
enantioseparation of methyl esters of benzoyl-
derivatized amino acids so that the role played
by the 3,5-dinitrobenzoyl group of the chiral
selectrand in chiral recognition could be evalu-
ated. Table 2 presents the chromatographic
results of the dependence for various derivatized
methionine methyl esters and those of valine
methyl esters. According to Table 2, the replace-
ment of a 3,5-dinitrobenzoyl group by a 3-nitro-
benzoyl group or a benzoyl group greatly de-
creases the enantioselectivity. For instance, the «
value decreased from 1.46 to 1.13 and 1.00 on
replacement by a 3-nitrobenzoyl and a benzoyl
group, respectively. This effect is simply due to
the decrease in the 7—7 interaction between the
s-triazine ring of the chiral selector and the
benzoyl group of the chiral selectrand. Our
chromatographic data thus clearly indicate the
necessity for the presence of a pyrrolidinyl-sub-
stituted s-triazine ring in the chiral selector and
the importance of the interaction between -
acceptor and 7-donor groups in the chiral dis-
crimination process. This result is consistent with
the findings of Pirkle and co-workers [11-13].
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Table 2
Effect of different 7-acceptor substituents on the enantioseparation of methylesters of benzoyl-derivatized amino acids
Ry
gNHCHCOOMe
R7
R, R, R = CH,CH,SCH, R =CH(CH,),
Kk k, a k; k, - a
NO, NO, 5.02 7.35 1.46 2.38 3.67 1.54
H NO, 3.26 3.69 1.13 1.55 1.83 1.18
H Cl 1.34 1.34 1.00 0.66 0.62 1.00
H H 1.45 1.45 1.00 0.64 0.64 1.00

Eluent, 2-propanol-n-hexane (20:80, v/v); flow-rate, 1 ml/min.

The important role played by the ester group
of the chiral analytes in the chiral discrimination
has been demonstrated by Salvadori et al. [37],
based on the fact that the replacement of an
ester group with a cyano group greatly decreases
the « value. We obtained additional evidence to
support the important role of the ester group in
the chiral recognition by comparing the chro-
matographic resolution of the enantiomers of
3,5-dinitrobenzoylamino acids with that of 3,5-
dinitrobenzoylamine [38]. As the absence of the
carbonyl group in 3,5-dinitrobenzoylamine ex-
cludes the formation of hydrogen bonding be-
tween the carbonyl group of the chiral selectrand
and the secondary amino group of the chiral
moiety of the chiral stationary phase, no chiral
discrimination was achieved on this CSP for 3,5-
dinitrobenzoylamines.

The role of the secondary amino group in the
chiral analytes is seen by comparing the chro-
matographic results of the enantioseparation of
esters of 3,5-dinitrobenzoyl amino acids pos-
sessing an acidic NH group with that of the ester
of 3,5-dinitrobenzoylproline. The inability to
achieve enantioseparation of the proline ester is
probably due to the absence of an acidic NH
group, because no hydrogen bonds could be
formed between the chiral analyte and the chiral
stationary phase. Although this hydrogen bond-
ing is considered as the third preferential inter-
action, such an interaction may not be essential
for the chiral discrimination, because no enantio-

separation of amino acids was achieved on the
chiral stationary phase derived from r-phenyl-
glycyl- and pyrrolidinyl-disubstituted cyanuric
chloride, despite the three major preferential
interactions persisting between the CSP and the
methyl ester of 3,5-dinitrobenzoylphenylalanine
[38]. In other words, the results reveal that the
enantiomers of an amino acid may be unable to
be discriminated by these three preferential
interactions alone. Instead, as was demonstrated
in Table 1, steric repulsion between the substitu-
tional group attached to the chiral centre of the
chiral analyte and the substituent group attached
to the chiral centre of the chiral stationary phase
needs to be taken into consideration as a signifi-
cant discrimination interaction in the chiral rec-
ognition process.

4. Conclusions

The chiral stationary phase derived from an
L-alanyl- and pyrrolidinyl-disubstituted cyanuric
chloride could provide excellent enantioselec-
tivities for most of the racemates of amino acids
tested, except proline. Although the 7w—= inter-
action and the two hydrogen bondings between
chiral analytes and the.chiral stationary phase
are considered to be the three major preferential
interactions between the chiral selector and
chiral selectrands, the hydrogen bonding be-
tween the secondary amino group of the chiral
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analytes and the carbonyl group of the chiral
stationary phase may not be essential for the
chiral discrimination. Instead, the steric inter-
action between the substituent group attached to
the chiral centre of the chiral selectrands and the
methyl group linked to the chiral centre of the
chiral stationary phase should play a significant
role in the chiral discrimination.
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Abstract

A new chromatographic method for the determination of amino acids is proposed. The method is based on the
separation of amino acids by means of jon-pair liquid chromatography and post-column derivatization using
1,2-naphthoquinone-4-sulfonate. The analytical column was a Spherisorb ODS 2. Amino acids were separated by
an elution gradient with four linear steps based on increasing the concentration of 2-propanol. Two eluents were
used to create the gradient profile: eluent A was an aqueous solution of 20 mM H,PO, +20 mM H,PO,” +15
mM dodecyl sulfate and eluent B was a mixture of aqueous (25 mM H,PO, +25 mM H,PO,” +18.5 mM dodecyl
sulfate)-2-propanol (1:1, v/v). The injection volume was 100 w1 and the total flow-rate for the mobile phase was
0.8 ml/min. The chromatographic outlet was coupled on-line to the two-channel derivatization system which
delivered reagent and buffer solutions. The reaction took place at 65°C in a reaction coil of 4 m X 1.1 mm 1.D. The

spectrophotometric detection was performed at 305 nm.
min, although an additional period of 15 min was require:

The separation of common amino acids was done in 90
d to stabilize the column. The repeatability of the method

for lysine is 2.1% and the reproducibility is 2.6%. The detection limit for lysine is 0.09 nmol. The linear range for
lysine is up to 32 nmol with a correlation coefficient of 0.999. The method was applied to the determination of
amino acids in animal feed and powdered milks. The results of the method are in good agreement with those
obtained with the standard amino acid autoanalyzer method.

1. Introduction

The analysis of amino acids is usually done by
liquid chromatography. A chemical derivatiza-
tion is required to improve the detection since
most common amino acids are not readily de-
tected by spectroscopy. For this purpose pre-

* Corresponding author.
* Presented at Euroanalysis VII, Edinburgh, 5~11 September
1993.

0021-9673/94/$07.00
SSDI 0021-9673(94)00391-L

and post-column derivatization methods can be
used. Advantages and disadvantages of pre- and
post-column labelling have been pointed out
[1,2]. Phenylisothiocyanate [3,4], o-phthaldial-
dehyde (OPA) [5,6], dansyl chloride [7], dabsyl
chloride [8] and 9-fluorenylmethylchloroformate
[9,10] are most popular reagents for pre-column
derivatization.

However, only a few post-chromatographic
methods are described in the literature.
Ninhydrin has been used successfully for post-

© 1994 Elsevier Science B.V. All rights reserved
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column derivatization of amino acids [11-15],
since it was proposed by Spackman et al. [11].
The ninhydrin stream reacts with the chromato-
graphic eluate to give a derivative detected by
visible spectroscopy at 570 and 440 nm. Some
commercial amino acid analyzers are based on
this reaction. In another study [13], ninhydrin
has been added to the mobile phase prior the
separation. In this case, the labelling reaction is
developed by heating the solution emerging from
the column in a reaction coil at 140°C. Hence, an
additional channel to pump the reagent is not
required. 1,2,3-Perinaphthindantrione has been
used in the same way [13]. OPA has also been
employed in post-column systems for both spec-
trophotometric and fluorimetric detection of
primary amino acids [16-20]. A reducing agent is
added to develop the reaction, which takes place
at room temperature in a reaction coil coupled
on-line to the chromatographic system. How-
ever, OPA is not suitable for the analysis of
imino acids such as proline or hydroxyproline.
Recently, hollow-fibre membrane reactors have
been used in the reaction between OPA and
amino acids [21-23]. Fluorescamine [24,25], 4-
chloro-7-nitrobenzo-2-oxa-1,3-diazole [26] and 4-
fluoro-nitrobenzo-2-oxa-1,3-diazole  [27] are
other fluorogenic labelling agents for post-col-
umn derivatization.

Amino acids can be separated by cation-ex-
change chromatography or by reversed-phase
ion-pair chromatography. In cation-exchange
chromatography the separation is performed on
a sulfonic resin, using a mobile phase based on a
lithium or sodium cation elution gradient to-
gether with an increasing-pH gradient. In ion-
pair chromatography, the ion pairs formed be-
tween the acidic form of amino acids and an
anionic surfactant are separated on a reversed-
phase column. This type of separation should be
preferred because reversed-phase columns are
cheaper and live longer is higher than sulfonated
columns.

In this work, a new chromatographic method
for the spectrophotometric determination of
amino acids is proposed. The method is based on
the separation of amino acids by ion-pair high-
performance liquid chromatography and the sub-

sequent derivatization on-line with 1,2-
naphthoquinone-4-sulfonate (NQS). The station-
ary phase is C,g-modified silica. The mobile
phase is a phosphoric/dihydrogenphosphate buf-
fer solution containing dodecyl sulfate as surfac-
tant and 2-propanol as a solvent. In order to
optimize the separation and to decrease the time
of analysis an elution gradient of 2-propanol has
been used. The outlet of the analytical column is
coupled on-line to the derivatization system in
which the reaction between amino acids and
NQS takes place. The optimum conditions to
develop this reaction in flow systems have been
previously described [28,29]. NQS reacts with
amino acids in basic medium giving a derivative
which is spectrophotometrically detected at 305
nm and 480 nm. NQS has advantages over other
reagents mentioned above, since it is soluble in
water, reacts with primary and secondary amino
groups under milder conditions and is quite
cheap. )

Finally, this chromatographic method has been
applied to the determination of amino acids in
extracts of commercial powdered milks and
animal feed.

2. Experimental
2.1. Reagents

Phosphoric acid (Carlo Erba, analytical
grade), sodium dihydrogenphosphate (Carlo
Erba, analytical grade), sodium dodecyl sulfate
(SDS) (Merck, analytical grade) and 2-propanol
(Probus, HPLC grade) were the constituents of
the mobile phase.

Amino acids (analytical grade) were supplied
by Merck.

Sodium NQS (Aldrich, analytical grade) was
used to prepare a 1.2-107> M solution in 0.1 M
hydrochloric acid. This solution is stable for at
least two weeks.

Buffer stock solution of 0.015 M sodium
hydrogencarbonate (Scharlau, analytical
grade) +0.185 M sodium carbonate (Scharlau,
analytical grade) was used to neutralize the
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solution emerging from the column and adjust
pH for the development of the reaction.
Commercial powdered milk and animal feed
samples were obtained from Cooperativa Ag-
ropecuaria de Guissona (Lleida, Spain).

2.2. Apparatus

A LKB Bromma 2152 LC controller con-
nected with two LKB Bromma 2150 HPLC
pumps was used to pump the eluents and to
generate the elution gradient. Samples were
injected by means of a Spark Holland Promis
automatic injection system. The analytical col-
umn was a Spherisorb ODS 2 (150 mm X 4.6 mm
I.D., 5 pm of particle size). The column was
held at 50°C using an Spark Holland SPH 99
column thermostat. The detector was a Waters
486 tunable absorbance detector with a flow cell
of 10 mm path length and 8 ul of dead volume.
Data acquisition was performed with a Perkin-
Elmer (PE) Nelson 900 Series interface coupled
to a microcomputer. Data were stored on floppy
disks for further calculations. The equipment for
amino acid analysis using the standard method
was a Pharmacia LKB autoanalyzer, Model
Alpha Plus (Series Two).

2.3. Chromatographic procedure

The experimental set-up used in this study is
shown in Fig. 1. Two different mobile phases
were prepared: eluent A was an aqueous solu-
. tion of 20 mM phosphoric acid + 20 mM sodium

dihydrogenphosphate + 15 mM SDS, while

EA

£B

Fig. 1. Flow system scheme. P1=HPLC pump; P2=
peristaltic pump; G = gradient programmer; V= injection
valve; C = analytical column; M = mixing chamber; RC=
reaction coil; T =thermostatic bath; D = detector; RS=
restrictor; EA =e¢luent A; EB=cluent B; R =reagent
(NQS); B = buffer; S =sample; W = waste.

eluent B was a mixture of aqueous (25 mM
phosphoric  acid+25 mM sodium dihy-
drogenphosphate + 18.5 mM SDS)-2-propanol
(4:1, v/v). The elution gradient profile for the
chromatographic separation of amino acids was
as follows: step 1: time =0-10 min, % eluent
B =0; step 2: time = 10-85 min, % eluent B =
0-100 (linear); step 3: time =85-88 min, %
eluent B = 1000 (linear); step 4: time = 88-90
min, % eluent B =0. The injection volume was
100 wl and the total flow-rate of the mobile
phase was set at 0.8 ml/min. The column outlet
was coupled on-line to the two-channel deri-
vatization system, in which the NQS reagent and
carbonate/hydrogencarbonate solutions were
pumped by means of a peristaltic pump (Schar-
lau HP4) using standard Tygon tubing. Reagent
and buffer solutions merged in a mixing
chamber. The reaction coil of 4 m X 1.1 mm L.D.
was placed in a thermostatic bath (SBS TFB-3)
at 65°C. The spectrophotometric detection was
performed at 305 nm. The pH of the final
reagent solution emerging from the mixing
chamber was sufficiently basic to neutralize the
chromatographic effluent and provide the proper
medium for the development of the reaction (pH
9.7). This final reagent solution cannot be pre-
pared directly as a stock solution because NQS
quickly decomposes in basic medium, so it has to
be generated on-line with the flow system
[28,29].

2.4. Autoanalyzer procedure

The amino acid autoanalyzer is based on the
ninhydrin method [11]. Amino acids were sepa-
rated in a column of 20 cm X 4 mm I.D. packed
with a cation-exchange resin Ultropac 7 (8 um
particle size). The column temperature was var-
ied from 20 to 75°C with a Peltier heating/
cooling system. The elution is performed by
means of a lithium citrate buffer with increasing
pH and ionic strength. The chromatographic
eluate reacts with ninhydrin in a reaction coil of
0.3 mm I.D. which was contained in a heater
jacket at 135°C. The amino acid derivatives were
detected spectrophotometrically at 570 and 440
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nm using a flow cell of 8 ul volume and 15 mm
pathlength.

2.5. Sample treatment

A 2-g amount of feed sample (or 1 g of
powdered milk) were subjected to a solid-liquid
extraction with 50 ml of 0.01 M hydrochloric
acid in order to recover free amino acids. The
extraction was performed for 60 min in a conical
flask by means of magnetic stirring. The extract
was centrifuged at 13 000 rpm for 30 min. Solu-
tions obtained in this way were stored in the
fridge.

Solutions injected into both HPLC system and
amino acid analyzer were prepared from 1000 w1
of extract solutions and 100 ul of 10 mM nor-
leucine as internal standard, and by filtering
through an Ultrafree-MC low-binding cellulose
membrane (10 000 NMWL) from Millipore.

3. Results and discussion
3.1. Study of separation conditions

The effect of the concentration of phosphoric
acid in the mobile phase on the retention time
was studied by varying the concentration of the
acid from 1 to 50 mM. Concentrations of di-
hydrogenphosphate and SDS were kept constant
at 20 and 15 mM, respectively. The retention
time of amino acids increased markedly with
acidity in the range 1 to 10 mM, while from 10 to
50 mM the variation was less noticeable. The
value chosen for further experiments was 20
mM.

Fig. 2 shows the influence of the SDS con-
centration in the mobile phase on the retention
time of alanine. The SDS concentration was
varied from 1 to 30 mM. The concentrations of
phosphoric acid and dihydrogenphosphate were
maintained at 20 mM. At SDS concentrations
higher than 5 mM, the retention time of Ala
continuously decreases with surfactant concen-
tration. With these conditions, this fact can be
attributed to the formation of micelles in the
system. The value chosen for the SDS concen-
tration was 15 mM.

30

RETENTION TIME (MIN)
3

0005  0.01 0015 002 0025 003
CONCENTRATION OF SDS (M)

Fig. 2. Effect of the SDS concentration on the isocratic
elution of alanine. Amount injected, 100 nmol; reaction coil,
6 m X 1.1 mm L.D.; reaction coil temperature, 65°C; eluent,
phosphate buffer (20 mM H,PO,+20 mM H,PO,” +
SDS)-methanol (4:1, v/v). Other conditions are given in the
text.

In these preliminary studies, methanol was
added to the mobile phase as solvent to facilitate
the elution of amino acids. However, the re-
tention times for several amino acids such as
Trp, His, Lys or Arg were too long even at high
ratios of methanol/water. In order to reduce the
time of analysis methanol was substituted by
2-propanol. Fig. 3 shows the chromatograms for
the isocratic elution of several amino acids at
three percentages of 2-propanol in the mobile
phase. By comparing the common amino acids of
this figure (Ala and Pro in Fig. 3a and b, and Nle
and Trp in Fig. 3b and c), there is a marked
decrease in the retention time with increasing the
percentage of 2-propanol. On the basis of these
results, different elution gradients were investi-
gated in order to optimize the separation of
common amino acids. Fig. 4 shows the chro-
matogram obtained under the gradient profile
chosen. This separation takes 90 min although a
further 15 min are required to stabilize the
column before the next injection.

3.2. Study of post-column reaction conditions
The most characteristic factors that affect the

post-column derivatization of amino acids with
NQS were pH, concentration of NQS, tempera-
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Fig. 3. Chromatograms of the isocratic elution of amino acids
at different percentages of 2-propanol in the mobile phase.
Injected amounts: Tyr 20 nmol and each other amino acid 40
nmol. Eluent: phosphate buffer (20 mM H,PO, +20 mM
H,PO,” +15 mM SDS)-2-propanol. Other conditions are
given in the text. (a) 0% (v/v) of 2-propanol; peaks: 1 = Asp;
2 = Ser; 3 = Glu; 4 = Gly; 5 = Thr; 6 = Ala; 7 = Pro. (b) 10%
(v/v) of 2-propanol; peaks: 1=Pro; 2= Asp; 3="Tyr; 4=
Met; 5=1Ile; 6=Phe; 7=Leu; 8=Nle; 9=Trp. (c) 20%
(v/v) of 2-propanol; peaks: 1=Nle; 2=Trp; 3=His; 4=
Orn; 5=Lys; 6 = Arg.

03

Absorbance
% Eluent B

Time (min)

Fig. 4. Chromatogram of amino acids using the elution
gradient chosen. Injected amounts: 40 mmol of each amino
acid. Peaks: 1=Asp; 2=Ser; 3=Glu; 4= Gly; 5=Thr;
6= Ala; 7="Pro; 8 =Tyr; 9=Met; 10=1Ile; 11 = Phe; 12=
Leu; 13 = Nle; 14 = Trp; 15 = His; 16 =Orn; 17 = Lys; 18 =
Arg. Line = elution gradient profile.

ture and dimensions of the reaction coil. The
experimental conditions for the development of
the reaction in flow systems were reported previ-
ously [28,29]. In this study, those conditions
have been adapted to the new post-column
system as follows.

As the separation is performed at pH 2.5 and
the reaction between NQS and amino acids
occurs at pH 9 to 10, a 0.185 M carbonate +
0.015 M hydrogencarbonate solution was used as
buffer. Under these conditions the pH in the
reaction coil was 9.6.

The dimensions of the reaction coil influence
both the sensibility and the separation of the
method. Reaction coils of 1.1 mm I.D. worked
satisfactorily while with the other ones assayed
(0.7, 0.5 and 0.35 mm 1.D.) the baseline was
instable with a high level of fluctuation. This
instability was probably due to the incomplete
mixing of the chromatographic effluent and the
reagent solution. Fig. 5 shows the effect of the
length of the reaction coil on the peak height.
Maximum absorbance was mostly obtained for a
reaction coil of 5 m, although in the range from 4
to 8 m the absorbance was nearly constant. The
influence of the length of the reaction coil on the
chromatographic resolution of five pairs of close
peaks is shown in Fig. 6. From this figure, it can
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2 3 4 [ 6 7 8
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Fig. 5. Influence of the reaction coil on the absorbance at 305
nm. Injected amounts: 40 nmol of each amino acid. Other
conditions are given in the text. = Gly; + = Pro; * = Tyr;
O =Trp; X =His; A =Lys. ‘ '

be seen that peaks become wider and the res-
olution decreases as coil length increases. Final-
ly, a reaction coil of 4 mx 1.1 mm LD. was
chosen on the basis of a suitable compromise
between peak height and peak resolution.

The peak height increases continuously from
room temperature to 70°C and remains virtually
constant in the range 70-90°C. Thus, although
the maximum absorbance was attained in the
range indicated, the reaction was developed at
65°C in order to prevent the formation of bub-
bles in the system.

The effect of SDS and 2-propanol contained in
the mobile phase on the post-column reaction
was also studied. For this purpose a non-chro-
matographic system was used, in which solutions
with different concentrations of SDS and 2-pro-
panol were pumped to simulate the chromato-

Resolution

0.75 r , \ X
z 3 4 5 6 7
Reaction coil length (m)
Fig. 6. Influence of the reaction coil on the chromatographic
resolution of pairs of close peaks. For conditions see Fig. 5.
O = Asp-Ser; * = Gly-Thr; (J = [le-Phe; X =Phe-Nle; A =
Nle-Leu. i

graphic eluate. In the range of concentrations
studied [0 to 30 mM SDS and 0 to 40% (v/v) of
2-propanol] the absorbance was unaffected. In
consequence, the final concentrations chosen for
SDS and 2-propanol were those previously se-
lected in the study of separation conditions.

3.3. Figures of merit

In order to establish the figures of merit for
the proposed method a preliminary study was
performed to determine which of the following
chromatographic parameters provided the best
precision: peak area, peak height, peak
areaamino acid/peak areaintemal standard and peak
heightamino acid/peak heightimemal standard* The in-
ternal standard was 4-10"* M norleucine. Re-
sults indicated that the use of Nle as internal
standard to perform the calculations did not
contribute significatively to the improvement of
the results. The lowest R.S.D.s were obtained
using the peak height, thus, this parameter was
selected for further determination of the figures
of merit.

The characteristics of the method at 305 nm,
under the optimum conditions described above,
are summarized in Table 1. The repeatability of
the method was studied by injecting six times
consecutively a standard solution of amino acids.
The reproducibility on different days was also
calculated by injecting the same standard solu-
tion for six days. In this case, fresh solutions of
reagent, carbonate buffer and eluents A and B
were prepared daily. Repeatability and repro-
ducibility were studied both for peak height and
retention time. The limit of detection was calcu-
lated for a signal-to-noise ratio of 3. In general,
for all amino acids tested, the repeatability is
better than 4%, the reproducibility better than
5% and the detection limits vary between 0.09
and 0.33 nmol. '

3.4. Determination of amino acids in powdered
milks and animal feed samples

The proposed method was applied to the
determination of the contents of free amino acids
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Table 1
Figures of merit for the proposed method at 305 nm under optimum conditions

317

Amino acid Retention time Peak height

Linear range

Detection limit

(nmol) (nmol)
Repeatability Reproducibility Repeatability Reproducibility
(R.S.D., %) (R.S.D., %) (R.S.D., %) (R.S.D., %)
Ser 0.8 1.5 1.7 3.4 Up to 40 0.16
Gly 0.2 1.5 1.9 4.1 Up to 40 0.10
Pro 0.1 0.9 1.6 1.5 Up to 40 0.08
Tyr 0.1 0.8 2.2 3.7 Up to 40 0.11
Met 0.1 1.0 4.1 5.0 Up to 40 0.20
Trp 0.1 0.9 3.8 5.2 Up to 40 0.14
His 0.1 0.5 3.9 4.6 Up to 40 0.26
Lys 0.1 0.6 2.1 2.6 Up to 32 0.09
Arg 0.2 0.4 22 4.9 Up to 40 0.33
in feed and powdered milks for animal nourish- material. Thus, samples were subjected to the
ing. Some essential amino acids such as lysine solid-liquid extraction previously described, in
and methionine are usually added during the order to recover the free amino acids.
elaboration process of this kind of samples in Fig. 7 shows the chromatograms of the aque-
order to correct their lack in proteins used as raw ous extracts of a powdered milk and a feed
200
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Fig. 7. Chromatograms of extract solutions under optimum conditions. (a) Powdered milk sample; peaks: 1= Met; 2= Nle;

3=Lys. (b) Feed sample; peaks: 1 =Nle; 2=Lys.
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Table 2

Determination of amino acids in feed and powdered milks by the proposed method (NQS method) and the standard method

Sample Amino acid (g amino acid/100 g sample)

Methionine Lysine

NQS method Standard NQS method Standard

method method

Milk 1 0.151 0.156 0.056 0.055
Milk 2 0.166 0.168 0.121 0.123
Feed 1 -* - 0.066 0.069
Feed 2 - - 0.139 0.137

*Not present in the sample.

sample, respectively. Although they show that
other amino acids (such as proline, arginine and
alanine) are present in the samples, the aim of
this analysis is focused on the control of the
essential amino acids added in the elaboration
process, and as a consequence only Lys and Met
have been quantified in the samples. Results
obtained using the proposed method were com-
pared with those from the standard amino acid
analyzer in order to test the accuracy of the
method. From Table 2, there is a good agree-
ment between both methods.

4. Conclusions

Sodium NQS is an useful reagent for amino
acid analysis using UV-visible spectroscopy. The
use of NQS in post-column labelling shows
advantages over reagents for pre-column label-
ling (phenylisothiocyanate, dansyl and dabsyl
chlorides and 9-fluorenylmethylchloroformate)
because NQS is water soluble and cheaper. In
pre-column derivatization methods, the labelling
reaction is usually carried out by means of batch
procedures. However, the proposed method
involves the on-line post-column derivatization,
thus the automation is easy, the sample prepara-
tion is minimized and problems deal with deriva-
tive instability are overcome. OPA and fluores-
camine fail in the labelling of secondary amino
acids, while NQS reacts with both primary and
secondary amino acids. In comparison with the

standard method for amino acid determination
based on ninhydrin post-column labelling, NQS
reacts under milder conditions and dual-wave-
length detection is not required in this case. The
separation is performed on a reversed-phase
column which is cheaper than the cation-ex-
change columns used in the ninhydrin method.
Although the method has been employed in the
analysis of feed and powdered milks, it can be
easily adapted to other kind of routine samples.
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Abstract

A procedure was developed for converting cysteine, glutathione, homocysteine, acetylocysteine, N-(2-mercap-
topropionyl)glycine and its metabolite 2-mercaptopropionic acid into their S-pyridinium derivatives for de-
termination by paired-ion reversed-phase high-performance liquid chromatography. The thiol compounds were
derivatized with 2-chloro-1-methylpyridinium iodide within a few minutes at room temperature. The thiol group
reacted smoothly with the reagent in the pH 8.2 buffer to form an S-pyridinium derivative showing strong UV
absorption with a maximum at 314 nm. The reaction mixture was injected directly into a chromatograph without
purification and detected spectrophotometrically at 314 nm. The six thiols in the pmol range were separated and
determined in a single run on an octadecyl-bonded silica column under isocratic conditions using 0.175 M citrate
buffer containing 10 mmol/1 sodium octanesulphonate (pH 2.8), acetonitrile and methanol (82:6:12, v/v/v) as the
mobile phase. Linear calibration graphs were obtained for concentrations of the thiols between 1 and 50 pmol/l.
The detection limits ranged from 0.75 pmol for acetylocysteine to 2.1 pmol for 2-mercaptopropionic acid and the
relative standard deviations were equal to or better than 9.0% at the 1 wmol/l thiol level and 0.86% at the 50
wmol/l level. Optimum derivatization reaction conditions and HPLC separation conditions were elucidated.

cysteine residue of glutathione to accept and
detoxify electrophiles during mercapturic acid
biosynthesis [2,3] and peroxide reduction [4] or
free radical scavenging [5]. Interest in both the
physiological and pharmacological roles of SH-

1. Introduction

Cystein and metabolitically related amino
acids are substances of great biological impor-
tance. L-Cysteine participates in a number of

biochemical processes that depend on the par-
ticular reactivity of the thiol group. The high
nucleophilicity of the thiol function facilitates the
role of cysteine as an active site, covalent cata-
lyst, among others in papain and glyceraldehyde-
3-phosphate dehydrogenase [1], and allows the

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00275-E

containing amino acids has resulted in the de-
velopment of a number of different methods for
their separation and determination.

Most analytical procedures for biological
aminothiols involve some form of derivatization
followed by separation by a chromatographic
method, mostly high-performance liquid chroma-
tography (HPLC), with various detection tech-

© 1994 Elsevier Science B.V. All rights reserved
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niques. Most of the methods presented up to
1986 have been described in reviews [6,7]. These
methods include UV measurement with pre-
column derivatization [8,9], fluorimetric detec-
tion of monobromobimane (mBrB) derivatives
[10-12], o-phthalaldehyde (OPA) derivatives
[13], derivatives of halosulphonylbenzofurazans
(SBD-F and SBD-Cl) [14,15], dansylaziridine
[16], N-substituted maleimide [17] and a recy-
cling postcolumn reaction using glutathione re-
ductase and Ellman’s reagent [18], detection by
the sulphydryl-disulphide exchange reaction in
the postcolumn system [19,20] and electrochemi-
cal detection [21,22]. More recent publications
report data on enlargement of the bimane family
of reagents by introducing p-sulphobenzoyloxy-
bromobimane [23] as a membrane-impermeable
reagent for the derivatization of thiols, likewise a
fluorogenic oxazole-based [24] reagent, chiral
derivatization with 2,3,4,6-tetra-O-acetyl-8-D-
glucopyranosyl isothiocyanate for UV detection
[25] and electrochemical detection after deri-
vatization with 3,5-di-tert-butyl-1,2-benzoquin-
one [26] or silver nitrate [27] or without de-
rivatization [28,29].

In spite of the popularity of various precolumn
derivatization methods, there have been many
reports describing various shortcomings of the
procedures, and to date no one method has been
shown to overcome all the problems. For exam-
ple, OPA gives a derivative with cysteine, unlike
with the other amino acids containing a primary
amino group, with minimal fluorescence [13].
This problem may be overcome by oxidizing
cysteine to cysteic acid, which when reacted with
OPA-2-mercaptoethanol (MCE) yields a deriva-
tive with fluorescent properties similar to those
of the other amino acid derivatives [13]. How-
ever, the conditions for these two reaction are
very different, one being oxidizing and the other
reducing, and it is difficult to obtain between-run
reproducibility of cysteine derivatization with
OPA-MCE following its oxidation; moreover,
this procedure makes impossible the determi-
nation of cysteine in the presence of cystine
without pretreatment of the sample with an SH-
blocking reagent [30]. Many of the techniques
suffer from incomplete reactions owing to the

presence of some solvents or common buffer
salts, and highly absorbing hydrolysis products,
by-products or the reagent itself, unless an
extraction step is incorporated into the proce-
dure prior to the chromatographic analysis [26]
or the molar excess of reagent is carefully lim-
ited.

In a search for an ideal derivatization reagent
or highly automated techniques that are readily
available, which could relax the criteria for a
practical reagent, we focused our studies on
developing a new reagent for the HPLC of
aminothiols that minimizes or eliminates the
drawbacks mentioned above. Recently we pub-
lished results on the determination by spectro-
photometry of cysteine and related compounds
in the form of their S-pyridinium derivatives with
the use of 2-chloro-1-methylpyridinium iodide
(2-CMPI) as a derivatization reagent [31]. In this
paper we report the usefulness of 2-CMPI as a
UV derivatization reagent for the separation and
determination of biologically important amino-
thiols by means of ion-pair HPLC.

2. Experimental
2.1. Apparatus

The HPLC system consisted of a Hewlett-
Packard Series 1050 isocratic pump, a Hewlett-
Packard Series 1050 variable-wavelength detec-
tor and a Hewlett-Packard HP 3394A integrator.
The samples were injected using a Rheodyne
Model 7125 injection valve fitted with a 20-ul
loop. The column (250%x4.0 mm 1.D.) was
prepacked with 5-um diameter Spherisorb ODS-
2 and operated at a flow-rate of 0.7 ml/min. The
analytical column was fitted with a clean-up
column (20x2.1 mm 1.D.) packed with ODS
Hypersil (30 pm). UV spectra were recorded on
a Carl Zeiss Jena UV-Vis spectrophotometer
(1-cm cells).

2.2. Chemicals and reagents

Reduced glutathione (GSH) and 1L-cysteine
(CSH) were obtained from Reanal (Budapest,
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Hungary) and bpr-homocysteine (HSH), N-
acetyl-L-cysteine (ACSH), N-(2-mercaptopro-
pionyl)glycine (MPG) and 2-mercaptopro-
pionic acid (PrSH) from Fluka (Buchs, Switzer-
land). Ion-pairing reagents (sodium 1-butane-,
1-hexane-, l-octane- and 1-decanesulphonate)
were supplied by Sigma (St. Louis, MO, USA).
Other chemicals were purchased from Baker
(Deventer, Netherlands).

2-Chloro-1-methylpyridinium iodide (2-CMPI)
was prepared as described previously [32]. For
aminothiol derivatization prior to HPLC, a 0.01
M aqueous solution of 2-CMPI was used.

Standard thiol solutions

Stock standard solutions (0.01 M) of the
aminothiol compounds were prepared in water
or dilute HCl and assayed with HMB [33].
Working standard solutions were prepared daily
by dilution with water containing 1 mmol/l of
EDTA.

Buffers

Citrate and phosphate buffers of various ionic
strength and pH were prepared with purified
water. At each pH value, the electrode was
calibrated with standard pH solutions. After
controlling the pH, the buffers were filtered
through a 0.2-um filter under vacuum.

2.3. Sample derivatization

In a 10-ml calibrated flask were placed an
aliquot of sample and 3 ml of 0.1 M phosphate
derivatization buffer (pH 8.1), then 1 ml of
working reagent solution was added. The flask
was stoppered, mixed by inversion and put aside
for 15 min. The mixture was then diluted to
volume with water and a 20-ul aliquot was
injected into the liquid chromatographic system.
The derivatization procedure was applied to
working standard solutions of aminothiols to
obtain a calibration graph.

2.4. Assay procedure

An aliquot of the sample solution was subject-
ed to the derivatization procedure and 20 ul of

the final analytical solution were injected into
the liquid chromatograph in triplicate. The peak
areas were measured and the amount of each
analyte of the sample was then calculated by
interpolation on the calibration graph.

2.5. Chromatography

HPLC separation were carried out under
isocratic conditions on a Spherisorb ODS-2
reversed-phase column operated at a flow-rate of
0.7 ml/min. For routine determination of five
aminothiols (GSH, CSH, HSH, ACSH and
MPG) in a single run, a mobile phase consisting
of 0.175 M citrate buffer containing 10 mmol/1 of
sodium octanesulphonate (pH 2.8) and methanol
(80:20, v/v) and a detector wavelength of 314
nm were found to be appropriate, allowing an
adequate separation of the five S-pyridinium
derivatives. With more complicated mixtures,
e.g.. when 2-mercaptopropionic acid (PrSH,
metabolite of MPG) was present, the mobile
phase was modified by addition of 6% of ace-
tonitrile at the expense of methanol. Excess
reagent elutes last in the form of a small peak
(low & at the recommended analytical wave-
length) and does not interfere with the chro-
matogram (see Fig. 9).

3. Results
3.1. Optimization of aminothiol derivatization

The proposed derivatization reaction, shown
in Fig. 1, takes advantage of the high nu-
cleophilicity of thiols; they react rapidly in aque-
ous solution with 2-chloro-1-methylpyridinium
iodide (2-CMPI) to form stable thioethers (S-
pyridinium derivatives). These derivatives exhib-

+ RSH  — | + HOl
. .
ol T

SR
CHy, I CHy I

Fig. 1. Reaction of aminothiols (RSH) with 2-chloro-1-
methylpyridinium iodide (2-CMPT).
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it a well defined maximum at 314 nm in the UV
spectrum as a consequence of the bathochromic
shift from the reagent maximum (Fig. 2). Of the
three functionalities -of the amino acids poten-
tially able to undergo nucleophilic attack at the
2-position of the pyridinium ring, in aqueous
solution, unlike in anhydrous conditions [34],
only the sulphydryl group reacts. This means
that no multiple derivatives are formed, as was
demonstrated previously [31].

Buffer type and pH

The yields of the aminothiol derivative forma-
tion in standard mixtures were studied using 0.1
M phosphate derivatization buffers with pH
ranging from 7 to 10. Derivative yields for
glutathione versus time and reaction pH are
plotted in Fig. 3a and demonstrate that the

14 5

1.0 1

Absorbance [Au]

250 300 350 400

Wavelength [nm]

Fig. 2. Absorption spectra of 0.8 pmol of GSH (solid line)
and a blank solution (dotted line) treated according to the
proposed derivatization procedure. Cells with an optical path
length of 1 cm were used.
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Fig. 3. Kinetics of aminothiol derivative formation in 0.1 M
phosphate derivatization buffer performed by spectropho-
tometry; 0.8 pwmol of each aminothiol, A = 314 nm. (a) Effect
of derivatization buffer pH and time on aminothiol derivative
yields for glutatione. Molar ratio of the reagent to
glutathione = 5. (b) Effect of reagent excess and time on
aminothiol derivative yields for glutathione in 0.1 M phos-
phate derivatization buffer (pH 8.1). (c¢) Time course of the
reaction of 2-CMPI with several aminothiols (pH 8.1).

Fivefold reagent excess with respect to each aminothiol.
X = ACSH; O =CSH; O = GSH; © =HSH; A = MPG.

recoveries reach a maximum after 5 min in the
pH range 8.1-9.0, but at lower pH the reaction
is slower. At higher pH (data not shown), the
reagent tends to hydrolyse to 1-methyl-2-
pyridone (MP) with an absorption maximum at
290 nm. For subsequent assays, 0.1 M phosphate
derivatization buffer of pH 8.1 was used. Under
these conditions, MP would not be expected to
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interfere in the separation of the target thiols in
the calibration range. However, with concen-
trations of thiols close to the detection limit,
when the reagent excess is high, an MP peak
appears on the chromatogram (see Fig. 9¢).

Effect of the reagent excess and time of the
reaction on aminothiol derivative yield

Fig. 3b shows that using a fivefold molar
excess of the reagent with respect to glutathione
afforded a maximum yield after 3 min, and
increasing the excess of reagent beyond this level
had no effect on the recoveries. With a 2.5-fold
molar excess the derivative was obtained in 60%
yield, and in 96% yield after 10 min. The
reaction was found to slow with an increase in
ionic strength of the reaction environment (0.0—
2.0 mol/1 range checked, NaCl added; data not
shown). As can be seen in Fig. 3¢, the rates of
2-CMPI derivative formation decrease in the
order GSH > MPG > CSH > HSH > ACSH.

3.2. Derivative stability

Peak areas for the derivatized aminothiols
(reaction mixture kept at ambient temperature
or in a refrigerator at 4°C) were monitored for at
least 10 days and no significant changes were
observed. Hence the aminothiol derivatives have
sufficient stability to allow for manual or auto-
mated chromatographic analysis.

3.3. Optimization of chromatographic
conditions for separation of aminothiol
derivatives

Highly ionic compounds, such as the present
S-pyridinium derivatives of aminothiols could
not be satisfactorily separated under standard
reversed-phase conditions owing to their very
short retention times. They elute close to the
solvent front (Fig. 4a), which makes any sepa-
ration or determination impossible. The only
useful alternative was an ion-pair approach. In
addition to pH, the effect of the organic modi-
fier, the pairing ion concentration of the eluent
and the lipophilicity (length of the alkyl chain) of

5 -
E :| GSH a b
o Y= NI
CSH /
—\ ACSH
MPG
~ L
r T T 1 I T 1
0 5 10 15
[
MPG
@\ / GSH @\
{ ) | ] 1 L§ 1 1 T T | T 1
‘0 5 10 15 20 25 30

time [min ]

Fig. 4. Chromatograms of the derivatized aminothiol mixture
obtained with 0.1 M citrate buffer (pH 2.8)-methanol
(80:20, v/v) mobile phase containing (a) no ion-pair reagent,
(b) 12 mmol/1 of B-6 and (c) 10 mmol/l of B10.

the pairing ion on retention and resolution were
studied.

Effect of buffer pH and ionic strength

The effect of pH was studied within the range
2.5-7.5, which was imposed by well known fact
that outside this range a silica-based stationary
phase (ODS-2) could be seriously damaged by
aqueous buffer—mobile phase systems. We in-
vestigated the effect of the pH of the mobile
phase containing 8 mmol/l of octanesulphonate
on the capacity factors of all solutes concerned.
As can be seen from Fig. 5, the capacity factors
of all the solutes increase with decreasing pH in
the range 2.5-3.0. In the pH range 3.0-7.5 the
capacity factors of HSH and CSH increase and
the other three (ACSH, MPG and GSH) elute
very close to the void volume, having capacity
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5._
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(0] ¢ + 4 — T
2 3 4 5 6 7
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Fig. 5. Variation of the capacity factors of a mixture of
aminothiol derivatives as a function of the eluent pH. Mobile
phase: 0.1 M citrate buffer containing 8 mmol/l of B-8-
methanol (80:20, v/v). Symbols as in Fig. 3 except ¢ = HSH.

factors smaller then 1. Therefore, we chose a
mobile phase of pH 2.8 for routine HPLC target
thiol determination, fulfilling the first criterion
for good chromatographic separation, 1<k’ <
10.

The effect of the ionic strength of the citrate
buffer in the concentration range 0.05-2 M was
also studied. An increase in the ionic strength of
the buffer decreased the retention (data not
shown), and the concentration of 0.175 M
chosen constitutes a necessary compromise be-
tween maximum detectability and chromato-
graphic resolution.

Lipophilicity and concentration of ion-pair agent

The use of four alkanesulphonate pairing ions
[1-butane- (B-4), 1-hexane- (B-6), 1-octane- (B-
8) and 1-decanesulphonate (B-10)] of different
lipophilicity was evaluated. The mobile phase
concentration of the pairing ions was varied from
1to 12 mM. In Fig. 6 the solute capacity factors
are plotted against the mobile phase sulphonate
concentration. In the case of sodium hexane-
sulphonate (B-6) only N-(2-mercaptopropionyl)-
glycine (MPG) becomes more retained in the
B-6 concentration range 4-12 mM, and the
capacity factors of the four remaining analytes

——f

0 2 4 6 8 10 12

alkylsulphonate [mM]
Fig. 6. Capacity factors (k') of aminothiol derivatives as a
function of mobile phase sulphonate concentration: (a) hex-
anesulphonate; (b) octanesulphonate; (c) decanesulphonate.
Mobile phase as in Fig. 4. Symbols as in Fig. 5.

were virtually unchanged (Figs. 4b and 6a). A
similar situation occurred when B-4 as an ion-
pair agent was added (data not shown). Sodium
octanesulphonate (B-8) enhanced the retention
of all solutes and in the concentration range 8—12
mM (Figs. 6b and 7a) the capacity factors and
resolutions guarantee a good chromatographic
separation (1 <k’ <10, R, >1.5). When B-8 was
replaced with B-10 a dramatic increase in re-
tention was observed in all instances except
ACSH and owing to the high k' values broad
peaks were formed, worsening the quantification
(Figs. 4c and 6c¢).



8.0 mAu

S. Sypniewski, E. Bald | J. Chromatogr. A 676 (1994 ) 321-330 327

a csH b
GSH \ GSH
CsH / /
HSH HSH
ACSH ACSH /
MPG
PrsH
MPG /

PrSH
i Lf 1 T 1 1 1 ] T 1 1 1 T 1
0 5 10 15 0 5 10 15

time [min ]

Fig. 7. Chromatograms obtained during the optimatization
of the composition of the ternary mobile phase for the
separation of six derivatized biological thiols. Mobile phase:
(a) methanol-0.175 M citrate buffer containing 10 mmol/] of
B-8 (20:80, v/v); (b) acetonitrile—0.175 M citrate buffer
containing 10 mmol/l of B-8 (14:86, v/v).

Effect of organic modifier

Organic modifiers such as acetonitrile, metha-
nol, 2-propanol and tetrahydrofuran were added
to the mobile phase in order to check their
influence on the separation quality. Addition of
2-propanol and tetrahydrofuran caused tailing
and broadening of the peaks of MPG and its
metabolite PrSH, so these solvents were not
considered further. As expected, an increase in
acetonitrile content, at the expense of methanol,
maintaining the same solvent strength, produced
a linear decrease in all k£’ values. This is shown in
Fig. 8a, where 100% methanol (far left) repre-
sents the mobile phase methanol-buffer (20:80,
v/v) and 100% acetonitrile (far right) represents
acetonitrile-buffer (14:86, v/v). Chromatograms

L
v ATl
2 T el
5_____1'\ N ) z‘s*

0 + + + + + + + 0,0
20 <— MeOH % 0
0 ACN % —> 14

Fig. 8. Final phase selection diagrams for the ternary optimi-
zation problem of the separation of six biological thiols: (a)
variations of capacity factors; (b) variations of resolutions; (c)
response lines of resolution product (wR,) and normalized
resolution product (r). Composition of aqueous component
of the mobile phase as in Fig. 7. 1=ACSH; 2= CSH;
3 =GSH; 4 =HSH; 5=MPG; 6 =PrSH.

corresponding to these two extreme mobile
phase compositions obtained during the optimi-
zation procedure are shown in Fig. 7a and b. The
best binary separation is achieved with 20%
methanol (Fig. 7a), but still a better separation
of the tailing peaks of MPG and PrSH would be
desirable. The plots of R values for several pairs
of peaks versus ternary solvent compositions are
shown in Fig. 8b. These plots show that with an
increasing content of acetonitrile in the mobile
phase up to 50% of methanol does not cause
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much change in resolution, and further increases
in acetonitrile concentration lead to poorer res-
olution of less retained solutes (ACSH, CSH and
GSH) and improved resolution of more retained
solutes (HSH, MPG and PrSH).

For the prediction of the optimum ternary
mobile phase composition, a phase selection
diagram (Fig. 8c) was constructed from the
chromatograms shown in Fig. 7 and three others,
using the criteria r (normalized resolution pro-
duct) and 7R, (resolution product). The r and

5 MP CSH 2-CMPI
< GSH ¢
E N CS:\ MPG  \
S \ / /HS_H PrsH
2-CMPI b
<
& AN
S
- CSH GSH

a
i HSH
ACSH

2-CMPI

time [min ]

Fig. 9. Optimized chromatography for the derivatized bio-
logical thiol standard mixture: (a) 1 nmol for injection (2-
CMPI to thiol ratio = 7:1); (b) blank; (c) 4 pmol for injection
(2-CMPI to thiol ratio = 1750:1). Mobile phase: acetonitrile—
metahnol-0.175 M citrate buffer containing 10 mmol/l of
octanesulphonate (6:12:82, v/v/v). Detection wavelength:
314 nm.

7R, values for the given chromatograms were
calculated according to the following equations
[35]:

n Rsi,i+l)
slife

7R, = exp(Z In RS)

ki—k, VN

R=%+m+2 2

where 7 is the number of peaks, k' the capacity
factor, N the number of theoretical plates, R,
the resolution and R, the average R, value.

The point marked with an arrow in Fig. 8c
corresponds to the final optimum composition.
The chromatogram shown in Fig. 9a was run to
verify the optimum composition. This chromato-
gram is the final result of the procedure, and it
does indeed yield a satisfactory distribution of
the peaks over the chromatogram.

3.4. Analytical parameters

A linear calibration graph was obtained over
the range 1-50 pwmol/l with relative standard
deviations <9.2% at the 1 umol/]l and <0.86%
at the 50 umol/l thiol level. The correlation
coefficients for response linearity were
=0.99885. The detection limits ranged from 0.75
pmol for ACSH to 2.1 pmol for PrSH. Detailed
data are given in Table 1.

4. Discussion

A six-component mixture of biologically im-
portant thiols was taken as an example to dem-
onstrate the usefulness of the method. All the
solutes are considered to be of interest and must
be separated from each other. The method
introduces a new reagent for derivatization of
biological thiols for HPLC with superior prop-
erties to those of some currently employed
reagents, and permits the separation and de-
termination of the six compounds at the pmol
level in a single isocratic HPLC run.
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Table 1
Analytical parameters
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Thiol” Correlation Relative standard Detection limit
coefficient” deviation (%)° (pmol)*

ACSH 0.99930 2.71; 0.86 0.75

CSH 0.99951 1.28; 0.75 0.94

GSH 0.99997 1.04; 0.79 0.88

HSH 0.99974 1.56; 0.72 0.79

MPG 0.99885 1.15; 0.70 1.5

PrSH 0.99979 9.21; 0.57 2.1

Detection wavelength, 314 nm.

“ Samples of standard thiol mixtures were in the concentration range 1-50 wmol/L

b
n=6.
¢ For bottom and top of the calibration range; n =5.

4 As calculated from a 4-pmol injection (Fig. 9¢) of final analytical solution and based on a signal-to-noise ratio of 3.

The reagent possesses several advantages: high
selectivity as it reacts only with thiol group and
no multiple derivatives are formed with sulphur
amino acids; high reactivity even in the presence
of dissolved salts; compatibility with aqueous
samples; lack of interference with the chromato-
gram due to a bathochromic shift of the absorp-
tion maximum in the UV spectrum from 275 nm
(reagent) to 314 nm (derivative), ensuring a
resolution of better than 1.5 for all peaks of
interest; low rate of hydrolysis under the rec-
ommended conditions; the absorption maximum
of the derivatives (analytical wavelength of the
detector) falls in the region (314 nm) where
common impurities of solvents are UV transpar-
ent; and a simple derivatization procedure and
high stability of derivatives, allowing automa-
tion. Quantitative conversion to S-pyridinium
adducts simply requires the addition of the
reagent to a buffered sample followed by a few
minutes of waiting.

The disadvantage of this method, compared
with direct liquid chromatographic approaches
with the use of electrochemical detection, is its
inability to determine disulphide metabolites,
unless they are converted into the corresponding
thiols using a reductant such as tri-n-butylphos-
phine and subsequent derivatization of the sul-
phydryl to form an ultraviolet chromophore in a
parallel run.

With regard to sensitivity, owing to the rela-

tively high molar absorptivity of S-pyridinium
derivatives (¢ = 1-10* 1 mol ™' cm™") the method
can compete with HPLC methods using fluores-
cence detection generally considered as one
order of magnitude more sensitive than those
with UV detection. The detection limits with the
recommended method are almost the same as
those with bimane (ca. 1 pmol) [12] or am-
monium - 7 - fluorobenzo -2 - oxa - 1,3 - diazole - 4 -
sulphonate (0.1-1.4 pmol) [14], lower than those
with dansylaziridine (ca. 15 pmol) [16] or etha-
crynic acid (30 pmol) [9] and higher than those
with an oxazole-based reagent (ca. 1 fmol) [24].

Such a powerful derivatization reagent for
biological thiols as 2-chloro-1-methylpyridinium
jodide is likely to find numerous applications in
analytical chemistry and biochemistry. In this
work the usefulness of the reagent was tested for
the separation and determination of compounds
in standard solutions, but experiments on the
analysis of biological samples are near the com-
pletion and will be presented elsewhere.
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Abstract

It is important to determine the amount of IgG multimers in immunoglobulin-containing pharmaceuticals
because these aggregates can cause adverse reactions in patients. Previous methods for determining aggregates
either suffered from interference of other proteins or required fraction collection and sample purification. A new,
automated two-dimensional approach has been developed. in which size-exclusion chromatography is performed in
the first dimension followed by protein A affinity chromatography in the second dimension. This method is robust
in that the aggregates are not disturbed by a preliminary purification step. Further, the presence of contaminating
proteins has no effect on the analysis since affinity chromatography is used to determine the presence of 1gG in the
second dimension. The entire automated two-dimensional analysis can be performed in ca. 1 h.

1. Introduction

Intravenous immunoglobulin G (IgG) has
been used for clinical purposes such as hypo and
agammaglobulinaemia, antibiotic therapy and
thrombocytopenia [1-4]. However, dimers and
aggregates of IgG have harmful side effects
which include anaphylaxis and dyspnea {5]. The
cause of these side effects is thought to be due to
the activation of the complement reaction as
postulated by Barandum et al. {6]. Others have
also mentioned the possibility of harmful side
effects due to aggregates [7]. IgG dimers and
aggregates are often formed during pasteuriza-
tion of the pharmaceutical. Pasteurization is
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often a necessary step, and therefore, it is
important to monitor levels of IgG aggregates in
pharmaceuticals which contain immunoglobulin.

A number of methods for the quantitation of
IgG dimers have already been published [8-10].
However, these techniques suffer from either
interference of albumin aggregates [7] and/or
the necessity of collecting fractions for rechroma-
tography. The more recent paper [10] uses a
two-stage HPLC separation in which IgG is first
separated from the albumin by ion-exchange
chromatography and then analyzed for dimers
and aggregates by size-exclusion chromatography
(SEC). The disadvantage of this approach is that
there can be some dissociation of the IgG aggre-
gates during the ion-exchange step. Thus, the
results may not reflect the solution concentration
of the aggregates. Light scattering may also be

© 1994 Elsevier Science BV. All rights reserved
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used for monitoring IgG aggregation but re-
quires pure IgG samples [11-13].

A new two-dimensional chromatographic anal-
ysis is presented which is totally automated and
robust. The sample is analyzed by SEC in the
first dimension in order to determine molecular
size. Fractions from the SEC column are then
automatically transferred to the protein A col-
umn for determination of IgG. Since protein A
affinity chromatography is used in the second
dimension, albumin and other contaminating
proteins can not interfere with the IgG determi-
nation. A sample containing induced IgG dimers
was used as a model system to test the method’s
capability to resolve the aggregate IgG from the
monomeric IgG. The system was also challenged
with high-molecular-mass serum proteins to
show that these non-IgG proteins would not
interfere with the aggregate determination.

2. Experimental
2.1. SEC

SEC separations were achieved on a 300 X 8
mm column packed with TSK G3000 SW packing
material (TosoHaas, Montgomeryville, PA,
USA) on a Shandon column packer (Shandon
Southern Instruments, Sewickley, PA, USA) at
2000 p.s.i. (1 p.s.i.=6894.76 Pa). The mobile
phase for SEC was 100 mM potassium phosphate
with 100 mM sodium sulfate both from Mallinck-
rodt (Paris, KY, USA), pH 7.0.

2.2. Protein A affinity chromatography

The immobilized protein A column, POROS
A/M (30 x4.6 mm) (PerSeptive Biosystems,
Cambridge, MA, USA), was packed on a Shan-
don column packer at 2000 p.s.i. The loading
buffer was the same as the SEC buffer and the
desorption buffer was 0.3 M magnesium chloride
(Mallinckrodt) with 2% acetic acid (J.T. Baker,
Phillipsburg, NJ, USA).

2.3. Apparatus

A BioCAD perfusion chromatography work-
station (PerSeptive Biosystems) was configured
for tandem columns with the SEC column as the
first column and the protein A column as the
second (see Fig. 1).

2.4. IgG dimer induction

To induce dimer formation, 100 ul of 1 mg/ml
rabbit anti-(bovine IgG) was incubated with 500
pl bovine IgG 1 mg/ml, both proteins from
Sigma (St. Louis, MO, USA). Incubation was at
room temperature in 20 mM potassium phos-
phate pH 7.0 for 1 h before use. Excess bovine
IgG was used to produce what is expected to be
mostly bovine-rabbit heterodimers of IgG with
excess bovine IgG monomer remaining (see Fig.
2).

Size Exclusion

Protein A

Fig. 1. Column configuration for the two-dimensional sepa-
ration of IgG monomers and multimers. The SEC column is
followed by the protein A column. Switching valves allow
either column to be in-line with the mobile phase flow by
itself, both columns to be in-line, or both columns to be
off-line. Switching both columns off-line allows high-speed
pumping of a new mobile phase in order to automate system
flushing.
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Fig. 2. Antibody reaction in which an excess of bovine IgG,
B, is incubated with rabbit anti-(bovine IgG), R, to produce
IgG multimers and left over bovine IgG monomers.

2.5. Reconstructed chromatograms

Reconstructed chromatograms were produced
by plotting protein A peak areas against fraction
volume from the SEC column. In the case of the
serum sample, a non-retained peak area ac-
counted for non-IgG protein. It was summed
with the area of the retained IgG peak to
produce a plot of total protein, and the areas of
the IgG peaks were also plotted to produce the
IgG reconstructed chromatogram. For the IgG
dimers, there was no non-retained peak.

3. Results
3.1. SEC of IgG and induced dimers

Bovine IgG and the rabbit anti-(bovine IgG)
were analyzed by SEC. Both eluted with the
same retention volume (Table 1) and were
judged to be monomeric as determined by the
SEC calibration curve (data not shown). How-
ever, the induced dimers produced two peaks on
the SEC chromatogram indicating that aggrega-
tion had indeed occurred and also that some
monomers remained (Table 1).

Table 1
Retention times for bovine IgG (B), rabbit anti-(bovine IgG)
(R) and multimers on the size-exclusion and protein A
columns

Species SEC retention Protein A retention
volume (ml) time (min)

Bovine IgG 4.5 1.35

Rabbit I1gG 4.5 1.46

Aggregate IgG 3.6 and 4.5 1.35 and 1.46

3.2. Protein A chromatography of IgG and
induced dimers

Monomeric bovine IgG and rabbit anti-
(bovine IgG) were analyzed on the protein A
column. Rabbit IgG was found to have a higher
affinity for protein A than bovine IgG, eluting
later in the desorption gradient (see Table 1).

3.3. Two-dimensional analysis of induced
dimers

The BioCAD was configured in the tandem
column configuration with the SEC column fol-
lowed by the protein A column. After injection
of the sample, 3 ml of buffer were passed
through the SEC column (slightly less than the
void volume). Then, a 200-u1 fraction was trans-
ferred from the SEC column to the protein A
column by switching valves. The SEC column
was switched off-line and the protein A column
eluted with the desorption buffer. Bovine IgG
eluted first, followed by rabbit IgG. The protein
A column was re-equilibrated with SEC buffer
and the SEC column was placed back in line so
that another 200-ul fraction could be passed
onto the protein A column. Peak areas for the
total IgG, rabbit IgG and bovine IgG were
calculated and plotted (Fig. 3). The profile of the
reconstructed chromatogram for total IgG
matched closely with the SEC chromatogram for
the dimer mixture as expected. Most of the
rabbit IgG eluted as a multimer, because it was
the limiting reagent. The bovine IgG was present
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Fig. 3. Reconstructed SEC chromatogram for total IgG,
rabbit IgG and bovine IgG.

partly as an aggregate but was mostly mono-
meric. Although the dimers were not separated
from the other aggregate forms, this separation
could be made if the appropriate SEC column
were used. The SEC column used in these
experiments was chosen for its stability. In order
to resolve larger proteins, the pore size of the
SEC packing must be larger. Large pores reduce
the mechanical strength of the beads which will
in turn reduce the life time of the SEC column.
Since all forms of IgG aggregates are undesir-
able, there was no reason to separate them
further, especially since doing so would reduce
the SEC column life.

3.4. Two-dimensional analysis of serum

To show that the presence of other proteins
would not interfere with the dimer determina-
tion, the two-dimensional analysis was also ap-
plied to a serum sample that contained a number
of contaminating proteins, the predominant of
which is serum albumin. A reconstructed chro-
matogram (Fig. 4) of total peak area produces a
profile comparable to the SEC chromatogram of
serum (data not shown). Plotting area of the IgG
peak from the protein A separation yields a peak
at M, =150000, as expected. No IgG dimers
were detected in this serum sample demonstrat-
ing that other non-IgG high-molecular-mass pro-
teins would not yield a false positive result for
1gG dimers.

1
0.9
0.81
0.71

0.6
0.51
0.41
0.3
0.21

Normalized Peak Area

0.1

0

6 7 8 ¢ 0 11
Elution Volume (mi)

)
o

Fig. 4. Reconstructed SEC chromatogram of bovine serum in
which total protein is plotted as a solid line and IgG is plotted
as a dotted line. From previous work, it is known that the
major peak is bovine serum albumin.

4. Discussion

The ratio of rabbit IgG to bovine IgG in the
dimer reconstructed SEC chromatogram (Fig. 3)
appears to be much greater than one to one in
the multimer peak. There are several reasons
why one can not determine IgG ratios in this
way. First, there is steric hinderance at the
bovine IgG Fc region where both the rabbit IgG
and protein A can bind. Since rabbit IgG is
already bound to the Fc region and the binding is
essentially irreversible, the protein A will only
bind the Fc region of the rabbit IgG and not the
bovine IgG. Second, when the IgG is desorbed
from the protein A, the UV absorbance for the
rabbit and bovine IgG is summed, because the
multimer has not been disrupted. This will result
in an overestimation of the rabbit IgG, however
it will be an accurate reflection of the total
multimer concentration in terms of the ag-
gregates-to-monomer ratio. The primary purpose
of plotting both rabbit and bovine IgG is to
indicate that all of the rabbit IgG is in the form
of multimers while some bovine IgG remains in
the monomer form as predicted from the incuba-
tion of excess bovine IgG.

It is also important to note that if dimerization
occurs through the Fc region, protein A or G
may not be appropriate. A more general affinity
technique should be applied. Polyclonal anti-
bodies to the specific 1gG can be immobilized
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and used instead of a protein A or G. The
polyclonal antibody to IgG will recognize multi-
ple portions of the molecule whereas protein A
and G have a somewhat ‘“monoclonal” inter-
action with IgG in that they only recognize the
Fc region of the IgG molecule.

Detection limits for protein A affinity chroma-
tography have already been determined by previ-
ous authors [14,15]. They have found limits on
the order of 50 ng. This means that this assay
should be able to detect less than 1% aggregate
in a 100-ug IgG sample.

5. Conclusions

A robust two-dimensional HPLC determina-
tion of IgG and its aggregates has been pre-
sented. It is possible to avoid IgG dimer disrup-
tion by performing size exclusion in the first
dimension followed by protein A affinity chro-
matography in the second dimension. The analy-
sis may be automated on a single HPLC system
and performed in ca. 1 h. Further, purity and
concentration of IgG may also be determined in
the same analysis. It is probably better to use a
smaller pore size SEC packing as long as the
separation of dimers from aggregates is not
important.
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Abstract

The “Strep tag” is a nine amino acid peptide with intrinsic streptavidin-binding activity. If this sequence is
genetically fused to the C-terminus of a polypeptide the recombinant protein can be directly purified by affinity
chromatography from the host cell extract on immobilized streptavidin. However, variations were observed in the
suitability of different commercial streptavidin—agarose preparations for this purpose. Therefore, the influence of
the source of streptavidin, the coupling chemistry, and the nature of the affinity chromatography resin was
investigated. A procedure was developed for the production of recombinant core streptavidin in Escherichia coli,
followed by its efficient refolding and purification with an overall yield of up to 140 mg functional protein per 11
bacterial culture. When coupled to activated CH-Sepharose 4B this truncated form of streptavidin showed a
performance in the affinity chromatography of Strep tag fusion proteins that was superior to all other combinations
tested. In contrast to its conventional preparation from Streptomyces strains the recombinant core streptavidin was
produced without a proteolytic processing step. Thus, deleterious effects during the streptavidin affinity purification
of proteins due to residual proteolytic activity in the immobilized streptavidin were avoided. The versatility of the
optimized purification system was demonstrated with five different Strep tag fusion proteins.

1. Introduction

The development of generic purification tech-
niques for recombinant proteins has gained re-
cent interest, particularly because the biochemi-
cal characteristics of a gene product are often
unknown. In this respect, the use of a short
peptide tag with defined affinity properties has
the advantage that it does not necessarily inter-
fere with the function of the protein and, there-
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fore, its removal is not needed for in vitro
applications [1].

Recently, we described the engineering of a
C-terminal peptide tag with intrinsic strep-
tavidin-binding activity, which was termed
“Strep tag” [2]. This affinity peptide was shown
to be suitable for the efficient single-step purifi-
cation of a bacterially produced, functional anti-
body F, fragment on immobilized streptavidin
using mild competitive elution with biotin or its
analogues. Furthermore, the Strep tag was em-
ployed for the direct and specific detection of the

© 1994 Elsevier Science B.V. All rights reserved
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protein —on a Western blot or in an enzyme-
linked immunosorbent assay (ELISA)— using a
commercially available streptavidin—enzyme
conjugate.

However, during routine use of this protein
purification system significant variations in the
ability to bind the Strep tag were observed
between different preparations of streptavidin—
agarose, even among charges from the same
manufacturer. Generally, the biochemical activi-
ty of streptavidin is defined and quantified ac-
cording to its capacity for the binding of biotin,
which is not necessarily a valid criterion for the
binding of the Strep tag. Therefore, a strep-
tavidin affinity matrix had to be developed with
optimized properties for this novel application.
The parameters that had to be considered were
the composition of the solid support, the cou-
pling chemistry for the immobilization of strep-
tavidin, and, most importantly, the preparation
of streptavidin itself.

Commercially produced streptavidin consists
of a N- and C-terminally shortened form, called
core streptavidin [3], comprising the sequence
from Ala'’ or Glu" to Ala™® or Ser'® of the
mature polypeptide. Core streptavidin is pro-
duced via an undisclosed proteolytic digestion
protocol from the protein that is naturally se-
creted by Streptomyces strains. In contrast to the
full length form, it shows high solubility, reduced
tendency towards oligomerization and is ex-
tremely resistant to further degradation. In addi-
tion, Bayer et al. [4] demonstrated that its
binding activity for biotinylated proteins —e.g.
alkaline phosphatase— is significantly enhanced,
probably due to improved accessibility of the
ligand-binding pocket.

Remarkably, an affinity matrix produced with
commercial core streptavidin led to degradation
during purification of a Strep tag fusion protein,
most likely as a result of residual proteolytic
activity that was still present in the streptavidin
preparation. Therefore, the production of re-
combinant core streptavidin using Escherichia
coli as expression host was established together
with a simple refolding and purification pro-
cedure yielding highly pure and active protein.
With this material we developed a standardized

purification protocol for Strep tag fusion proteins
and present here its application in several exam-
ples.

2. Experimental
2.1. Materials

Streptomyces avidinii (ATCC 27419) was ob-
tained from the American Type Culture Collec-
tion. E. coli strain BL21(DE3) carrying a chro-
mosomal copy of the T7 RNA polymerase gene
[5] was provided by H. Reildnder (Max-Planck-
Institut fiir Biophysik, Frankfurt/Main, Ger-
many). E. coli K12 strain JM83 (ara, A(lac-
proAB), rpsL, @80, lacZAM15) [6], which was
used for the expression of Strep tag fusion
proteins, was from our own collection. N-Hy-
droxysuccinimide (NHS)-activated CH-Sepha-
rose 4B, epoxy-activated Sepharose 6B, as well
as Q-Sepharose were purchased from Pharmacia
(Uppsala, Sweden), Eupergit C and Eupergit
C30N were from R6hm Pharma (Weiterstadt,
Germany). The plasmid pLysE for constitutive
expression of T7 lysozyme, a natural inhibitor of
T7 RNA polymerase [S], was from AMS Bio-
technology (Lugano, Switzerland). Commercial
streptavidin preparations were samples from
Societa Prodotti Antibiotici (Milan, Italy) and
Amresco (Solon, OH, USA).

2.2. Protein characterization

Sodium dodecyl sulfate~polyacrylamide gel
electrophoresis (SDS-PAGE) was performed
using standard slab gel methodology with the
buffer system of Fling and Gregerson [7], fol-
lowed by staining with Coomassie Brilliant Blue
R 250. The samples were heated to 95°C for 5
min prior to loading onto the gel.

The molar extinction coefficient of recombi-
nant core streptavidin, €,,,, was determined as
35600 M~' cm™' from measurements of A,
and A,g, according to Scopes [8] with a Perkin-
Elmer Lambda 15 UV-Vis spectrophotometer.
The measurements were performed in 10 mM
potassium phosphate pH 7.6 at 20°C and the
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peptide bond absorbance at 205 nm was cor-
rected for the tryptophan and tyrosine content.
The value agreed almost with that published for
proteolytically prepared core streptavidin [9].

The biotin-binding capacity of the recombi-
nant core streptavidin was determined by
measuring the ligand-induced quenching of the
protein tryptophan fluorescence [10,11]. A 1 uM
protein solution (1.8 ml) in 50 mM Tris - HCI pH
8.0 was placed in a quartz cuvette thermostatted
at 22°C and a total of 130 u1 20 wM biotin in the
same buffer was added in increments of 5 ul.
After thorough mixing the tryptophan fluores-
cence (excited at 295 nm and detected at 350 nm,
averaged over 1 s) was measured at each step
with a Perkin-Elmer LS50 fluorimeter. All solu-
tions were initially cleared from particles by
sterile filtration.

2.3. Preparation and comparison of streptavidin
affinity matrices

NHS-Activated CH-Sepharose 4B, epoxy-acti-
vated Sepharose 6B, Eupergit C and Eupergit
C30N were coupled with 2 mg streptavidin per 1
m! swollen material under conditions as rec-
ommended by the suppliers. The binding of a
Strep tag fusion protein was then investigated by
means of a batch assay. A 15-ul volume of each
affinity matrix was dispersed in 50 ul of periplas-
mic bacterial cell extract containing the D1.3 F,
fragment with the Strep tag fused to the Vy
domain [2]. After centrifugation and removal of
the supernatant, the material was washed three
times with 50 ul 50 mM Tris- HCl pH 8.0 and
then incubated with 50 ul of the same buffer
containing 1 mM biotin for release of the bound
F, fragment. Finally, the resin was suspended in
gel loading buffer and heated for the recovery of
residual adsorbed protein. The supernatant from
each step was analyzed by SDS-PAGE.

The matrix which was utilized for affinity
purification was prepared as follows. NHS-Acti-
vated CH-Sepharose 4B was swollen and washed
as recommended by the manufacturer. The
supernatant was drained and the gel was mixed
with twice its volume of a 2.5 mg/ml solution of
streptavidin (for the immobilization of 5 mg

streptavidin per ml gel) that had been dialyzed
against 100 mM sodium carbonate pH 8.0, 500
mM NaCl. After 2 h of gentle shaking at room
temperature coupling was complete. The super-
natant was decanted and the gel was mixed with
5 volumes of 100 mM Tris- HCI pH 8.0 for the
blocking of residual activated groups (overnight
at 4°C).

2.4. Preparation of streptavidin from
Streptomyces avidinii

Natural streptavidin was isolated from S.
avidinii as described by Cazin et al. [12] and
Suter et al. [13]. After ammonium sulfate pre-
cipitation of the protein from the culture super-
natant and dissolution of the precipitate in water
the sample was further purified via ion-exchange
chromatography on Q-Sepharose in 50 mM sodi-
um borate pH 8.5. Essentially pure streptavidin
was eluted with 100 mM sodium phosphate pH
7.0.

2.5. Construction of the expression vector pSA1
for the production of recombinant core
streptavidin in E. coli

The structural gene encoding core streptavidin
was amplified by polymerase chain reaction
(PCR) from chromosomal DNA of S. avidinii
ATCC 27419 using Pfu DNA polymerase
(Stratagene, Heidelberg, Germany) and the
oligodeoxynucleotides 5'-GAT ATA CAT ATG
GAA GCA GGT ATC ACC GGC ACC TGG
TAC and 5'-CGG ATC AAG CTT ATT AGG
AGG CGG CGG ACG GCT TCA C with
phosphorothioate bonds at their 3' termini ac-
cording to Skerra [14]. The italicized Ndel and
HindIII restriction sites were used for direct
insertion of the gene fragment into the appro-
priately cut T7 expression vector pRSET5a [15]
following standard methodology [16]. The re-
sulting plasmid pSAl is depicted in Fig. 1 to-
gether with the amino acid sequence of the gene
product. The three codons following the start
methionine codon —which was positioned in
front of the core streptavidin sequence— were
modified at their wobble positions for optimal
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Fig. 1. (A) The expression plasmid pSAl. The structural
gene encoding core streptavidin was placed under transcrip-
tional control of the gene 10 promoter of the bacteriophage
T7 and ends upstream of the T® terminator [5]. Additional
vector elements comprise the origin of replication (ori), the
ampicillin resistance gene (bla), and the f1 origin of replica-
tion for the preparation of single-stranded plasmid DNA
(f1-IG) [15]. (B) Amino acid sequence of pre-streptavidin.
The signal sequence, which directs secretion of streptavidin
in the original host, S. avidinii, is underlined [18]. Numbering
of the mature sequence starts at 1. The sequence of core
streptavidin encoded on pSA1 begins with Glu' and ends
with Ser' and is printed in bold. It has an N-terminal fMet
residue added as indicated.

initiation of translation [17]. Otherwise the
cloned nucleotide sequence was identical to that
published by Argarana et al. [18] as reconfirmed
by dideoxy sequencing [19] of the whole insert.

2.6. E. coli expression, refolding and
purification of core streptavidin

A single colony of E. coli BL21(DE3) freshly
transformed with the plasmids pLysE and pSA1l
was used for inoculating 20 ml Luria-Bertani
(LB)-broth containing 30 wg/ml chloramphen-
icol and 100 pg/ml ampicillin. After incubation

overnight at 37°C the culture was transferred to 1
1 of the same medium in a shaking flask pre-
warmed at 37°C. At an A, of 0.6 expression
was induced by the addition of 0.5 mM
isopropyl-B-p-thiogalactopyranoside (IPTG)
(final concentration) and shaking was continued
for 16 h. Cells were harvested by centrifugation
(4200 g, 15 min, 4°C) and washed with 25 ml
ice-cold 50 mM Tris-HCl pH 8.0, 500 mM
sucrose. After centrifugation (20 000 g, 30 min,
4°C) the cells were resuspended in 15 ml ice-cold
50 mM Tris-HCI pH 8.0, 1 mM EDTA and
passed three times through a French pressure
cell at 16 000 p.s.i. (1 p.s.i. = 6894.76 Pa). The
homogenate was centrifuged (20 000 g, 30 min,
4°C) in order to sediment the streptavidin inclu-
sion bodies. After washing with 10 ml ice-cold 50
mM Tris - HCl pH 8.0, 1 mM EDTA the inclu-
sion bodies were dissolved in 8 ml 6 M
guanidine - HCI (practical grade, Sigma, Deisen-
hofen, Germany) pH 1.5. The solution was
dialyzed twice for 4 h in the cold against 100 ml 6
M guanidine - HCI pH 1.5 in order to remove
traces of biotin [20]. Refolding was then accom-
plished by rapid dilution into 250 ml of phos-
phate-buffered saline (PBS) (4 mM KH,PO,, 16
mM Na,HPO,, 115 mM NaCl) at 4°C. The
mixture was incubated for a minimum of 3 h at
4°C and cleared by centrifugation (20 000 g, 30
min, 4°C). Solid ammonium sulfate was slowly
added in the cold to a saturation of 40% (62.7
g). After incubation for 3 h at 4°C precipitated
contaminating proteins and monomeric, incom-
pletely refolded core streptavidin were removed
by centrifugation (20 000 g, 30 min, 4°C). Then,
the ammonium sulfate saturation of the superna-
tant was raised to 70% (adding 59 g). After
overnight incubation at 4°C, the precipitated
tetrameric core streptavidin was recovered
(20 000 g, 60 min, 4°C) and resuspended in 10 ml
PBS-buffered 2.2 M ammonium sulfate for re-
moval of residual impurities, which became
soluble under these conditions. After centrifuga-
tion (20000 g, 30 min, 4°C) the recombinant
core streptavidin was dissolved in PBS buffer.
The solution was finally cleared by centrifugation
(30000 g, 30 min, 4°C) and stored at 4°C.
Routinely, between 1.2 and 1.4 g purified core
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streptavidin were obtained from 10 1 E. coli
culture in this way.

2.7. E. coli expression of Strep tag fusion
proteins

In order to demonstrate their purification via
streptavidin affinity chromatography five differ-
ent Strep tag fusion proteins were produced: the
antibody D1.3 F, fragment with the Strep tag
fused to the V,, domain [2], retinol-binding
protein (RBP) [21], chicken egg-white cystatin
[22], Pseudomonas aeruginosa azurin [23] and
Escherichia coli cytochrome by, [24]. The struc-
tural genes were introduced into the bacterial
expression vector pASK60-Strep [2] except for
the F, fragment, whose production was accom-
plished using the plasmid pASK68-D1.3 (an
optimized version of pASK46-pl111 [2] with im-
proved control elements that will be described
elsewhere). All proteins became thus fused to
the OmpA signal peptide —directing secretion to
the periplasm of E. coli— at their N-terminus
and to the Strep tag —comprising the amino acid
sequence Ser—Ala-Trp—Arg-His-Pro-Gln-
Phe—Gly-Gly— at their C-terminus (cf. the
cloning strategies previously outlined [2]). The
resulting mature polypeptlde sequences were as
follows: RBP: Glu' to Cys'™ plus two mterven-
ing Pro residues and the Strep tag; cystatin: Gly
to GIn''® plus the Strep tag; azurin: Ala' to
Lys'?® plus the Strep tag; cytochrome by,: Ala'
to Arg'” plus two intervening Pro residues and
the Strep tag. For protein production, a 100-ml
culture of E. coli JM83 harbouring the appro-
priate expression plasmid was grown at 22°C
(37°C for cytochrome bsg,) in LB medium con-
taining 100 wg/ml ampicillin (with the addition
of 50 wg/ml hemin (Sigma) in the case of
cytochrome bsg,). At an Ay, of 0.5 IPTG was
added to a final concentration of 0.5 mM (ex-
pression conditions for RBP were modified due
to the presence of a second plasmid, pASK61, as
described by Miiller and Skerra [21]). After 3 h
of induction, cells were collected (4200 g, 15
min, 4°C) and the pellet was resuspended in 1 ml
ice-cold 100 mM Tris-HCl pH 8.0, 500 mM
sucrose, 1 mM EDTA and kept on ice for 30

min. The spheroplasts were removed by centrifu-
gation (microfuge, 4°C, 15 min) and the superna-
tant was recovered as the periplasmic cell frac-
tion.

2.8. Streptavidin affinity chromatography of
Strep tag fusion proteins

A column containing 0.5 ml CH-Sepharose 4B
coupled with 5 mg/ml recombinant core strep-
tavidin was equilibrated with 5 ml 100 mM Tris -
HCI pH 8.0, 1 mM EDTA. Then the periplasmic
cell fraction (1 ml) containing the Strep tag
fusion protein was applied and the column was
washed with up to 5 ml 100 mM Tris- HCl pH
8.0, 1 mM EDTA (no EDTA in the case of the
metallo-proteins azurin and cytochrome by, ).
The bound recombinant protein was specifically
eluted with 2 ml 1 mM biotin dissolved in the
same buffer. The Strep tag fusion protein was
almost quantitatively recovered in a volume of 1
ml under these conditions. All steps were per-
formed at 4°C using gravity flow. Alternatively, a
solution of 5 mM diaminobiotin (Sigma) was
used for elution, permitting regeneration of the
affinity column by washing with 10 ml 100 mM
Tris - HCI pH 8.0.

3. Results and discussion

3.1. Production of functional core streptavidin
using E. coli as expression host

For expression in E coli the structural gene
encoding residues Glu' to Ser'” of streptavidin
was PCR-amplified from S. avidinii chromoso-
mal DNA and inserted into the T7 promoter
vector pRSETSa [15] yielding pSA1 (Fig. 1).
Expression conditions were essentially as de-
scribed earlier by Sano and Cantor [20] for a
genetic fusion between the non-truncated strep-
tavidin and the N-terminal part of the T7 gene 10
protein. For the preparation of the correctly
folded, tetrameric core streptavidin from the
inclusion bodies an optimized refolding and
purification procedure was developed (Fig. 2A).
The method is simple, without a chromatograph-
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Fig. 2. (A) Purification and refolding of the recombinant
core streptavidin. A 15% SDS-PAGE is shown with samples
(equivalent portions) from different stages during the pre-
paration. Lanes: 1=total cell protein of E. coli
BL21(DE3)(pLysE)(pSA1) 16 h after induction of expres-
sion; 2 = sedimented inclusion bodies; 3 = protein solution
after renaturation; 4 = purified core streptavidin after frac-
tionated ammonium sulfate precipitation; 5-7 = same sam-
ples as in 2—4 without heat treatment prior to SDS-PAGE.
Under these conditions the core streptavidin tetramer re-
mains intact [26]. Thus the correctly folded state of the
recombinant protein in the final preparation was confirmed
(lane 7) whereas small amounts of monomeric streptavidin
were still present after refolding (lane 6). kDa = kilodalton,
SA = streptavidin. (B) Biotin binding assay with the recom-
binant core streptavidin. The tryptophan fluorescence is
plotted versus the relative amount of biotin added. The two
almost linear segments of the curve were fitted separately and
from the intercept a ratio of 0.88 bound biotin molecules per
core streptavidin monomer was calculated.

ic step, can be easily scaled up and leads to pure
and highly soluble core streptavidin, which can
be directly used for coupling to, e.g., NHS-
activated CH-Sepharose 4B. The final yield of
the functional core streptavidin was up to 140 mg
per 11 E. coli culture.

Sequencing of the four N-terminal residues
revealed that the start methionine residue was
not removed by the Met-aminopeptidase as
could have been expected from the presence of
glutamic acid as the penultimate residue [25]. In
order to assess the biochemical activity of the E.
coli-produced core streptavidin its biotin-binding
capacity was determined by fluorescence titra-
tion. Reproducibly a value of 0.88 bound biotin
molecules per subunit was found (Fig. 2B).

3.2. Choice of the activated resin for the
coupling of streptavidin

Four different activated chromatography sup-
ports were tested: (i) NHS-activated CH-Sepha-
rose 4B, (ii) epoxy-activated Sepharose 6B, (iii)
Eupergit C (epoxy-activated) and (iv) Eupergit
C30N (epoxy-activated). After coupling with
recombinant core streptavidin the affinity ma-
trices were compared in a batch assay for the
specific binding of a bacterially expressed F,
fragment with the Strep tag fused to the C-
terminus of the V;; domain [2] from periplasmic
protein extract. It was found that the epoxy-
activated Sepharose 6B did not bind the Strep
tag fusion protein at all whereas the remaining
affinity matrices bound the protein equally well
(data not shown). However, the two Eupergit
supports gave rise to a substantial background of
non-specifically bound host cell proteins that
were slowly released throughout the assay. A
similar effect was not observed for the NHS-
activated CH-Sepharose 4B, which thus ap-
peared to be the support of choice for the
streptavidin affinity chromatography of Strep tag
fusion proteins.

3.3. Comparison of differently prepared
streptavidin samples

Initially it was attempted to use natural strep-
tavidin produced by S. avidinii in order to
prepare affinity matrices that could be used for
the purification of Strep tag fusion proteins. The
protein was isolated from the culture supernatant
of this Gram-positive bacterium and coupled to
NHS-activated CH-Sepharose 4B. However,
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when the periplasmic E. coli extract containing
the F, fragment with the Strep tag was applied to
the affinity column only modest retardation was
observed with respect to other periplasmic pro-
teins.

This finding was in contrast to earlier results
obtained with streptavidin-agarose purchased
from Biomol (Hamburg, Germany) under other-
wise unchanged conditions, where almost all of
the recombinant F, fragment bound specifically
to the column and was then eluted in pure form
with 2-iminobiotin [2]. The diminished affinity
for the Strep tag observed here was thus attribu-
ted to the presence of N- and C-terminal exten-
sions in the natural streptavidin compared to
commercial preparations, which consist of the
proteolytically  truncated core streptavidin
[3,4,26]. The improved sterical accessibility of
the biotin-binding site in core streptavidin [4]
might also be important for the binding of the
Strep tag, which is likely to occupy the same
pocket on the streptavidin surface [27].

Consequently, two commercial preparations
(SPA and Amresco) of core streptavidin were
used for coupling to NHS-activated CH-Sepha-
rose 4B. In both cases satisfactory binding activi-
ty was observed in purification experiments with
several different Strep tag fusion proteins. Un-
expectedly however, when a larger amount of
immobilized streptavidin was used (5 mg strep-
tavidin per ml gel, SPA or Amresco) significant
proteolytic degradation of the Strep tag fusion
protein was observed (Fig. 3A). The proteolytic
activity, that was obviously present in the affinity
matrix (and not in the protein extract), could be
inhibited by treatment of the streptavidin Sepha-
rose with phenylmethanesulfonyl fluoride
(PMSF) prior to use. Most likely, a contamina-
tion with proteases from the preparation process
for core streptavidin was responsible for this
effect.

In contrast, no protein degradation was de-
tected during the purification of several different
Strep tag fusion proteins (see below) when the E.
coli-derived recombinant core streptavidin was
employed (Fig. 3B). Thus, the combination of
recombinant core streptavidin with NHS-acti-
vated CH-Sepharose 4B as support (cf. above)

A

1 2 3 4 5 i 2 3 4 5

et Bt == =

Fig. 3. Proteolytic degradation during purification of a Strep
tag fusion protein using immobilized commercial core strep-
tavidin (A) compared to recombinant core streptavidin (B).
Affinity chromatography was performed with a periplasmic
E. coli cell extract containing the D1.3 F, fragment with the
Strep tag at the C-terminus of the V,; domain. The strep-
tavidin was coupled to NHS-activated CH-Sepharose 4B at 5
mg protein per ml gel in each case. Both chromatography
experiments were performed in parallel under identical
conditions (essentially similar as in the optimized protocol
described in the Experimental section). Aliquots from five
consecutive fractions collected during elution of the bound F,
fragment were subjected to 15% SDS-PAGE (lanes 1-5).
Only small quantities of the intact V, domain could be
detected in (A) (lane 4) and a likely degradation product
eluted almost constantly over the range investigated. In
contrast elution of stoichiometric amounts of the two im-
munoglobulin domains V,; and V,. which make up the F,
fragment, was observed in (B).

led to optimal performance in the streptavidin
affinity chromatography of Strep tag fusion pro-
teins.

3.4. A standardized protocol for the purification
of Strep tag fusion proteins

In order to permit the rapid purification of
different Strep tag fusion proteins on a small
scale a standardized procedure was established.
For cloning and expression the previously de-
scribed vector pASK60-Strep [2] was used.
pASKG60-Strep was designed for secretion of the
gene product into the periplasm of E. coli and
carries a cassette for insertion of the corre-
sponding structural gene permitting concomitant
C-terminal fusion with the plasmid-encoded
Strep tag. After induction of expression and
preparation of the periplasmic cell extract strep-
tavidin affinity chromatography was performed
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in a single step as described in the Experimental
section.

The purification of five different Strep tag
fusion proteins, the D1.3 F, fragment, RBP,
chicken egg-white cystatin, Pseudomonas
aeruginosa azurin and E. coli cytochrome b.,,
according to this scheme is shown in Fig. 4. The
periplasmic host proteins were washed off quick-
ly in every case whereas the homogeneous Strep
tag fusion proteins were eluted in the presence of
biotin. This demonstrates the low non-specific
binding of the affinity matrix. For cytochrome
bs, weaker retardation on the column was
observed but this protein could still be specifical-
ly eluted in concentrated form when the amount
of washing buffer was reduced (see Fig. 4E).
Due to the intense red colour of the holo-protein
it was possible to follow visibly its binding and
elution so that the cytochrome can be used for
the quick control of newly prepared batches of
the streptavidin Sepharose.

The streptavidin affinity chromatography was
performed under native buffer conditions and a
solution of 1 mM biotin was usually used for the
elution of the bound Strep tag fusion protein.
However the extremely high affinity of this
ligand for streptavidin prevented re-use of the
column. This could be avoided when a solution
of 5 mM diaminobiotin, a much weaker-binding
chemical analogue of biotin [28], was used in-
stead. With this compound elution of the Strep
tag fusion protein was only slightly less efficient
(Fig. 5) and the column could be regenerated
several times without loss of activity. The use of
diaminobiotin turned out to be a clear improve-
ment compared to 2-iminobiotin [2] or lipoic acid
described before in the case of the purification of
the bilin-binding protein [29].

In conclusion all components necessary for the
Strep tag purification methodology were opti-
mized and its successful application was demon-
strated in a number of cases. Both the recombi-
nant production of core streptavidin in E. coli
and the use of diaminobiotin for elution in the
chromatography make an important contribution
to the economic aspect of this method, permit-
ting its use even on a larger scale.
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Fig. 4. The one-step purification of various Strep tag fusion
proteins via streptavidin affinity chromatography: the D1.3
F, fragment (A), retinol-binding protein (B), chicken egg-
white cystatin (C), Pseudomonas aeruginosa azurin (D) and
E. coli cytochrome b, (E). Chromatography was performed
under standardized conditions as described in the Experimen-
tal section. After application of the periplasmic E. coli cell
extract containing the Strep tag fusion protein the column
was washed with 5 ml buffer and the effluent was collected in
four fractions of 1.25 ml. Then the bound protein was eluted
with 1 mM biotin and four fractions of 0.5 ml were collected.
20-u1 samples of each fraction were subjected to 15% SDS-
PAGE. Lanes: 1= periplasmic protein solution; 2 = washing
fractions; 3 = elution fractions. In the case of the cytochrome
(E) only 2 ml buffer were used for washing and the effluent
was collected in two fractions of 1 ml. Then the bound
protein was eluted as above.
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Fig. 5. Use of diaminobiotin for elution of the bound Strep
tag fusion protein. The streptavidin affinity chromatography
of the bacterial periplasmic cell extract containing the D1.3
F, fragment was performed as in Fig. 4A except that 3 ml 5
mM diaminobiotin was used for elution. Samples (20 ul) of
each fraction were subjected to 15% SDS-PAGE. Lanes:
1 = periplasmic protein solution; 2 = washing fractions (frac-
tions 2 and 3 were pooled): 3 = elution fractions.
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Abstract

The pesticides asulam, propoxur, coumatetralyl, biphenyl-2-ol and thiabendazole were separated by ion-pair
reversed-phase liquid chromatography with fluorescent detection. The mobile phase contained methanol, acetic
acid and sodium cholate as ion-pair reagent. In addition, tetramethylammonium hydrogensulphate and tri-
ethylamine were added to elute the pesticides. Separations were accomplished in less than 20 min. Interferences
from nineteen pesticides were studied and recoveries from synthetic mixtures ranging from 90 to 110%. Recoveries
from spiked apples and wheat grains ranged from 94 to 105% with relative standard deviations between 1.4 and

9.2% and detection limits between 0.1 and 1.9 ng.

1. Introduction

The pesticides asulam, propoxur, coumate-
tralyl, biphenyl-2-ol and thiabendazole are a
contact herbicide, a non-systemic insecticide, an
anticoagulant rodenticide and two fungicides,
respectively. Their mixtures can be found in
fruits, vegetables, cereals and other types of
crops as a consequence of the pre- and post-
harvest treatment with a variety of chemicals
such as herbicides and insecticides in the pre-
harvest step and with fungicides and rodenticides
in the storage step of the total harvest process.
Although liquid chromatography (LC) [1-7] and
gas chromatography (GC) [8-13] have been used
for their separation and detection in several
other mixtures, the above mixture has not been
resolved.

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00466-M

Because the thermal lability of asulam and
coumatetralyl and the high melting point of
thiabendazole impede their GC investigation,
LC is the technique of choice. Reversed-phase
LC on a C,; column does not separate the
mixture. However, as anionic, cationic and zwit-
terionic molecules can all potentially undergo
ion-pair formation with appropriate counter-
ionic reagents, the scope of LC can be extended.
In ion-pair systems, a secondary chemical
equilibrium is superimposed on the physical
distribution of a solute between the mobile and
stationary phases and consequently method de-
velopment is generally more flexible and facili-
tates the determination of compounds using the
reversed-phase mode [14].

Charged surfactants are used as the counter
ions in the mobile phase. A great variety of
surface-activity achiral compounds of different
hydrophobicity are available as counter-ion re-

© 1994 Elsevier Science B.V. All rights reserved
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agents. Recently, new chiral surfactants such as
bile salts have extended the scope of separations.
Bile salts are used in miceilar LC [15-19] but no
data were found for their use as ion-pair reagents
in LC. They differ from the typical long-chain
alkyl micelle-forming surfactants previously em-
ployed as ion-pair reagents in that they have a
rigid cholesterol-like steroidal ring structure and
possess hydrophobic and hydrophilic faces.

. We report in this paper a rapid, ion-pair
reversed-phase LC method with a bile salt,
sodium cholate, as organic counter ion for the
separation and determination of pesticides. The
separation was achieved by using gradient elu-
tion and the determination by using fluorimetric
detection, with a total analysis time of 20 min.

2. Experimental
2.1. Instrumentation

The measurements were performed with a
Merck—Hitachi (Darmstadt, Germany) liquid
chromatograph consisting of an L-6200 pump, an
AS-4000 autosampler, an L-4250 UV-visible
detector and a D-6000 interface. Integration was
~carried out with a PC/AT computer and the
instrumental parameters were controlled by
Hitachi—-Merck HM software. A Perkin-Elmer
(Beaconsfield, UK) LS-50 fluorescence detector,
placed in series with and after the UV-visible
spectrophotometer, was equipped with a xenon
discharge lamp and two monochromators. Fluo-
rescence Data Manager (FLDM) software (LC
program) and an RS232C interface were used to
send information to an external computer. For
graphical recording, an NEC Silenwriter2 S60P
laser printer was connected to the spectrofluori-
meter.

A Model KNK-3000 gas chromatograph
(Konik Instruments, Barcelona, Spain) equipped
with a flame ionization detector was used with
the following conditions: splitless injector
(240°C, 0.8 min); injection volume, 1 ul; detec-
tor temperature, 280°C; fused-silica column, BP5
(SGE, Victoria, Australia) stationary phase (5%
diphenyl-dimethylsiloxane), 25 mXx0.22 mm

I.D., 0.25-pm film thickness; temperature pro-
gramme: 120°C for 2 min, increased to 240°C at
8°C/min and held at 240°C 40 min; carrier gas,
helium at 11.6 ml/min; and make-up gas, nitro-
gen at 24 ml/min.

2.2. Chemicals and reagents

Sodium cholate, sodium dodecyl sulphate
(SDS),  cetyltrimethylammonium  bromide
(CTAB) and triethylamine (TEA) were obtained
from Sigma (St. Louis, MO, USA) and tetra-
methylammonium hydrogensulphate (TMA) and
acetic acid from Merck (Darmstadt, Germany).
Methanol was of LiChrosolv gradient grade
(Merck) and acetone of analytical-reagent grade
(Merck). The pesticides asulam (purity 99.9%),
propoxur (99.9%) and coumatetralyl (96%)
were purchased from Dr. S. Ehrenstorfer (Augs-
burg, Germany), biphenyl-2-ol (>99%) from
Merck and thiabendazole (Pestanal, 99%) from
Riedel-de Haén (Hannover, Germany).

Stock standard solutions of asulam (4.34-107>
M), propoxur (4.78-107° M), coumatetralyl
(3.42-10° M), biphenyl-2-ol (5.87-107> M)
and thiabendazole (4.97 - 10~° M) were prepared
by dissolving the compounds in methanol and
stored at 4°C. Working standard solutions were
prepared by dilution with methanol. )

Solutions of sodium cholate (7-107> M) SDS
(3.5-107° M), CTAB (1-107* M) and tetra-
methylammonium hydrogensulphate (1-107> M)
were prepared in doubly deionized water. These
solutions were filtered through 0.2-pm nylon
membrane filters.

2.3. Extraction procedure for apples

A 250-g amount of apples was chopped in a
food chopper and 15 g were transferred into a
blender cup and blended with 50 ml of acetone
containing 0.3 ml of orthophosphoric acid at high
speed for 3 min. The homogenate was filtered
through a fritted-glass Biichner funnel (coarse
porosity) under reduced pressure and the filter
cake washed with 5 ml of acetone. The filtrate
was transferred into a 50-ml volumetric flask and
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diluted to volume with acetone. An aliquot of 1
ml of the extract in acetone was diluted with
methanol to a final volume of 5 ml. This solution
was used for analysis.

2.4. Extraction procedure for wheat grain

Portions of 10 g of representative wheat grain
samples were washed with 20 ml of acetone in
order to eliminate any impurities present. The
pesticides were extracted by adding 20 ml of
acetone and sonicating for 5 min. The solution
was filtered through a fritted-glass Biichner fun-
nel (coarse porosity) under reduced pressure and
the filter cake was washed with acetone. The
filtrate was evaporated to dryness on a rotary
evaporator. The residue was dissolved in metha-
nol (5 ml) and this solution was used for analy-
sis.

2.5. LC operating conditions

The pesticide samples were analysed using a
Spherisorb S5 ODS-2 reversed-phase column (20
cm X 4.6 mm [.D.; 5-um particle size) from
Phase Separations (Deeside, UK). The injection
volume was 20 ul for the standard methanolic
solutions and samples and the flow-rate was 1
ml/min. The mobile phase composition and
wavelength programme for fluorimetric detection
are detailed in Table 1. The peak-area response
was measured at the retention times of asulam

Table 1
Mobile phase composition and wavelength programme

(1.85 min), propoxur (3.74 min), coumatetralyl
(6.19 min), biphenyl-2-ol (7.95 min) and thiaben-
dazole (15.97 min). A calibration graph was
constructed using the responses.

2.6. Recovery test

Apples samples were spiked with a solution of
pesticides in methanol of composition asulam,
coumatetralyl and propoxur 200 mg/l, biphenyl-
2-0l 50 mg/l1 and thiabendazole 12.5 mg/l and
left for 30 min before extraction. Wheat grains
were washed with 20 ml of acetone in order to
eliminate any impurities present and spiked with
a solution of pesticides in methanol of composi-
tion asulam, coumatetralyl and propoxur 20 mg/
1, biphenyl-2-0ol 5 mg/1 and thiabendazole 1.25
mg/l. After thorough mixing, the grains were
left for 30 min before extraction. The apple and
grain extracts in acetone were transferred into
50- and 10-ml volumetric flasks, respectively, and
diluted to volume with acetone. Aliquots of
these solutions were diluted with methanol to a
final volume of 5 mil. These solutions were used
for analysis.

3. Results and discussion
The structures of asulam, propoxur, couma-

tetralyl, biphenyl-2-ol and thiabendazole are
shown in Fig. 1 [20]. These compounds possess

Time Methanol Ion-pair mixture Ion-pair mixture Aexcitation A mission

(min) (%) 1* (%) 2" (%) (nm) (nm)
0.0 60 40 0 255 342
2.5 272 303
4.5 310 385
6.8 247 340
8.0 60 40 0
9.0 60 0 40

10.0 298 342
18.0 60 0 40 298 342

* Jon-pair mixture 1: aqueous solution of 7 mM sodium cholate, 25 mM acetic acid and 5 mM tetramethylammonium.
® Ion-pair mixture 2: aqueous solution of 7 mM sodium cholate, 2.5 M acetic acid and 84 mM triethylamine.
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2-(thiazol-4-yl) benzimidazole
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Fig. 1. Structures of the pesticides.

sufficient natural fluorescence to permit their
detection without pre- or postcolumn derivatiza-
tion steps and so fluorimetric detection was
selected.

The retention behaviour was studied on a C,
reversed-phase column under a variety of mobile
phase conditions including concentrations of
organic modifier, ion-pairing reagent and acetic
acid, pH and concentrations of TMA and TEA
in the mobile phase.

Because of the quenching effect on the fluores-
cence of the solutes exerted by acetonitrile, the
latter was discarded as an organic modifier and
methanol was selected. Methanol concentrations
below 50% cause turbidity of the mobile phase;
concentrations between 50 and 70% give the
greatest differences in capacity factor and 60%
methanol in the mobile phase was selected as the
optimum concentration.

Different surfactants of cationic and anionic
character were studied to determine the best
ion-pairing reagent. The results indicated that in
absence of surfactants asulam and propoxur
overlap completely. Alternatively, the use of
ion-pairing reagents in the mobile phase sepa-
rates the compounds. The peak heights obtained
with the anionic surfactants sodium cholate and
SDS are higher than those with cationic surfac-
tants such as CTAB whereas the retention times
with anionic surfactants are similar or shorter
than those with cationic surfactants or without
surfactants. The greater efficiency was achieved
with sodium cholate and this was selected as the
ion-pair reagent for the separation. Fig. 2A
shows a plot of the capacity factor vs. sodium
cholate concentration in the mobile phase, from
which it is deduced that all the pesticides can be
separated satisfactorily with 2.8 mM sodium
cholate.

The effect of acetic acid on the capacity factor
is summarized in Fig. 2B. Whereas an acetic acid
concentration of 10 mM in the mobile phase
gives the greatest efficiency for the separation of
asulam, propoxur, coumatetralyl and biphenyl-2-
ol, thiabendazole is strongly retained into the
column and 1 mM acetic acid in the mobile
phase is needed to elute it. This behaviour of
thiabendazole is consistent with the behaviour of
a weaker acid. As the pH decreases, the re-
tention increases rapidly for coumatetralyl,
thiabendazole and asulam and remains constant
for propoxur and biphenyl-2-ol. The last two
compounds form ion pairs with sodium cholate
in a wide pH range, but coumatetralyl requires
pH <7 and thiabendazole and asulam pH<S5.

Variation in the sodium cholate content of the
mobile phase alone does not allow adequate
control over the column selectivities for pes-
ticides and an ion-pair mixture of counter ions of
different hydrophobicities is used. Therefore,
low concentrations of a cationic species such as
TMA or TEA were added; this addition to a
mobile phase of low pH tends to lower the
capacity factors of positively charged solute
molecules owing to co-ion repulsive interaction.
A 2 mM TMA concentration in the mobile phase
was selected as the optimum to elute asulam,
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Fig. 2. Effect of mobile phase parameters on the retention of the pesticides: (A) sodium cholate concentration in the mobile
phase; conditions, methanol-water (60:40) solution of 25 mM acetic acid and 5 mM TMA,; (B) acetic acid; conditions,
methanol-water (60:40) solution of 2.5 mM acetic acid and 85 mM TEA. O = Asulam; V = coumatetralyl; 0= biphenyl-2-ol;

V = propoxur; O = thiabendazole.

propoxur, coumatetralyl and biphenyl-2-ol.
However, the ion-pair mixture of sodium cho-
late, acetic acid and TMA does not lower the
capacity factor of thiabendazole sufficiently and
the addition of another hydrophobic reagent,
TEA, instead of TMA is needed to elute
thiabendazole.

3.1. Calibration graphs and comparison of
results with those of GC-FID

The calibration graphs are linear between 1.8
and 200 ng for asulam, 3 and 200 ng for propox-
ur, 0.6 and 200 ng for coumatetralyl, 0.6 and 100
ng for biphenyl-2-ol and 0.2 and 40 ng for
thiabendazole. The lower limit of the linear
dynamic range is determined by the detection
limit. Typical relative standard deviations
(R.S.D.s) are between 0.7 and 5.8%.

The results obtained for propoxur and
biphenyl-2-ol by LC were compared with those
given by GC. Coumatetralyl, asulam and
thiabendazole decomposed on-column and they
cannot be determined by GC without a previous
derivatization step. Universal flame ionization
detection (FID) was used with GC because
propoxur and biphenyl-2-ol do not give response
with the more commonly used detectors in
pesticide residue analysis, such as electron-cap-
ture or nitrogen—phosphorus detectors.

The correlation between the LC and GC
methods was r = 0.9998; the slope of the regres-
sion line was 1.0218 and the intercept —4.7792
for propoxur and r = 0.9999, slope = 0.9911 and
intercept = 2.3364 for biphenyl-2-ol. The detec-
tion limits with the LC and GC methods are 2.4
and 2.6 ng, respectively, for propoxur and 0.4
and 2.4 ng, respectively, for biphenyl-2-ol. The
R.S.D.s (n =3) using the LC and the GC meth-
ods are 2.2 and 1.3%, respectively, for propoxur
and 2.6 and 18.5%, respectively, for biphenyl
2-ol. These results indicate that both methods
correlated well.

3.2. Application to food samples

Prior to application to real samples, the meth-
od was evaluated with synthetic mixtures of the
most commonly used pesticides in pre- or post-
harvest treatment. Nineteen potential interfer-
ents were selected among insecticides, fun-
gicides, rodenticides and herbicides usually
found in cereals, fruits, vegetables and other
types of crops [7,13]. The synthetic mixtures
were prepared using a fixed concentration of the
pesticide to be recovered, namely asulam 0.2
wg/ml, coumatetralyl 0.2 wg/ml, biphenyl 2-ol
0.2 pg/ml, propoxur 0.5 pg/ml and thiaben-
dazole 0.1 wpg/ml, and adding the potential
interferents at several levels. The organophos-
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phates azinphos-ethyl, chlorpyrifos, dialifos,
fenamifos and parathion-methyl were added to-
gether, as were the organochlorides chlorfenson,
chlorobenzilate, dicofol and tetradifon. Re-
coveries from these synthetic mixtures ranged
from 90 to 110% at a pesticide-to-interferent
ratio of 50 for the most of pesticides; organo-
chlorines are the best tolerated and analysis for
thiabendazole is least subject to interference
from the other pesticides.

To check the usefulness of the procedure,
recoveries of the pesticides in apples and wheat
grain were determined. These samples were
chosen because of their high consumption and to
demonstrate the applicability of the procedure to
different product matrices.

A number of solvent extraction systems have
been used for residue screening procedures. The
use of acetone and acetone—water mixtures is the
most widely used [13,21-24], simplest and most
efficient method to remove organic chemical
residues quantitatively from foodstuffs because
high concentrations of residues can be extracted.

Apples and wheat grain samples were spiked
prior to extraction with a methanolic solution of
the pesticides, after checking for the absence of
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the pesticides under study. After extraction, the
samples were subjected to the LC procedure.
The chromatograms of apple and wheat grain
extracts are reported in Fig. 3. Table 2 gives the
results obtained with recoveries ranging from 97
to 103% in apples and from 94 to 105% in wheat
grains. The accuracy is excellent. The precision
deduced from the R.S.D. values is consistently
good; these results were affected by the par-
ticularly high R.S.D. for repeatability for low
levels of biphenyl-2-ol and thiabendazole in
apples. The detection limits, defined as the
lowest amount that gave a signal three times
higher than the baseline noise, ranged from 0.1
ng for thiabendazole to 1.9 ng for asulam and are
higher than those obtained for apples because
the wheat grain blanks are affected by a high
R.S.D.

4. Conclusions

A mixture of the pesticides asulam, propoxur,
coumatetralyl, biphenyl-2-ol and thiabendazole
was resolved by ion-pair reversed-phase liquid
chromatography. The chiral surfactant sodium
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Fig. 3. Chromatograms of (A) apples spiked with (1) 2 pg/ml of asulam, (2) 2 ug/ml of coumatetralyl, (3) 0.5 wg/mi of
biphenyl-2-0l, (4) 2 ug/ml of propoxur and (5) 0.10 pg/ml of thiabendazole and (B) wheat grains spiked with (1) 2 pwg/ml of
asulam, (2) 2 pg/ml of coumatetralyl, (3) 0.5 pg/ml of biphenyl-2-ol, (4) 2 mg/ml of propoxur and (5) 0.125 pg/ml of

thiabendazole.
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cholate proved its utility as a counter ion in the
mobile phase. The method compares well with
GC. As the analytical characteristics (ease of
applicability, detection limits, precision) show
the method is suitable for the analysis of food
samples.
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Abstract

Polyethers are retained on a common amino-bonded column by forming complexes with protonated amino
groups, and then separated according to the complex formation ability. The fact that counter anions strongly
affected the retention indicates that the retention mechanism involves not only complexation with the ammonium
groups but also ion-pair formation with counter anions. The practical separation of crown ethers and polyoxy-
ethylene chains involved in a variety of non-ionic surfactants is reported.

1. Introduction

The separation of polyethers is of practical
importance because they are often used as hy-
drophilic groups in various surface-active agents
{1]. Apart from practical analysis, the separation
of polyethers has some interesting features, e.g.,
their ability to form complexes with hard metal
ions can be evaluated when an ion-exchange
resin is used for the separation [2-5] and the
partitioning of acyclic polyethers to reversed-
phase stationary phases reflects the conforma-
tional changes of polyether chains [6,7] and the
complexation [8], etc. We therefore believe that
it is worth developing a novel separation method
for polyethers not only to expedite their practical
analysis but also to elucidate the polyether
chemistry itself.

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00280-M

Amino groups, which in general have been
utilized for the separation of sugars [9,10] as
functional groups anchored on the stationary
phase, donate lone-pair electrons to hydroxyl
groups in sugars in their unprotonated forms.
Once amino groups have been protonated, they
are expected to play the role of cationic sites and
to be complexed by polyethers. Amino-bonded
silica gel can therefore differentiate polyethers
according to the complexation ability with the
corresponding ammonium ion. In this paper, we
present preliminary results and describe the
practical application of amino-bonded silica gel
to the separation of some polyethers.

2. Experimental
The chromatographic system was composed of

a Tosoh CCPM computer-controlled pump, a
Thomastat thermostated water-bath, a

© 1994 Elsevier Science B.V. All rights reserved
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Rheodyne injection valve equipped with a 100-p1
sample loop and a Tosoh UV-8020 UV-visible
detector. The separation column was a Tosoh
TSKgel NH,-60 stainless-steel column (250
mm X 4.6 mm I.D.) packed with 3-amino-
propylsilica gel of 5-um particle size and was
used after the amino groups had been completely
protonated with a moderately acidic solution
(HCl, etc.). Complete protonation was con-
firmed by measuring the pH of the effluent from
the column. Once the amino groups had been
protonated, it was not necessary to take dis-
protonation into account with neutral mobile
phases because of the high pK, values of
aliphatic amines. This was verified by the un-
changed retention of a particular polyether over
a long period; if disprotonation takes place, the
retention of polyethers should decrease because
the amino group itself did not act as a Lewis acid
and was not complexed by any polyethers. The
separation column was immersed in water ther-
mostated at 25°C. Methanol, which has been
known as a medium favourable for polyether
complexation, was used as a mobile phase.

Reagents were of analytical-reagent grade.
Methanol was distilled twice. Distilled, deionized
water was used throughout. Polyoxyethylenes
(POE) were labeled with 3,5-dinitrobenzyl chlo-
ride, if necessary. Crown ethers were synthesized
according to the literature [11].

Table 1

3. Results and discussion
3.1. Choice of counter anion

The primary retention mechanism of poly-
ethers on protonated amino-bonded silica gel is
their complexation with the ammonium ion sites
in the stationary phase. Unfortunately, the solva-
tion of ammonium ions has not been well investi-
gated in comparison with other simple cations.
However, it is possible to predict roughly the
solvation of an ammonium ion. The similarity of
the complexation behaviour and the crystalline
ionic size of ammonium ion to those of potas-
sium and rubidium ions implies a resemblance of
solvation [12,13], except that the former is a
stronger hydrogen-bond donor than the latter.

It has been reported that the complexation of
polyethers with a cation is affected by the coun-
ter anion. However, in most reported instances,
effects of anions are classified into two major
types: (1) hydrogen bonding between the anion
and a ligand influences the complexation [13];
(2) in low-permittivity solvents, ion-pair forma-
tion is related to the complexation. However,
our results clearly indicated that the stationary
phase complexation is influenced by the nature
of the counter anion despite the use of a polar
protic solvent.

Table 1 shows the effects of counter anions on

Variation of k' of crown ethers with counter anions in the protonated amino-bonded column

Crown ether”® k’

SO AcO™* a Br~ . SCN~ Clo;
B15C5 0.98 1.35 1.62 2.88 5.13 6.45 7.08
B18C6 28.2 2.7 31.6 —° - —° -
DB18C6 4.47 6.46 5.75 11.22 29.5 34.7 40.7
DB21C7 3.39 5.13 3.39 6.61 17.0 24.5 26.3
DB24CS8 0.49 0.62 0.10 0.79 1.28 2.82 2.88
DB30C10 0.23 0.33 0.093 0.54 1.45 2.14 2.75

Methanol was used as the mobile phase.

“ Abbreviations: B15C5 = benzo-15-crown-5; B18C6 = benzo-18-crown-6; DB18C6 = dibenzo-18-crown-6; DB21C7 = dibenzo-21-
crown-7; DB24C8 = dibenzo-24-crown-8; DB30C10 = dibenzo-30-crown-10.

* Acetate.
 Not determined because of extremely strong retention.
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the stationary phase complexation of crown
ethers as changes in capacity factors. Once the
amino groups in the stationary phase have been
protonated, they cannot be disprotonated with
either pure methanol or methanol containing a
neutral salt. The replacement of a counter anion
was therefore possible in the usual manner, ie.,
by passing the solution of a salt of the anion of
interest through the column. It is obviously that
large “hydrephobic” anions enhance the station-
ary phase complexation, whereas small ions, in
other words strong hydrogen bond acceptors,
lower the retention (use of the term ‘hy-
drophobic” is not strictly appropriate; however,
as bulky less hydrated ions such as ClO, usually
show the hydrophobic properties in water, this
term has been used here). This phenomenon will
be related to the retention mechanism. Although
details are being studied in our laboratory and
will be reported in the near future, it appears
that ion-pair formation in the stationary phase is
strongly related to the mechanism. In the practi-
cal sense, ClO, will be the best choice because
the retention is the strongest of the counter
anions tested (strong retention can be modified
by the addition of various components to the
mobile phase, whereas it is difficult to alter weak
retention by modifying the mobile phase).

3.2. Separation of polyethers

Separation of POE chains contained in non-
jonic surfactants is of general and practical
interest. Therefore, the present method was first
applied to this aspect. As is known, the com-
plexation ability of POE is enhanced by the
chain length; in complexation with an alkali
metal ion, the complexation ability of POE is
almost exponentially enhanced with increasing
chain length [3]. Such complexation behaviour
strongly indicates a need for gradient elution.
Various gradient modes can be considered, e.g.,
the addition of a solvent unfavourable for the
complexation (e.g., water is an example of such
solvents), increasing the temperature because the
complexation is exothermic [5} and the addition

of an appropriate cation to the mobile phase [2].
Of these three methods, we selected the last one
because of the flexibility of the choice of the
cation; as we quantitatively know the complex-
ation of polyether with a cation employed in the
mobile phase, we can easily control the retention
of polyethers by both selecting an appropriate
cation and varying the concentration of the
cation.

Fig. 1 shows the separation of POE chains
contained in Triton X-100, where CIO, was
chosen as the counter anion bucause of the
strong retention ability of the CIO, -form station-
ary phase. Therefore, a perchlorate salt should
be used in the gradient solution to keep the
stationary phase in the ClO, form. Of various
perchlorate salts, we selected potassium per-
chlorate for this purpose, because K" is one of
the best cations for polyether complexation,
especially for acyclic polyether complexation,
and thus permits the facile control of the re-
tention. UV detection can be utilized to detect
the elution of POE oligomers in Triton X-100,
and therefore gradient elution is applicable in
this case. However, other POE-based surfactants
such as Brij 35 do not necessarily involve an
effective chromophore. A common method, de-
rivatization with 3,5-dinitrobenzoyl chloride, was
used in such cases. Figs. 2-4 show the separation
of POE chains contained in Brij 35 and other

0016AU
4 1
0 20
time / min

Fig. 1. Separation of POE oligomers contained in Triton
X-100. Stationary phase in ClO, form. Sample concentra-
tion, 1 mg/ml. Mobile phase, methanol (0-15 min)—5 mM
KCIO, in methanol (25 min). Detection, UV at 280 nm.
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Fig. 2. Separation of POE oligomers contained in Brij 35
[trade-name of POE(23)dodecyl ether]. Stationary phase as
in Fig. 1. POE was dinitrobenzylated in advance. Sample
concentration, 1 mg/ml. Mobile phase as in Fig. 1. Detec-
tion, UV at 250 nm.

POE-based surfactants bearing C,; and C,; hy-
drophobic chains.

Some small peaks other than main series of
POE chains are visible. Although complete
identification was difficult, the comparison of
retention times obtained from Figs. 2—4 indicates
that these small minor peaks are given by POE
chains having different hydrophobic chains. This
speculation implies that this separation method
can be used for the separation in terms of both
hydrophobic and POE chain levels.

! i

20 40
time / min
Fig. 3. Separation of POE oligomers contained in
POE(20)C. Conditions as in Fig. 2.

:

L 1 I
0 20 40

time / min

Fig. 4. Separati(;n of POE oligomers contained in POE(20)S.
Conditions as in Fig. 2.

Finally, an example of the separation of crown
ethers is shown in Fig. 5. Such a separation will
not often be needed, but is interesting from a
fundamental viewpoint. The selectivity clearly
correlates with those of solution complexation
with alkylammonium salts; the elution order in
DB30C10 < DB24C8 < B15C5 < DB21C7 <
DB18C6 < B18C6, and though it was a rough
determination, our electrophoretic research [14]
indicated that the complexation constants with
an ethylammonium ion are 24 <25<25<94 <
170 <370 in the same order. This indicates that

w

L | I
0 20
time / min

Fig. 5. Separation of crown ethers. Sample concentration,
2.5-107° M. Mobile phase, methanol (0-25 min)—>5 mM
KClO, in methanol. Detection, UV at 280 nm. Peaks: 1=
DB30C10; 2=DB24C8; 3=B15C5; 4=DB21C7; 5=
DB18C6; 6 =B18C6. Abbreviations are given in Table I.
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the primary retention mechanism is complex-
ation of polyethers with protonated amino
groups in the stationary phase. In addition,
effects of counter anions should be elucidated, in
future work.
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Abstract

The possibility to fractionate polytetrahydrofuran (PTHF) samples effectively with Thermal Field Flow
Fractionation has been investigated. Retention measurements of four standards of different molecular mass were
performed in eight organic solvents. When methylethylketone or dioxane were used no retention was found.
Highest retention for a given molecular mass was obtained with the solvents toluene and ethylbenzene. However,
in ethyl acetate the highest separation speed was observed. Plate height measurements showed that both the
thermal and molecular diffusion coefficients of the PTHF standards are very high in ethyl acetate. According to
theory, this combination should result in a high separation speed. A baseline separation of two PTHF standards
with molecular masses of 67 000 and 282 300 could be obtained in 8 minutes when ethyl acetate was used as the

solvent.

1. Introduction

Field Flow Fractionation (FFF) was intro-
duced in the 1960’s by Giddings as a fractiona-
tion method for polymers and particles [1]. With
the use of an external field perpendicular to the
laminar flow of a carrier liquid in an open
channel, macromolecules are concentrated at
one of the channel walls. Due to the high
velocity gradient near the channel walls retention
and separation are accomplished. A number of
different external fields or gradients have been
employed to obtain retention in FFF. On the
basis of field or gradient used, different subtech-
niques are distinguished in FFF. The major
subtechniques are Thermal, Sedimentation [2],
Flow [3] and Electrical [4] FFF.

In Thermal Field Flow Fractionation (ThFFF)

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00381-1

a large temperature difference is established
across the channel thickness. Due to the so-
called thermal diffusion effect, the temperature
gradient forces the polymer molecules to concen-
trate near the cold wall. This selective migration
is opposed by molecular diffusion and sub-
sequently retention is determined by the ratio of
the thermal and molecular diffusion coefficients.
This ratio is also expressed as a/T, where a is
the Soret coefficient and T is the temperature.
Although it has been studied for a long time
[5], thermal diffusion in liquids is still a largely
uncomprehended phenomenon [6]. From ThFFF
retention data «/T values can be obtained.
Therefore, thermal diffusion coefficients can be
determined with ThFFF, provided that molecu-
lar diffusion coefficients are measured indepen-
dently. In this way thermal diffusion coefficients
of various polymer—solvent systems have been
obtained and with this data the understanding of

© 1994 Elsevier Science B.V. All rights reserved
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the thermal diffusion phenomenon has increased
significantly. For all polymer-solvent systems
studied so far it has been found that the mag-
nitude of the thermal diffusion effect is indepen-
dent of the molecular mass of the polymer [6].
Therefore, the ThFFF fractionation of a given
polymer species is based solely on differences in
molecular diffusion or mass. Also the branching
configuration of the polymer has no influence on
the thermal diffusion coefficient [7]. However,
the extent of thermal diffusion is strongly depen-
dent on the chemical nature of both the polymer
and the solvent [6,8]. Furthermore, it has been
found that the thermal diffusion coefficient is
temperature dependent [9] and that the thermal
diffusion phenomenon is usually not very strong
in aqueous solutions [10].

The fact that ThFFF is a powerful tool for the
fractionation of synthetic polymers has often
been demonstrated [8,11-15]. Recently it has
been shown that ThFFF can also be used for
particle analysis [16,17]. Due to the fact that
adsorption and degradation phenomena are
minimal inside the ThFFF channel, polymers of
ultra high molecular mass can effectively be
analyzed with ThFFF [18]. Furthermore, samples
of a broad molecular weight range can be frac-
tionated with sufficient resolution in an accept-
able analysis time using temperature program-
ming [19,20]. As retention in ThFFF is also
determined by the thermal diffusion coefficient,
fractionation occurs not only according to molec-
ular mass but also according to chemical nature
[8,21]. Therefore, ThFFF can be used to obtain
chemical and structural information of polymer
samples [22].

As was stated earlier the extent of thermal
diffusion strongly depends on the chemical na-
ture of both the polymer and the solvent.
Because a high thermal diffusion coefficient is
beneficial for the separation speed, the choice of
the solvent is extremely important for the ThFFF
analysis of a particular polymer species [8,23].
Giddings et al. [11] demonstrated that PTHF
standards could successfully be retained in both
tetrahydrofuran (THF) and ethyl acetate. In the
work presented here, a/T values for four PTHF
standards of different molecular mass have been

determined in eight organic solvents, including
the two mentioned above. Diffusion measure-
ments are currently being done in order to
determine thermal diffusion coefficients for
PTHF in the various organic solvents. With the
separation of two PTHF standards in a constant
run time, the best solvent for the ThFFF analysis
of PTHF samples has been found. The effects of
polymer concentration and temperature drop on
retention have also been investigated.

2. Theory
2.1. Determination of a/T values

The theoretical description of retention in FFF
is given in several textbooks and papers [24-26].
The retention ratio, R, defined as the ratio of the
void time of the system and the retention time,
can be expressed as:

R= 6)\[ coth(%)\-) —2A ] )

where A is the dimensionless zone thickness,
which is equal to the ratio of the mean layer
thickness of the concentrated polymer zone and
the channel thickness.

The mean layer thickness is defined as the
ratio of the molecular diffusion coefficient and
the migration velocity towards the accumulation
wall caused by the external field or gradient. In
ThFFF the migration velocity towards the cold
wall, u, is approximated by [27]:

u=D,— ?)

where D is the thermal diffusion coefficient, w
is the channel thickness and AT is the tempera-
ture drop over the channel.

From Eq. (2) it follows that the parameter A in
ThFFF can be approximated by:

P __1
D, AT «
T AT

where D is the molecular diffusion coefficient, T
is the temperature and « is the Soret coefficient.

A= 3)
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The retention ratio can easily be measured
from the fractogram and with Eqs. (1) and (3)
the R value can be converted into a corre-
sponding «/T value. If the molecular diffusion
coefficient of the polymer sample in solution is
known, the thermal diffusion coefficient can be
determined from the /T value.

However, the use of a temperature gradient in
ThFFF leads to theoretical complications.
Because both the solvent viscosity and thermal
conductivity of an organic solvent are tempera-
ture dependent, the ideal flow profile of the
carrier liquid and concentration profile of the
compressed solute will be disturbed. If empirical
relations are used to express the temperature
dependence of the solvent viscosity and thermal
conductivity, these effects can be theoretically
accounted for [28,29]. The temperature depen-
dence of the solvent viscosity, n, can best be
expressed as:

%=a0 +a,T+a,T*+a,T? )
1

where the coefficients a; are empirical constants
which can be found when viscosity data at
various temperatures are fitted according to Eq.
4.

The temperature dependence of the thermal
conductivity, «, is usually described as:

k=by+b, (T-T),)) )

where b, and T, are the thermal conductivity

as dk/dT, is considered to be constant in the
working range of the temperature.

The theoretical model describing retention
with the use of Egs. (4) and (5) becomes so
complex that a numerical integration routine is
necessary to calculate accurate a/T values from
the measured retention ratios [29]. In this work
the temperature dependence of the solvent vis-
cosity and thermal conductivity has been ac-
counted for. However, the temperature depen-
dence of /T itself [29] has been ignored and the
a/T values have been directly assigned to the
temperature in the centre of gravity of the
corresponding solute zones [9]. Viscosity and
thermal conductivity data were taken from litera-
ture to obtain the values of the empirical con-
stants given in Table 1 [9,28,30-32].

2.2. Solvent choice in ThFFF

A time optimization scheme as used in chro-
matography can also be employed for polymer
separation methods [33]. The analysis time, ¢f,,
defined as the time needed to separate two
polymer fractions of absolute molecular mass
with a given resolution R, is determined by the
separation requirements and the efficiency and
mass selectivity of the fractionation method
[8,33]. If the temperature dependence of the
solvent viscosity and thermal conductivity is
neglected, the analysis time in ThFFF can be
expressed as:

c . 2 2
and temperature at the cold wall, respectively. ¢ _16 R2 [ M ] [ X ] w ©)
The parameter b,, which is frequently denoted @ prcLAM R(S/b)? 1 D
Table 1
Values of the empirical constants describing the temperature dependence of the solvent viscosity and thermal conductivity
Solvent a, a, a, x 10° x(293) b, x 10°
(W/sK) (W/sK?)
Benzene 6445.30 —80.060 0.2936 —26.477 0.1477 —35.00
Cyclohexane 4081.22 —40.278 0.1094 —2.5481 0.1209 -25.19
Ethyl acetate 3828.96 —49.428 0.1914 —14.130 0.1519 —50.21
Ethylbenzene 2892.92 —35.176 0.1284 —8.3949 0.1322 —24.39
MEK —227.871 2.8762 —0.01531 12.076 0.1464 —22.68
THF 7622.73 —88.933 0.3344 —32.587 0.1398 —19.89
Toluene 3109.76 —45.318 0.1818 —15.078 0.1320 -27.24
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where S is the mass selectivity [11], y is the A
dependent function in the plate height expres-
sion [34], b is a constant approximately equal to
0.5 [6] and M and AM are the mean molecular
mass and the difference in molecular mass of the
two polymer fractions, respectively.

The term [x/(R (S/b)*)], which is only a
function of the parameter A, decreases with
decreasing A value. When A approaches zero, x
can be approximated by 24A> [34], R is equal to
6A [24] and (S/b) approaches 1 [8]. Under these
circumstances Eq. [6] can be simplified to:

64 [ M ]2 Aw?
B D

_8 [_M_.]ZA[L]Z

R lam | prlar @)

The latter expression in Eq. (7) is obtained
with the use of Eq. (2). It can be noted that the
analysis time is independent of the flow rate of
the carrier liquid. The choice of the solvent will
influence the thermal and molecular diffusion
coefficients [6] and, thereby, the analysis time.
For the ThFFF analysis of a particular polymer
species the solvent for which the shortest analysis
time (i.e. highest separation speed) is obtained
(for given separation requirements, temperature
gradient and molecular mass range) should be
used.

To find the optimum solvent for the ThFFF
analysis of PTHF samples, two PTHF standards
have been separated in a constant analysis time
(or rather a constant run time [23]) in the various
organic solvents. The fractograms are given in
the Results and Discussion section. By adjusting
the flow rate the analysis time has been kept the
same for each solvent. In this way differences in
separation speed are indicated by differences in
resolution. The solvent for which highest res-
olution is found should be used for the ThFFF
analysis of PTHF samples. Mathematically this
approach can be visualized by rewriting Eq. (7)
to:

b
“sVe M VD w ®

In earlier work we concluded that using the
solvent in which lowest A values were found for a
given molecular mass and temperature drop,
would lead to an optimum ThFFF separation
performance [8]. Although this conclusion will
usually be valid, some extra considerations are in
order. Eq. (8) demonstrates that the resolution
at constant analysis time is not only influenced
by A but also by D. A high value for the latter
parameter can therefore compensate for an un-
favourable A value, and in this way a high
separation speed still can be obtained. This is
demonstrated in Fig. 1, where the resolution is
plotted as a function of the molecular diffusion
coefficient for various A values. Fig. 1 is general-
ly valid because it is based on Eq. (6) rather than
on Eq. (8). As can be seen from this figure, a
higher A value can still lead to the same or even
better resolution in a constant analysis time,
when the molecular diffusion coefficient and,
therefore, also the thermal diffusion coefficient
are very high.

3. Experimental
3.1. Instrumentation

The T100 Thermal FFF system used in this
work was obtained from FFFractionation (Salt
Lake City, UT, USA). The experimental set-up
for the ThFFF measurements has been described
in detail previously [8,23]. A channel thickness
of 127 pm was used. The channel length and
breadth were 46 cm and 1.6 cm, respectively.
The void volume of the channel was equal to
0.75 ml. The eluting polymer zones were de-
tected by means of an Evaporative Light Scatter-
ing Detector (Model 2A, Varex, Burtonsville,
MD, USA). The outlet of the channel was
connected to the detector with the use of a
fused-silica capillary with an internal diameter of
100 wm, an external diameter of 360 um and a
length of 1 m (Polymicro Technologies, Phoenix,
AZ, USA). In this way a sufficiently large back
pressure was created to avoid boiling of the
organic solvents inside the ThFFF channel.
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Fig. 1. Resolution at constant analysis time for the separation of two polymer fractions with a mean molecular mass of 175 000
and a difference in molecular mass of 100 000, with w = 127 wm, ¢, = 20 min, and b = 0.5. (a) A = 0.05; (b) A = 0.06; (c) A=0.07;

(d) A =0.08

Furthermore, this set-up ensured that the dead
volume was negligibly small (0.008 ml).

The «/T measurements of the PTHF stan-
dards in the various organic solvents were per-
formed with a temperature drop of 40 K and a
cold wall temperature of 298 K. Due to the low
retention of the PTHF standards in cyclohexane,
a temperature drop of 80 K (T, =302 K) was
used in this case. For all retention measurements
the flow rate was set at 0.2 ml/min and a stop
flow period of 5 min was employed after in-
jection to allow relaxation. The concentration of
the injected solutions of the PTHF standards was
usually equal to 0.25 mg/ml. However, for the
PTHF standard with a molecular mass of 547 000
the polydispersity was quite high and as a result
a higher concentration (0.5 or 0.75 mg/ml) had
to be used for this standard. The void time was
determined by adding a polystyrene standard
with a molecular mass of 580 (0.05 mg/ml) to
the samples. For some of the experiments dis-
played in the figures different experimental con-
ditions have been used, as specified in the
corresponding legends.

For the plate height measurements the linear
solvent velocities were determined from the void
times and the channel length. The channel length
was corrected for the distance traversed prior to
the relaxation process. For the PTHF standard
with a molecular mass of 282300 a sample
concentration of 0.5 mg/ml was used to ensure a
sufficiently high signal-to-noise ratio for an
accurate determination of the peak width. Sigma
values were determined by fitting the signal to a
Gaussian curve using the FFFractionation analy-
sis software (version 2.0). In this way also the
peak symmetry could be checked.

3.2. Materials

All solvents were of analytical-reagent grade
and were filtered (type FH, 0.5 wm, Millipore,
Bedford, MA, USA) prior to use. Cyclohexane,
dioxane, ethylbenzene and methylethylketone
(MEK) were obtained from Merck (Darmstadt,
Germany), tetrahydrofuran (THF) and toluene
from Janssen Chimica (Geel, Belgium), benzene
from Baker (Deventer, The Netherlands) and
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ethyl acetate from Lamers and Pleuger (’s Her-
togenbosch, The Netherlands). The polystyrene
standard (PS) used in this work (M, =580, u <
1.18) was supplied by Merck, the PTHF stan-
dards (M, =67 000, u=1.08; M,=99000, =
1.08; M, =282 300, u =1.08; M, =547 000, p =
1.35) by Polymer Laboratories (Church Stretton,
Shropshire, UK).

4. Results and discussion

In Table 2 the «/T values measured for the
PTHF standards in the various organic solvents
are given. The temperature dependence of the
solvent viscosity and thermal conductivity- was
accounted for. The «/T values have been as-
signed to the temperature in the centre of gravity
of the concentrated polymer zones. As the
molecular diffusion coefficient decreases with
increasing molecular mass, the zone thickness of
the concentrated polymer zone is smaller for the
standards of a high molecular mass. Because a
decrease in zone thickness corresponds to a
decrease in T, the temperature in the centre of
gravity of the solute zone decreases with increas-
ing molecular mass of the PTHF standard. Since
in the different solvents the PTHF standards
possess different molecular and thermal diffusion
coefficients, the observed T, was also dependent

Table 2

a/T values for PTHF standards in the various organic solvents

on the solvent used. A high a/T value corre-
sponds to a low A value and, therefore, to a
temperature in the centre of gravity of the solute
zone which is almost equal to the cold wall
temperature. These considerations do not, of
course, apply for the retention measurements of
the PTHF standards in cyclohexane, which were
performed at a higher temperature drop due to
the fact that only very low retention was found in
this solvent. No a/T values are given for the
PTHF standards in either dioxane or MEK. The
reason for this is that insufficient retention was
found for the standards in these two solvents,
even at a temperature drop of 80 K. The fact
that for polystyrene in MEK a very high thermal
diffusion coefficient is found [6], is in sharp
contrast with these findings and demonstrates the
strong influence of the chemical nature of the
polymer on the thermal diffusion phenomenon.

For the determination of the a/T values the
concentration of the injected samples of the
PTHF standards was usually equal to 0.25 mg/
ml. Only for the PTHF standard with a molecu-
lar mass of 547000 a higher sample concen-
tration of 0.5 or 0.75 mg/ml was used because of
the higher polydispersity of this standard.
Because inside the ThFFF channel the polymer
zones are compressed into thin layers at the cold
wall, in which the concentration is much higher
than the concentration of the injected sample,

Solvent Molecular mass of the PTHF standards

67 000 99 000 282 300 547 000

alT T, al/T T, al/T T, al/T T,

(K™ (X) (K™ (K) (K™ (X) (K™) (K)
Benzene 0.116 306 0.151 305 0.272 302 0.436 300
Cyclohexane 0.061 318 0.071 316 0.132 310 0.213 307
Ethyl acetate 0.121 307 0.151 306 0.263 303 0.443 301
Ethylbenzene 0.147 306 0.183 305 0.321 302 0.604 301
THF 0.074 311 0.093 310 0.175 306 0.321 303
Toluene 0.136 306 0.179 305 0.316 302 0.537 301

w=127 um, AT =40 K or 80 K (cyclohexane), T, =299 K (ethyl acetate, ethylbenzene and toluene), T, =298 K (benzene),
T.=300 K (THF), T,=302 K (cyclohexane). Each a/T value is the average of three different measurements, the relative

standard deviation is in the order of 2-4%
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Fig. 2. The influence of the polymer concentration on the /T value of PTHF 282 300 in toluene, with w =127 um, AT =40 K,
T.=298 K, t,=PS 580 (0.05 mg/ml), flow =0.3 ml/min, and stop-flow time = 3 min.

concentration overloading can be a severe prob-
lem in ThFFF [35,36]. In Fig. 2 the effect of the
sample concentration on the measured a/T value

is demonstrated. For this system (PTHF M, =

282 300 in toluene with AT = 40 K) the A value is
approximately equal to 0.08. This corresponds
initially to a polymer concentration at the cold
wall which is more than 12 times higher than the
concentration of the injected sample displayed
on the x-axis of Fig. 2 [36]. As was also found in
previous work [8], retention and thus «/7T in-
creased with increasing polymer concentration.
This effect cannot be explained by the concen-
tration dependence of the molecular diffusion
coefficient because molecular diffusion tends to
increase with increasing polymer concentration
{37]. The increase in retention with increasing
polymer concentration is probably caused by the
increasing viscosity in the compressed polymer
zone [36]. The concentration profile will lead to
a viscosity gradient which will skew the velocity
profile of the carrier liquid near the cold wall. As
a result the migration velocity will be lower than
expected and an apparent increase in retention is
observed. Fig. 2 demonstrates that concentration

effects are visible even when the polymer con-
centration is well below 1 mg/ml. Even for the
lowest sample concentrations a concentration
dependence of a/T was found. For polymer
concentrations higher than 1 mg/ml the con-
centration effect appears to level off and for
these solutions a deviation of approximately 12%
in the «/T values was found compared to the
values obtained at the lowest concentration
(0.125 mg/ml).

In Fig. 3 the A values of the PTHF standards
are plotted as function of M "2 for three solvents.
The correlation between the molecular diffusion
coefficient and the molecular mass is often ex-
pressed according to the empirical relationship
D=A-M"" where A and b are constants [6].
The constant b is approximately equal to 0.5 for
most polymer—solvent systems. With the use of
Eq. (3) it can be seen that the linear relationship
(which was found in all solvents) displayed in
Fig. 3, indicates that also for PTHF in the
various solvents the thermal diffusion coefficient
appears to be independent of the molecular mass
of the polymer. However, molecular diffusion
coefficients should be determined independently
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Fig. 3. A Values of the PTHF standards as function of M '%. Conditions as given in Table 2. (a) THF; (b) ethyl acetate; () toluene.

to verify this conclusion. Just as was found for
polybutadiene [8], relatively high A values (low
retention) of the PTHF standards were obtained
in THF, whereas highest retention was found in
toluene and ethylbenzene.

For the PTHF standard with a molecular mass
of 282300 also the effect of the temperature
drop on the A value in toluene was investigated.
The results, given in Fig. 4, are in good agree-
ment with Eq. (3). As was expected a linear
relationship was found between the A value and
the reciprocal value of the temperature drop.
These results indicate that the measurements are
free of systematic errors caused by the set-up.
This was also confirmed by the fact that the
retention ratio was independent of the flow rate
of the carrier liquid.

Next, two PTHF standards with molecular
masses of 67 000 and 282 300 were separated in
the various organic solvents at a constant run
time [23] and temperature gradient. The results
are displayed in Fig. 5. The fractionation of the
two standards in cyclohexane is not given in Fig.
5 due to the very poor resolution found in this
solvent. Going from fractogram a to e, the A
value for a given molecular mass and tempera-

ture drop decreases. As a lower A value corre-
sponds to higher retention, the flow rate had to
be increased going from fractogram a to e in
order to keep the run time constant. To a first
approximation the separation speed is expected
to increase with decreasing A value [see Eq. (8)].
From this point of view the resolution at con-
stant run time is expected to increase going from
THF to ethylbenzene and toluene. Although in
general this trend can be observed in Fig. 5, two
striking features attract attention.

Firstly, it can be seen that, although A values
for a given molecular mass and temperature drop
are comparable for PTHF in ethylbenzene and
toluene, a higher resolution and thus separation
speed was obtained using the latter solvent. The
same effect was also found for the ThFFF
fractionation of polybutadiene [8]. As the A
values are comparable also the a/T values are
identical, and therefore it can be stated that the
ratio of D and D for a given PTHF standard is
the same in toluene and ethylbenzene. However,
the individual values of the molecular and ther-
mal diffusion coefficients can still be different in
the two solvents. Without the loss of retention,
high molecular diffusion (and thus high thermal
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Fig. 4. The effect of AT on the A value for PTHF 282 300 (0.25 mg/ml) in toluene, with w =127 pm, ¢, = PS 580 (0.05 mg/ml),
flow = 0.2 ml/min, stop-flow time =5 min, and AT =60 K (T, =300 K); AT =50 K (7, =301 K); AT =40 K (T, =299 K);
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Fig. 5. Separation of a PTHF standard with M = 67 000 (0.33
mg/ml) (1) and a PTHF standard with M =282300 (0.5
mg/ml) (2) in various solvents performed at a constant
analysis time of 17 min, with w =127 um, AT=80 K,
T,=302 K, stop-flow time =2 min, and ¢, =PS 580 (0.03
mg/ml). (a) THF, flow=0.16 ml/min; (b) ethyl acetate,
flow = 0.22 ml/min; (c) benzene, flow=0.25 ml/min; (d)
ethylbenzene, flow = 0.3 ml/min; (e) toluene, flow =0.3 ml/
min.

diffusion) is beneficial for the separation speed in
ThFFF [8]. From fractograms d and e in Fig. 5 it
can therefore be concluded that both D and D
for a PTHF standard of a given molecular mass
must be lower in ethylbenzene than in toluene.
Consequently, it is better to use the latter of the
two solvents for the ThFFF analysis of this
polymer species.

Secondly, Fig. 5 demonstrates that highest
separation speed for the ThFFF fractionation of
PTHF samples is obtained when ethyl acetate is
used. Although relatively low retention was
found for the PTHF standards in this solvent, the
highest resolution was obtained for fractogram b.
The results displayed in Fig. 5 indicate that for
an optimal ThFFF analysis of PTHF samples
ethyl acetate is the best solvent to use. As was
already explained in the theoretical part, this
must be caused by the fact that PTHF standards
posses a high thermal diffusion coefficient com-
bined with an even higher molecular diffusion
coefficient when they are dissolved in ethyl
acetate.

Under normal working conditions the plate
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height H, in ThFFF, can be approximated by
[13]:
xw’

H=H,+ v 9
where v is the mean linear velocity of the carrier
liquid and H,,, is the apparent contribution to the
plate height caused by the molecular mass dis-
tribution of the polymer sample.

Therefore, measuring the plate height at vari-
ous fluid velocities in principle provides a means
to determining both the molecular diffusion
coefficient and the polydispersity [13]. In combi-
nation with retention measurements also the
magnitude of the thermal diffusion coefficient
can be estimated.

For the PTHF standard with a molecular mass
of 282300, plate height measurements were
performed at various flow rates in THF, ben-
zene, toluene and ethyl acetate. The results are
given in Fig. 6. In good agreement with Eq. (9),
a linear increase in system dispersion was found
with increasing linear solvent velocity. Fig. 6 also
demonstrates that with the use of ethyl acetate

the lowest plate heights were obtained. For
PTHF in ethyl acetate a relatively high A value
was found, which corresponds to a high y value.
Therefore, these low plate heights can only be
caused by a high molecular diffusion coefficient.

As was previously mentioned, molecular and
thermal diffusion coefficients can be determined
from the results in Fig. 6 and Table 2. In this
way for PTHF M, =282 300 in ethyl acetate a D
value of 6.1-1077 cm” s™' and a D value of
1.7-1077 ecm? s™' K™' was found, whereas for
the same standard dissolved in toluene a D value
of 2.7-1077 cm® s”! and a D, value of 0.9-107’
cm® s ™! K™! was obtained. This clearly illustrates
how for PTHF in ethyl acetate the highest
separation speed is obtained, despite the rela-
tively low retention.

The values for D and D determined in this
way are not very accurate. Firstly, it is known
that with the use of an Evaporative Light Scat-
tering Detector a non-linear calibration curve is
obtained. With an increase in polymer concen-
tration a more than proportional increase in
signal is usually observed [38]. As a result the

2.8 1
a
3 b
KR
T c
d
0 T T T
) 0.1 0.2 0.3 04

<v> [cm/s]

Fig. 6. Plate height as function of the mean linear velocity of the carrier liquid for a PTHF standard with M, =282 300 (0.5
mg/ml) in various solvents, with w =127 um, AT =40 K, T, =298 K, stop-flow time = 2 min, and £, = PS 580 (0.1 mg/ml). (a)

THEF; (b) benzene; (c) toluene; (d) ethyl acetate.
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measured peak width and, therefore, the plate
height will be smaller than the actual dispersion
of the polymer zone. Secondly, the x value was
determined from the A value using the relation-
ship given by Giddings et al. [34]. Therefore, no
correction was made for the temperature depen-
dence of the solvent viscosity and thermal con-
ductivity and as a result systematically lower x
values have been used [24]. Although the two
effects mentioned above counteract each other
when the molecular diffusion coefficient is de-
termined from the plate height data, the results
must be considered with great care. The large
difference in the values found for the diffusion
coefficient of the PTHF standard in the two
solvents should be verified by an independent
technique (e.g. Light Scattering). The results
displayed in Figs. 5 and 6 and Table 2 show only
qualitatively that the thermal and molecular
diffusion coefficients of the PTHF standard are
highest in ethyl acetate.

Figs. 5 and 6 clearly demonstrate that for the
ThFFF analysis of PTHF samples ethyl acetate is
the best solvent to use. Therefore, the maximum
separation speed for a given molecular mass
range and temperature gradient is fully deter-
mined. Even in the most appropriate solvent,
separation speeds can differ strongly for different
polymer species. For the ThFFF analysis of
polybutadiene it is best to use toluene as solvent
(n.b. polybutadiene samples do not dissolve in
ethyl acetate). However, even with this solvent
the separation speed is fairly low and as a result
a long analysis time is necessary to obtain a good
fractionation [8]. Because of the high molecular
and thermal diffusion of PTHF samples in ethyl
acetate, a very high maximum separation speed
is obtained in this case. This is demonstrated in
Fig. 7 with the baseline separation in 8 min of
two PTHF standards (M, = 67 000 and 282 300)
in ethyl acetate performed under a reasonable
temperature gradient.

One of the objectives of a polymer fractiona-
tion method is the accurate determination of the
molecular mass distribution of polydisperse ma-
terials. With adequate calibration standards and
a deconvolution procedure to remove system
dispersion from the observed signal, ThFFF can

1
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Fig. 7. High speed ThFFF separation of two PTHF standards
with (a) M, = 67 000 (0.25 mg/ml) and (b) M, =282 300 (0.5
mg/ml) in ethyl acetate, with w= 127 pm, AT=80 K,
T. =303 K, flow = 0.5 ml/min, stop-flow time = 2 min, and
t, = PS 580 (0.05 mg/ml}.

be used effectively to obtain such information
[39]. When ThFFF is used in combination with a
concentration dependent detector and a viscosity
detector, molecular mass distributions can even
be measured without the need for calibration
[15]. However, as was demonstrated by Kirkland
and Rementer [15], concentration overloading
can be very important in this application. As a
result of the polydispersity often a very broad
signal is observed for polydisperse materials.
This leads to a low signal-to-noise ratio in the
fractogram and for an accurate determination of
the molecular mass distribution high sample
concentrations have to be injected. As was
mentioned previously, retention tends to in-
crease with increasing polymer concentration
and as a result a systematic error in the de-
termination of the molecular mass distribution
can be made. The polydispersity of the PTHF
standard with a molecular mass of 547000 is
quite high (p =1.35) and as a result broad
signals were obtained for this standard. In Fig. 8
the effect of the sample concentration for poly-
disperse materials is demonstrated with the frac-
tionation of PTHF M, = 547 000 in toluene (A =
0.05). Injection of higher concentrations resulted
in a shift of the signal to higher retention, which
will lead to a determination of a mean molecular
mass which will be systematically too high.
Toluene was used as the solvent because lowest
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]

time {min}
Fig. 8. Effect of polymer concentration on the ThFFF
fractionation of a broad PTHF standard with M, =547 000
{n =1.35) in toluene, with w = 127 pm, AT=40K, T. =299
K, flow=0.2 ml/min, and stop-flow time=5 min. Con-
centration of injected sample is 5 mg/ml for (a), 2 mg/ml for
(b) and 1 mg/ml for (c).

A values for PTHF were obtained for this combi-
nation. Note that the use of ethyl acetate, the
optimum solvent for the analysis of PTHF sam-
ples in respect to separation speed, also has the
advantage that concentration overloading will be
less because the compression of the polymer
zones at the cold wall is not that strong due to
the relatively low retention found for PTHF
samples in this solvent. No accurate molecular
mass distribution could be obtained from Fig. 8
in combination with the retention data of the
other PTHF standards. This was caused by the
fact that the other three standards were all of
lower molecular mass and calibration with these
standards resulted in a large error due to ex-
trapolation.

5. Conclusions

ThFFF can be used effectively for the frac-
tionation and analysis of PTHF samples. For a
given temperature gradient and molecular mass,
highest retention for the PTHF standards was
found when ethylbenzene or toluene were used
as the solvents. No retention was observed when
the standards were dissolved in dioxane or
MEK. The retention measurements of the PTHF
standards in the various organic solvents indi-

cated that the thermal diffusion coefficient is
independent of the molecular mass of the poly-
mer, as has been observed for other polymer
species.

Although only moderate retention for the
PTHF standards was measured when ethyl ace-
tate was used as the carrier liquid, highest
separation speed was observed when the stan-
dards were dissolved in this solvent. Therefore,
for the ThFFF analysis of PTHF samples ethyl
acetate is the best solvent to use. These results
show that low retention for a given molecular
mass and temperature gradient does not always
correspond to a low separation speed. If low
retention is caused by a very high molecular
diffusion coefficient, still a very efficient ThFFF
fractionation is possible.

Even for polymer concentrations well below 1
mg/ml an increase in retention was observed
with increasing sample concentration. Especially
when molecular mass distributions of polydis-
perse materials have to be determined with
ThFFF, care should be taken to avoid systematic
errors due to concentration effects. The use of
ethyl acetate as the carrier liquid for the ThFFF
analysis of PTHF samples has the additional
advantage that concentration overloading is not
very profound due to the relatively low retention
found in this solvent.
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Symbols

a; empirical constants relating solvent vis-
cosity to temperature
; empirical constants relating solvent ther-
mal conductivity to temperature
A,b empirical constants relating diffusion to
molecular mass
D diffusion coefficient (m® s™*)

b
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D, thermal diffusion coefficient (m* s™' K™")

H  plate height (m)

H,, polydispersity plate height contribution
(m)

M (mean) molecular mass (g mol ')

R retention ratio

R,  resolution

S selectivity

T temperature (K)

t, unretained time (s)

t, analysis time (s)

T, cold wall temperature (K)

u field induced velocity of the polymer mole-
cules in the direction of the accumulation
wall (m s™")

v mean linear velocity of the carrier liquid
(ms™)

w channel thickness (m)

« Soret coefficient

AT  temperature drop (K)

n solvent viscosity (Pa s)

K solvent thermal conductivity (J s™' m™
K™

A dimensionless zone thickness

o polydispersity

X A dependent function in the non-equilib-
rium term of the plate height equation
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Abstract

High-performance liquid chromatography (HPLC) with ultraviolet and fluorescence detection and capillary gas
chromatography (GC) with flame ionization and mass spectrometric (MS) detection were used to determine
nineteen polycyclic aromatic hydrocarbons (PAHs) in airborne particulates. Sixteen of them are included in the
prioritary pollutants list of the US Environmental Protection Agency. Five C,4-bonded silica HPLC columns and
five GC capillary columns were checked to select the best conditions for the PAH mixtures. Samples were extracted
by adding an organic solvent and sonication. The recoveries obtained were >75%. These results are compared with
those obtained using Soxhlet extraction. The method was applied to the determination of PAHs at five sampling
sites in the city of Valencia during 1 week. The results confirm that the best detection limits are obtained by
HPLC-fluorescence, which is also the simplest, shortest and most economical method. In spite of its high
maintenance cost, GC—MS in the single-ion monitoring mode is also suitable for the determination of PAHs in real

samples using a low-volume system.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are
ubiquitous in atmospheric particulates, and with
lead constitute the principal pollutants of urban
areas. There are two kinds of systems to collect
the particulates, high- and low-volume collection
bubbler systems. Low-volume systems are more
frequently used but the low volume of sample
(ca. 2 m> during a sampling period of 24 h)
requires a technique with very high sensitivity
and makes the determination of PAHs in atmos-
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SSDI 0021-9673(94)00256-9

pheric particulate matter an important analytical
problem [1,2].

The analysis of the purified extracts can be
carried out using gas and liquid chromatographic
methods with different detection devices to
achieve simultaneously high resolution, sensitivi-
ty and selectivity [3,4].

High-performance liquid chromatography
(HPLC) has been the selected technique for
PAH determination. Ultraviolet (UV) absorp-
tion and fluorescence spectrometry provide
sensitive and selective detection for PAHs in
HPLC [5-8]. However, not all C,; stationary
phases provide the same selectivity for PAHs
owing to the influence of factors such as the
bonded-phase type, silica substrate characteris-

© 1994 Elsevier Science B.V. All rights reserved
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tics, alkyl chain length and C,, ligand density or
selectivity [9,10].

Gas chromatography (GC) with capillary col-
umns is also a method of choice for the sepa-
ration and analysis of complex PAH mixtures
with moderate to low molecular masses. Im-
provements in GC stationary phases have con-
tributed to this [11,12], and a recent comparison
of four high-temperature GC columns showed
their usefulness in separating PAHs with a mo-
lecular mass of 328 [13]. GC with a capillary
column has been used in combination with flame
ionization detection (FID) [14,15]. However, the
use of a quadrupole mass spectrometer operated
in single-ion monitoring (SIM) mode is an inno-
vation that allows selective and sensitive detec-
tion [16~19].

The analysis step is usually preceded by ex-
traction of the PAHs from the air particulates
retained in PTFE or glass-fibre filters. Soxhlet
extraction and ultrasonication employing a varie-
ty of organic solvents including acetone, ben-
zene, toluene and acetonitrile are the most
commonly used processes [20-22].

The main purpose of this study was to develop
a method for the routine determination of PAHs
in air samples taken with low-volume collection
systems. For this purpose, different analytical
techniques, HPLC-UV, HPLC-fluorescence,
GC-FID and GC-MS-SIM, were compared and
different stationary phases for both the HPLC
and GC systems were checked. Finally, to dem-
onstrate the applicability of the method to real
samples and establish whether the techniques are
really suitable for monitoring of PAH contamina-
tion in urban areas, PAHs were determined in
atmospheric particulate matter sampled at five
sites in the city of Valencia.

2. Experimental
2.1. Materials

Organic solvents (acetonitrile, methanol, ace-
tone, cyclohexane, chloroform, dichlorome-
thane, methanol and toluene) were of HPLC
grade (Romil, Leics., UK). Ultra-pure water

was prepared by ultrafiltration of distilled water
with a Milli-Q system (Millipore, Bedford, MA,
USA).

Acenaphthene, acenaphthylene, anthracene,
benz[a]anthracene, benzo[b]fluoranthene, 2,3-
benzofluorene, benzo[ghi]perylene, benzole}-
pyrene, chrysene, dibenzo[a,k]anthracene,
phenanthrene, fluorene, naphthalene, perylene
and pyrene were supplied by Aldrich Chemie
(Steinheim, Germany), benzo[a]pyrene by Jans-
sen Chimica (Geel, Belgium) and fluoranthene
by Scharlau (Barcelona, Spain). Benzo[k]-
fluoranthene and indeno[1,2,3-cd]pyrene were
purchased from the Community Bureau of Ref-
erence (BCR). (Brussels, Belgium).

These standards were dissolved in acetonitrile
at 500 ug/l, although anthracene and ben-
zo[a]pyrene solutions contained toluene (20%)
and dibenzo[a,k]anthracene solution chloroform
(20%). Stock mixtures of PAH standards were
made up from the individual solutions in acetoni-
trile.

2.2. Chromatographic determinations

HPLC analyses were carried out with a
Shimadzu (Kyoto, Japan) SCL-6A controller
equipped with two LC6A pumps, a Rheodyne
Model 7125 injector (20-ul loop), an SPD 6A
ultraviolet detector, a RF-53 fluorescence detec-
tor, a CTO-6AS camera for column thermo-
stating and a C-R4A data processor. The follow-
ing LC columns were used: two Supelcosil LC-
PAH (Supelco, Bellefonte, PA, USA), two
Spherisorb ODS-2 (Teknokroma, Middelburg,
Netherlands), a Spherisorb C; and a Zorbax-CN
(Shandon, Runcorn, UK) and a Green Hypersil-
PAH (Delta Scientific, Madrid, Spain). The
characteristics of the columns and the HPLC
conditions are given in Table 1. The use of
different mobile phase gradients and different
wavelengths in UV or fluorescence detection
were checked. The conditions reported in Table
1 were suitable for routine analysis.

GC-FID analyses were performed using a
Konik (Sant Cugat del Valles, Spain) Model 3000
gas chromatograph equipped with a flame ioniza-
tion detector, split—splitless injector and a Spec-
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Table 1
Experimental HPLC conditions

Parameter Column
S-PAH (1) S-PAH (2) ODS-2 (1) ODS-2 (2) C, CN H-PAH

Column length (cm) 25 15 25 25 25 25 10
Column I.D. (mm) 4.6 4.6 4.0 4.0 4.0 3.6 4.6
Particle size (pm) 5 5 5 3 5 5 5
Column temperature (°C) 30 30 30 30 30 30 30
Mobile phase gradient See below’
UV detection:

A (nm) 250 250 250 250 250 2,0 250
Fluorescence detection:

A, (nm) 290 290 290 290 290 290 290

A, (nm) 385 385 385 385 385 285 385

“ Mobile phase gradient in all instances: acetonitrile—water gradient changed from 50:50 through 60:40, 70:30, 80:20 and 90:10 to
100:0, with 5 min at each composition and a 5-min gradient between each.

tra-Physics (San Jose, CA, USA) integrator with
double channels and a memory module. The
following GC capillary columns were tested: two
BP-5 (Scientific Glass Engineering, Sydney, Aus-
tralia), a BP-10 (Scientific Glass Engineering), a
BP-20 (Scientific Glass Engineering) and an
RSL-400 (Alltech, Deerfield, IL, USA).

Analyses were also carried out with the same
columns on an HP 5970 quadrupole mass spec-
trometer (Hewlett-Packard, Waldbronn, Ger-
many) connected to an HP 5690A gas chromato-
graph equipped with a split—splitless injector.
The chromatographic data were recorded on an
HP 59970 MS Chem-Station.

The characteristics of the columns and the GC
conditions are given in Table 2. Various initial
temperatures, programming rates and upper
isotherm lengths were also tested and the con-
ditions reported in Table 2 were suitable for
routine analyses.

2.3. Extraction procedures

The PAHs were extracted ultrasonically with 5
ml of acetonitrile from Whatman filter-papers in
a borosilicate glass-stoppered tube. The extracts
were filtered through Millipore FHLP 01300
filter-paper. The volume of the extract was

reduced to about 0.3 ml by bubbling a gentle
stream of nitrogen through the solution at room
temperature. The extracts were transferred into
a 500-ul volumetric flask and taken up with
acetonitrile for direct analysis.

Soxhlet extraction of the PAHs was performed
using 250 ml of dichloromethane for 12 h at
60°C. The solvent was then evaporated in an
evaporator—concentrator at 40-50°C and the
residue was dissolved in 0.5 ml of acetonitrile.

2.4. Sampling

Air samples were collected at five different
locations in Valencia in a low-volume collection
bubbler system (MCYV, Barcelona, Spain), with
an aspiration pump equipped with an electric
motor and a 2—4 m” per 24 h aspiration capacity.
Dust was collected in a Whatman filter No. 1 dry
aspirater air counter (1.5-3 l/min=3%) to
provide readings per litre volume of air. The
different components were interconnected by
glass tubes and plastic parts.

Total suspended particulate matter samples
were collected daily in Valencia during 1 week in
the spring of 1992. Each sample was collected
over a period of 24 h and the air volume of each
sample was about 2 m’.
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Table 2
Experimental GC conditions

Parameter Column
BP-5 (1) BP-5 (2) BP-10 BP-20 RSL-400

Injector temperature (°C) 285 285 285 285 285
Injector splitless Yes Yes Yes Yes Yes
Splitless time (min) 0.7 0.7 0.7 0.7 0.7
Injection volume (ul) 3 3 3 3 3
Column length (m) 25 50 50 25 25
Column I.D. (mm) 0.22 0.22 0.22 0.22 0.22
Film thickness (um) 25 25 25 25 25
Oven temperature programme See below”
FID:

Detector temperature (°C) 300 300 300 300 300

Hydrogen carrier gas flow-rate (ml/min) 1 1 1 1 1

Nitrogen make-up gas flow-rate 35 35 35 35 35

(ml/min)

Air (ml/min) 250 250 250 250 250

Hydrogen (ml/min) 35 35 35 35 35
MS:

Transfer line temperature (°C) 260 260 260 260 260

Source temperature (°C) 200 200 200 200 200

Electron energy (eV) 70 70 70 70 70

Helium carrier gas flow-rate (ml/min) 1 1 1 1 1

* Temperature programme in all instances: initial temperature 50°C, held for 0.8 min, then increased at 30°C/min to 100°C (held

for 2 min) and at 5°C/min to 280°C (held for 10 min).

3. Results and discussion
3.1. HPLC determination

The selectivity of HPLC for the PAH mixtures
is affected by the phase type, particle diameter,
column length, mobile phase flow-rate and LC
column temperature [13]. In this work, these
factors have been studied in detail.

Table 3 shows the resolution values (R,) for
sixteen PAHs obtained with the four stationary
phases studied [R, = 2At/(w,, + w,,)], where Ar
is the distance between the maxima of the two
peaks and w, the width of the peak at half-
height. Fluorimetric detection was used. The
concentrations of the standard solutions used
were the same as those used for the optimization
of extraction procedure with each detector (see
below).

The pairs of PAHs acenaphthene—fluorene,
benz[a]anthracene—chrysene and benzo[e]py-

rene—benzo[bJfluoranthene were not separated
with normal commercial columns of octyl-, oc-
tadecyl- and cyanopropyl-bonded silica. This is
due to the “monomeric” character of the station-
ary phase [13]. The retention time of benzo-
[b]fluoranthene is the same as that of its isomer
benzo[k]fluoranthene using the most polar col-
umns, octyl- and cyanopropylsilica.

Only by using special columns for PAH analy-
ses can the separation of the sixteen PAHs be
achieved. The special phases consist of “poly-
meric” C,g-bonded silica and improve the selec-
tivity for the PAHs. With these special columns,
values of R, > 1.5 are obtained for the pairs of
PAHs. The elution order of the sixteen PAHs
studied did not vary with the different LC-col-
umns tested.

The effect of the particle diameter on the
resolution of the PAH mixture was studied using
the ODS-2 columns. Fig. 1A shows the effect of
the particle diameter on the resolution of the
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Fig. 1. Effect of instrumental parameters on the selectivity of PAHs. (A) Particle diameter vs. resolution; (B) column length vs.
resolution. Pairs of PAHs: A = naphthalene-acenaphthene; B = acenaphthene—fluorene; C = fluorene-phenanthrene; D =
phenanthrene—anthracene; E = anthracene—fluoranthene; F = fluoranthene—pyrene; G = pyrene-2,3-benzofluorene; H.= 2,3-ben-

zofluorene-benz|a}anthracene;

I = benz[a]anthracene~chrysene;  J = chrysene-benzofe]pyrene;
zo[b]fluoranthene; L = benzo[b]fluoranthene—benzo[k]fluoranthene;
benzo[a]pyrene-dibenzo[a,h]anthracene; O = dibenzo{a,h]anthracene—benzo{ghilperylene. (C) Column temperature Vvs.

ficiency. For identification of PAHs, see Fig. 2.

Bsocc

M = benzo[k]}fluoranthene—benzo[a]pyrene;
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K = benzo[e]pyrene—ben-

N=
ef-
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Table 3
Resolution (R,) obtained with the stationary phases tested

Pairs of PAHs

Stationary phase

S-PAH H-PAH C, Cis CN
Naphthalene—acenaphthene 3.7 3.8 3.5 4.1 3.5
Acenaphthene-fluorene 1.5 13 0.0 0.0 0.0
Fluorene—phenanthrene 2.4 2.3 1.6 1.6 1.2
Phenanthrene—anthracene 2.4 21 0.8 0.8 0.0
Anthracene—fluoranthene 2.8 2.3 2.1 2.1 1.9
Fluoranthene-pyrene 2.0 1.5 0.2 0.2 0.3
Pyrene-2,3-benzofluorene 34 3.5 1.5 1.5 1.6
2,3-Benzofluorene—benz|[a]anthracene 2.4 2.3 1.4 1.4 0.5
Benz[a]anthracene—chrysene 1.5 1.5 0.0 0.0 0.0
Chrysene-benzofe]pyrene 34 35 . 2.7 2.7 2.8
Benzo[e]pyrene—benzo[b]fluoranthene 1.5 1.3 0.0 0.0 0.0
Benzo[b]fluoranthene—benzo[k|fluoranthene 2.6 2.4 0.0 0.0 0.0
Benzo[k]fluoranthene—benzo[e]pyrene 2.1 2.3 0.7 0.7 1.1
Benzo[e]pyrene~dibenzo[a,h]anthracene 3.9 2.3 2.4 2.4 0.0
Dibenzo[a,h]antracene—benzo| ghi]perylene 2.0 1.5 0.9 0.9 0.0

PAHSs; acenaphthene—fluorene, benz[a]anthra-
cene—chrysene and benzo[e]pyrene—benzo[b]-
fluoranthene were not separated by the ODS-2
columns.

With the same stationary phase and column
length, the resolution was improved in some
instances (see Fig. 1A). However, the capacity
factor was constant. This is due to a change in
the peak form; the retention time is the same in
both columns but the width of the base of the
peak is narrower in the columns with a 3-um
particle diameter. Diminishing the particle size
of the stationary phase does not improve the
separation of the unresolved PAHs, but the
accuracy and reproducibility are better.

In Fig. 1B the effect of the column length is
illustrated using 15- and 25-cm Supelcosil-PAH
columns. Although the increase in the column
length leads to longer analysis times, it provides
better resolution. The pairs of PAHs benz-
[a]anthracene—chrysene and benzo[e]pyrene—
benzo[b]fluoranthene were well separated in the
25-cm column whereas in the 15-cm column the
separation was only partial.

The effect of the mobile phase flow-rate on the
separation of the PAHs was also studied. Flow-
rates of 0.8, 1.0, 1.2 and 1.4 ml/min were tested

with the 25-cm Supelcosil-PAH column. A flow-
rate between 0.8 and 1.2 ml/min provides a total
resolution of the analyte compounds. With a
flow-rate of 1.4 ml/min, the peaks corresponding

Table 4
HPLC detection limits (ng) with the fluorescence and UV
detection

PAH Fluorescence uv

Naphthalene 2.00 16.60
Acenaphthylene - 22.80
Acenaphthene 0.05 22.80
Fluorene 0.50 3.00
Phenanthrene 0.07 1.60
Anthracene 0.10 1.60
Fluoranthene 2.00 5.00
Pyrene 0.02 6.10
2,3-Benzofluorene 0.02 1.60
Benz[alanthracene 0.01 6.10
Chrysene 0.02 2.20
Benzo{e]pyrene 0.03 4.00
Benzo[blfluoranthene 0.05 3.00
Benzo[k]fluoranthene 0.05 3.20
Benzo[a]pyrene 0.03 6.10
Perylene - 6.10
Dibenzo{a,h)anthracene 0.03 10.00
Benzo| ghi]perylene 0.01 8.00
Indenopyrene - 3.00
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Table 5
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GC detection limits (DL, ng) with FID and MS-SIM detection and selected ions for SIM

PAH FID MS-SIM
DL
Selected ion (m/z) DL

Naphthalene 3.00 128 0.01
Acenaphthylene 1.00 152 0.02
Acenaphthene 0.90 154 0.02
Fluorene 0.90 166 0.01
Phenanthrene 0.80 178 0.01
Anthracene 0.90 202 0.01
Fluoranthene 0.80 202 0.01
Pyrene 0.80 216 0.01
2,3-Benzofluorene 0.70 228 0.02
Benz[a]anthracene 0.70 228 0.03
Chrysene 0.70 252 0.03
Benzo[e]pyrene 0.60 252 0.03
Benzo[b]fluoranthene 0.70 252 0.02
Benzo[k]fluoranthene 0.70 252 0.04
Benzo|elpyrene 0.70 252 0.04
Perylene 0.70 252 0.04
Dibenzo[a,h]anthracene 0.50 276 0.04
Benzof ghi]perylene 0.80 278 0.04
Indenopyrene 1.30 276 0.10

to acenaphthene and fluorene and to benz-
[a]anthracene and chrysene were not separated.
Small variations in the flow-rate usually affect
the retention times but not the resolution.

The column temperature is an important pa-
rameter that can be used to modify selectivity for
PAH separation. The Supelcosil-PAH column
was thermostated at temperatures of 30, 40 and
50°C. Fig. 1C shows the variation in the column
efficacy [N =35.545(t,/W,)] with temperature.
The column temperature affected the efficiency
of separation. The best results were obtained at
30°C. The temperature must be controlled in
order to obtain reproducible retention times.

When these parameters were optimized, two
detection systems (fluorescence and UV) were
compared. Both detectors provided a linear
response for a wide range of amounts injected,
and their reproducibilities were similar and lower
than 4.2%.

In Table 4, the detection limits with fluores-
cence and UV detection are compared. For

Table 6
Concentration of the working solution (mg/1) for fluores-
cence and UV detection

PAHs Fluorescence uv
Naphthalene 4.00 80
Acenaphthylene - 160
Acenaphthene 0.20 80
Fluorene 2.00 16
Phenanthrene 0.10 8
Anthracene 0.40 8
Fluoranthene 4.00 16
Pyrene 0.15 8
2,3-Benzofluorene 0.05 8
Benz[a]anthracene 0.01 16
Chrysene 0.07 8
Benzo[e]pyrene 0.04 8
Benzo[b]fluoranthene 0.20 16
Benzo[k|fluoranthene 0.20 8
Benzo[a]pyrene 0.04 8
Perylene - 16
Dibenzo[a,h]anthracene 0.02 16
Benzo| ghi]perylene 0.10 16
Indenopyrene - 8
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quantification in airborne particulates, fluores-
cence detection offers far greater sensitivity and,
more important, is much more selective than UV
detection. Only fluorene and fluoranthene pre-
sent similar sensitivities with both detection tech-
niques. However, there are three PAHs,
acenaphthylene, indoperylene and perylene, that
are not fluorescent at the excitation and emission
wavelengths used, and they can be detected by
UV spectrophotometry at 254 nm. Even the
excitation and emission wavelengths can be
changed in order to obtain optimum sensitivity
and/or selectivity for these individual PAHs.

3.2. GC determination

A comparison of four GC columns with differ-
ent stationary phases illustrates the usefulness of

[
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some of them for the high-resolution separation
of PAHs.

The BP-20 and the RSL-400 columns gave low
resolution for the pairs phenanthrene—anthra-
cene and benz[a]anthracene—chrysene. More-
over, with the BP-20 column the peaks corre-
sponding to the isomers perylene—diben-
zo[a,h]anthracene and benzo[b]fluoranthene—
benzo[k]fluoranthene were unresolved. The
probable cause is the polarity of the stationary
phase; these phases have polar characteristics
and do not retain apolar compounds such as
PAHs well.

With the BP-5 and BP-10 columns it was
possible to resolve all the PAHs studied. A
shorter analysis time was obtained with the BP-5
columns.

The influence of the column length on the
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Fig. 2. Chromatograms for the HPLC analysis of 20 ul of an extract obtained by sonication of (A) untreated filter with
fluorescence detection, (B) filter treated with sixteen PAHs with fluorescence detection, (C) untreated filter with UV detection
and (D) filter treated with nineteen PAHs with UV detection. For concentrations, see Table 6. Peaks: 1= naphthalene;
2 = acenaphthylene; 3= acenaphthene; 4 = fluorene; 5= phenanthrene; 6 = anthracene; 7 = fluoranthene; 8 = pyrene; 9 =2,3-
benzofluorene; 10 = benz{a]anthracene; 11 = chrysene; 12 = benzo[e]pyrene; 13 = benzo[b Jfluoranthene; 14=
benzo[k]fluoranthene; 15 =benzofa]pyrene; 16 =perylene; 17 = dibenzo[a,k]anthracene; 18 = benzo{ghi]perylene; 19=
indenopyrene.
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separation of the PAH peaks was also studied.
Increasing the length of the column (from 25 to
50 m) increased the analysis time but did not
improve the resolution of the chromatographic
peaks.

As a result of this study, the BP-5 column with
a length of 25 m was selected for routine analy-
ses because it provided the best separation
between the PAHs with the shortest analysis
time.

All these experiments were performed using
FID; minimum detectable amounts ranging from
0.5 to 1.5 ng (see Table 5) were obtained. FID
presented the same problem as UV detection:
the sensitivity and selectivity were too low for
application to real sample analyses.

To improve the sensitivity, detection with MS-
SIM was checked. Table 5 shows the detection
limits obtained using FID and MS-SIM for the
nineteen PAHs studied. Table 5 also shows the
m/z values for the selected ions in MS-SIM.

on 13 ﬁ ®

19

20 30 40 50
TIME (MIN)

O
aa

With GC-MS-SIM, the detection limits were
suitable for the determination of PAHSs in real
samples when they are taken with low-volume
systems.

3.3. Extraction procedure

To optimize the extraction procedure using
sonication, the following parameters were
studied: the organic solvent used in the extrac-
tion, evaporation conditions, shaking time and
number of extractions.

Recovery experiments were carried out by
placing on the Whatman filter 200 ul of the
solution listed for each HPLC detector in Table
6. These should be equivalent at air concen-
trations between 0.4 and 0.002 ug/m’ depending
on the PAH for fluorescence detection and
between 16 and 0.8 pg/m’ for UV detection.
For GC-FID and GC-MS-SIM, working solu-
tions of 10 and 0.4 mg/l of each compound,

o 10 20 30 40 50

TIME  (MIN)

Fig. 3. Chromatograms obtained in the GC analysis of 1 ul of an exact of (A) untreated filter with FID, (B) filter treated with
nineteen PAHs with FID, (C) untreated filter with MS-SIM and (D) filter treated with nineteen PAHs with MS-SIM. For

concentrations, see text. Peak assignment as in Fig. 2.
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respectively, were used. After the organic sol-
vent had been evaporated, the filter was ex-
tracted.

First, four organic solvents were tested: di-

Table 7
Mean recovery =R.S.D. (%) (n=6) from fortified filters
using the sonication and Soxhlet extraction methods

PAH Sonication Soxhlet
chloromethane, methanol, acetone, cyclohexane
and acetonitrile. Methanol and cyclodhexane Naphthalene 6514 30+15
provided recoveries lower than 59%. Dichloro- Acenaphthylene 76 * 14 30+16
methane and acetone increased the recoveries to Acenaphthene 80=13 S0x10
o . Fluorene 797 408
66% and acetonitrile gave and best results with Phenanthrene 99+ 6 60+ 9
recoveries of abogt ‘t‘hfe 75%. Anthracene 76 = 10 60 + 10
If the reproducibilities are compared the best Fluoranthene 84+7 55+12
results are also obtained with acetonitrile. There- Pyrene 856 559
fore, acetonitrile was chosen as the extraction 2,3-Benzofluorene 79+9 30=7
solvent Benz[a]anthracene 78+5 55=10
) . .. Chrysene 75+4 55+12
The evaporation conditions were checked. The Benzo[e]pyrene 75+ 4 57+ 14
recoveries diminished when the sample was Benzo[b}fluoranthene 82+4 58+18
dried. This phenomenon was more evident with Benzo[k]fluoranthene 85+4 59+13
the volatile PAHs; for example, naphthalene was Eenzl"[“]l’yre“e 2; :‘:g : ggf g
. erylene + +
not recovered when .the organic solvept was Dibenzo{a,kjanthracene 83+9 5040
evaporated. Evaporation with air and nlt'rogen Benzo[ghi]perylene 80+6 40=8
streams was also tested; there were no significant Indenopyrene 859 48+ 10
differences in the recoveries.
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Fig. 4. Chromatograms obtained following Soxhlet extraction of (A) untreated filter by HPLC-fluorescence, (B) treated filter by
HPLC-fluorescence, (C) untreated filter by GC-MS-SIM and (D) treated filter by GC-MS-SIM. For concentrations see Table 6

and text. Peak assignment as in Fig. 2.
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The next step was to select the ultrasonication
time. For this, Whatman No. 1 filter-paper
treated with the nineteen PAHs was shaken for
5, 10, 20, 30 or 40 min with acetonitrile. The
recoveries increased with shaking time up to 30
min, but shaking for more than 30 min gave
lower recovery values.

The number of extractions was also studied.
The filter-paper was extracted from one to five
times. There was no improvement in the re-
coveries when the number of extractions was
increased. However, the relative standard devia-
tion increased with increase in the number of
extractions.

Therefore, for maximum recoveries of PAHs,
Whatman filter-papers treated with 5 ml of ethyl
acetate in a borosilicate glass-stoppered tube
were used. The tubes were placed in an ultra-
sonic bath for 30 min. The extracts were then
filtered through Millipore FHLP 01300 filter-
paper. The volume of the extract was reduced to

385

about 0.3 ml by bubbling a gentle stream of
nitrogen through the solution at room tempera-
ture. The extracts were transferred into a 500-u1
volumetric flask and taken up with acetonitrile
for direct determination.

Fig. 2A-D illustrate the chromatograms for
unspiked filter extract and spiked filter extract
analysed by HPLC—fluorescence (Fig. 2A and B)
and by HPLC-UV (Fig. 2C and D). In both
instances there were no interfering peaks in the
blank chromatograms but a difference in sen-
sitivity between the two detectors can be ob-
served (see the concentrations in Table 6).

Fig. 3A-D. show the same chromatograms but
obtained using GC-FID and GC-MS-SIM. The
FID blank (Fig. 3A) showed some interfering
peaks, but the MS-SIM blank (Fig. 3C) showed
none. Differences in sensitivity between the two
detectors can also be observed.

To validate the method, the recoveries ob-
tained were compared with those obtained using

q 10 13
10 13 D
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Fig. 5. Chromatogram obtained after sonication extraction of a real samples, (A) by HPLC-UV, (B) by HPLC—fluorescence, (C)
by GC-FID and (D) by GC-MS-SIM. Peak assignment as in Fig. 2.
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Soxhlet extraction. Table 7 shows the recoveries
and relative standard deviations.

Continuous Soxhlet extraction used more or-
ganic solvent and the extraction time was longer.
The recoveries obtained were lower than those
obtained by ultrasonic extraction. The use of
Soxhlet extraction provides blanks with many
interfering peaks, some of which show the same
retention times as the PAHs studied. Fig. 4A-D
illustrate the chromatograms obtained by
HPLC-fluorescence and GC-MS-SIM, which
are the most selective detection methods studied.
With the other methods the number of interfer-
ing peaks and the baseline noise increased
because of the low selectivity. These chromato-
grams demonstrate the need for a clean-up
procedure before PAH determination when
Sohxlet extraction is used.

To verify the ultrasonication procedure, air-
borne particulate samples were taken over a
period of 1 week at five locations in Valencia.
The PAH concentrations were determined using
HPLC-fluorescence and GC-MS-SIM. Table 8
shows the concentrations of the nineteen PAHs
obtained using the two techniques. The differ-
ences were <3%. Although HPLC-fluorescence
with fixed excitation and emission wavelengths
does not permit the detection of acenaphthylene,
indenopyrene and perylene, it should be the
detection method of choice, because there were
no peaks interfering with those of the PAH
compounds present in the chromatogram ob-
tained from environmental samples and the
maintenance cost of the system is much lower
than that of GC-MS-SIM for routine analysis.

Fig. 5 shows the chromatograms for a real
sample obtained using the four systems. With
HPLC-UV and GC-FID no peaks were de-
tected.

The levels of PAHs found in the air samples
taken at different locations showed a relationship
between this concentration and the traffic in-
tensity at the different locations.

4. Conclusions

Of the four techniques studied, HPLC with

fluorescence detection is to be preferred for the
measurement of PAHs in airborne particulate
samples taken with low-volume systems. The
results obtained using HPLC-fluorescence are
comparable to those obtained with GC-MS-
SIM, but the former has the advantage of being
economical for use in routine analyses, which is
not a characteristic of MS methods.

Using ultrasonic extraction with acetonitrile,
the recoveries obtained are better than those
found with Soxhlet extraction, the number of
interfering peaks is smaller and the simplicity,
speed and cost are much improved.

The results show that the level of PAH pollu-
tion in Valencia is not alarming, but a clear
relationship between traffic intensity and the
level of PAHs was found.

Future research will be devoted to the use of
HPLC-wavelength-programmed fluorescence
detection with the excitation and emission wave-
lengths changing during the chromatography to
achieve optimum sensitivity and/or selectivity
for the individuals PAHs. It will also focus on
monitoring of PAH levels at different sites in
Valencia periodically during the year to establish
the pattern of pollution in the city.
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Abstract

A completely automated gas chromatography—flame ionization detector system with cryogenic sample freeze-out
for measuring atmospheric non-methane hydrocarbons was deployed at the Mauna Loa Observatory, Hawaii
during the MLOPEX II experiment, September 1991 through August 1992. The system was designed to (1) rapidly
trap air samples of up to 4 litres volume to allow for sub-parts per trillion detection limits, (2) eliminate
interferences from ambient ozone, water vapor and carbon dioxide, (3) reduce to negligible levels any
contamination in the analytical systems, and (4) allow for continuous, unattended operation. The instrumentation
consisted of two parallel analytical systems, employing packed and capillary chromatographic columns, which
allowed quantification of C,~C,, non-methane hydrocarbons from sub-parts per trillion to parts per million
concentrations. A dynamic dilution system was used to calibrate the analytical system over the range of
concentrations measured (low parts per trillion to parts per billion) at this site.

1. Introduction

Atmospheric  non-methane  hydrocarbons
(NMHCs) play an important role in the atmos-
pheric chemistry of the troposphere. They are
central to the production and destruction of
atmospheric oxidants and oxidant precursors,
such as OH, O,, organic peroxides and peroxy
radicals [1]. The annual global emissions of
NMHCs into the atmosphere exceed that of
methane [2], and, therefore, represent a major
component of the atmospheric carbon budget.
Because of their higher chemical reactivity, how-
ever, NMHCs are often found at a few parts per
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billion (ppb) to low parts per trillion (ppt) levels
in the remote troposphere, compared to approxi-
mately 1.7 parts per million (ppm) for methane
31

Atmospheric NMHCs have been measured
both by in situ analysis and by sample collection
in canisters, bags, or adsorbent cartridges, with
subsequent laboratory analysis. The latter
strategy has disadvantages, which may include
artifact formation in the storage medium, storage
losses or transformations, sample recovery, and
sample size constraints [2]. More recently, mea-
surements have been reported which utilized in
situ methods [4-6]. The in situ techniques also
have revealed analytical problems, which include
chemical or chromatographic interferences as a

© 1994 Elsevier Science BV. All rights reserved
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result of simultaneously collected water vapor,
ozone, and CO,. Problems with high blank or
background levels have also been noted. For any
sampling and analysis strategy, calibration over
the entire range of concentrations in the remote
troposphere can present problems. These include
difficulties in producing and maintaining accurate
and stable standards at low concentrations, the
unavailability of standards for all NMHCs and
other trace gases detected, linearity of detector
response, etc. [7]. Finally, experimental require-
ments in some cases include the continuous
operation of sampling and analytical instrumen-
tation on a 24-hour basis for up to several
months.

We have designed and successfully deployed a
fully automated gas chromatography—flame ioni-
zation detection (GC-FID) system for the de-
termination of atmospheric NMHCs at the
Mauna Loa Observatory, Hawaii, as part of the
Mauna Loa Photochemical Experiment II
(MLOPEX II), from September 1991 to August
1992 [8,9]. The analytical system was designed to
satisfy the following fundamental criteria: (1) the
system should operate unattended on a 24-hour
basis, (2) atmospheric samples of volumes of up
to 4 litres should be collected in less than 30
minutes and analyzed for C,-C,, NMHCs down
to low ppt concentrations, (3) the analytical
system should have blanks sufficiently low for
the quantitation of the corresponding NMHCs,
(4) interferences of water, CO,, and O, should
be eliminated, and (5) calibrations should be
made over the entire dynamic range of measure-
ments.

2. Experimental

The measurement of atmospheric NMHCs was
based upon a two-stage cryogenic sample trap-
ping strategy. The first stage sample trap was
designed to rapidly and efficiently trap C, and
heavier NMHCs; it had sufficient capacity and
cross section so that water vapor trapped
simultaneously with the sampled air would not
impede the sample air flow at cryogenic trapping
temperatures. Traps for removal of O; and, in

some analyses, CO, were placed upstream of
this trap. The first stage was then heated slowly
and NMHCs trapped were quantitatively trans-
ferred to a micro-volume, cryogenically cooled
second stage trap. The programmed heating of
the first stage prevented the bulk of the trapped
water vapor from being transferred to the sec-
ond-stage, analytical trap. The small effective
volume (less than 100 ul after packing, see
below) and rapid heating of the second stage trap
insured that NMHCs would be transferred to the
GC analytical column in the smallest possible
volume in order to avoid broad peaks early in
the chromatogram.

2.1. Components

The NMHC analytical system is depicted in
Fig. 1. The sample inlet was located at an
elevation of approximately 9 m; the sample line
was 12.7 mm O.D., 10.5 mm 1.D. (0.5" O.D.,
0.412" 1.D.) electropolished stainless steel tub-
ing. The inlet was fitted with a Teflon filter
holder which contained a Teflon coated glass
fibre filter, in order to remove particulates.
Sample air was continuously pulled through the
sample line at a fiow rate of approximately 10 1
min_ ' with a diaphragm pump. The sample line
was routed very close to the sample collection
system inside the laboratory to minimize the
distance between the sample line and the sample
collection/introduction system to approximately
20 cm.

All tubing from the sample inlet to the sample
transfer tubing of the sample collection/intro-
duction system was wrapped with nickel-coated
copper braided wire 0.7 mm diameter (Teflon
insulated); AC current (approximately 10 A at 7
V) was passed through the wire in order to heat
these components to approximately 50°C. Valves
V1,V2, El, E2, and SS were heated to 60°C by
individual valve heaters (VALCO Model HA2).
The heating of these components reduced blank
levels from sample carryover, especially of high-
er boiling components, to well below equivalent
ppt concentrations measured.

Samples were collected in sample traps SL1
and SL2 (Fig. 1). These traps were cooled by
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Fig. 1. Schematic of the sample collection/introduction
system in the sample collection mode. The system consisted
of the following components: 2-position, air actuated switch-
ing valves (Valco, Houston, TX, USA): V1 and V2: flow
direction valves, 4-port, Models #4UWP (1/4" tubing ports,
1"=12.54 cm) and C4WP (1/16" tubing ports), respectively;
El and E2 : 6-port sample trap valves, Models #6WP (1/8"
tubing ports) and #C6WP (1/16" tubing ports) respectively;
SS: stream selector valve, 3-port, Model #C3WP (1/16"
tubing ports). Pumps: sample line pump: diaphragm pump,
Model #NO35ATP (KNF Neuberger, Princeton, NJ, USA);
VP: vacuum pump: Welsh Model #R1405 (Welsh, Skokie,
IL, USA) (liquid nitrogen cooled vapor trap placed on low
pressure side). Needle valves, shutoff valves (NUPRO,
Willoughby, OH, USA); BNV: stainless steel bellows needle
valve, Model #SS-4BMW; NV1 and NV2: stainless steel
needle valves, Model #SS-SS1; SO: stainless steel bellows
pneumatic shut-off valves, Model #SS-4BK-10. Pressure
measurement (MKS Instrument Co., Andover, MA, USA):
P: pressure transducer Model #127AA-01000B, power sup-
ply and display, Model PDR-C-2C. Miscellaneous: SLI: Ist
stage cryogenic sample trap, 16" % 0.190" ID stainless steel
packed with 0.18-0.23 mm diameter glass beads (Alltech,
Deerfield, IL, USA); SL2: 2nd stage cryogenic sample trap,
8" x 0.085” 1.D. stainless steel packed with 60/80 mesh glass
beads; D1 and D2: liquid nitrogen dewars, Model #10LD
(Taylor-Wharton, Theodore, AL, USA); O;T: ozone trap,
KI impregnated glass wool Ultrafine particle filter, Teflon
coated glass fiber filter, Pallflex T60A20 (Putnam, CT,
USA); CV: calibrated volume, 35 litre, electropolished
stainless steel, rigid tank.

immersion in liquid nitrogen (Fig. 2). SL1 and
SL2 were located inside a plastic pipe (43 mm
I.D.), which was placed in a liquid nitrogen
dewar. The pipe was sealed on its outside to the
top of the dewar, but the inside of the pipe was
open to the atmosphere. The bottom end of the
pipe extended below the liquid nitrogen level in
the dewar. When SL1 or SL2 cooling was re-
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Fig. 2. Schematic of the automated cryo-trapping system.
The system is in the activated, level control mode. Liquid
nitrogen level is maintained between the high (H) and low
(L) resistor level sensors, located 1 cm apart, by pressurizing
or venting the dewar headspace.

quired, a level sensing circuit was activated. This
circuit closed the dewar vent and pressurized the
dewar (10 p.s.i. nitrogen or helium, 1 p.s.i.=
6894.76 Pa) which would force liquid nitrogen up
the central tube containing the sample loops. A
two-resistor sensing circuit maintained the liquid
nitrogen level between the resistors (1 cm apart)
by alternately pressurizing and venting the inside
of the dewar. The sensors were fixed to appro-
priate positions on the sample loops. When the
Joops required heating (for transfer, sample
injection, or backflush), the liquid nitrogen level
was dropped by venting the dewar to atmos-
pheric pressure. The sample loops were heated
electrically by passing 110 V AC current directly
through the stainless steel tubing of the trap.
Heating rates and temperature setpoints were
controlled by temperature controllers (Model
#2050, West Instruments, Schiller Park, IL,
USA), using a thermocouple sensor attached
directly to SL1 or SL2. Separate dewars were
used for SL.1 and SL2. Cryogen consumption was
approximately 2 litres per day for each dewar,
when approximately 8 samples were collected
daily.

An ozone trap (O,T) was installed upstream
of SL1 to remove ambient O, from the air
sampled, since O, would also be condensed in
SL1 at the cryogenic trapping temperatures and
would react with unsaturated NMHCs during
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sample heating and transfer from SL1 to SL2 [3].
These traps were prepared by soaking glass wool
in a solution of potassium iodide (3 g), methanol
(5 ml), water (10 ml) and glycerol (2 ml). The
impregnated glass wool was then dried by insert-
ing it in a glass tube and purging it with UHP
zero air. The O, trap consisted of a short length
of stainless steel tubing (51 mm X 5.3 mm 1.D.)
packed with this impregnated glass wool.

An additional trap (76 mm x 10.5 mm [.D.
length stainless steel), packed with Ascarite
(NaOH coated silica, A.H. Thomas Co., Phila-
delphia, PA, USA), was used downstream of the
O,T in the packed column system (see below), in
order to remove carbon dioxide (CO,), which
would otherwise interfere with the chromato-
graphic determination of ethane and ethylene.
The Ascarite trap was not used with the capillary
column system (see below), since a corre-
sponding interference was not found and the
Ascarite increasingly removed the higher boiling
NMHCs eluting after benzene (retention index
642, DB-1).

NMHC measurements were made by gas chro-
matography using a Model HP 5890A dual flame
ionization detector gas chromatograph (Hewlett-
Packard, Palo Alto, CA, USA). Two analytical
columns were used: (1) DB-1 fused silica capil-
lary column, 30 m X 0.32 mm I.D., 1 um film
thickness (J and W Scientific, Folsom, CA,
USA), —50°C to 200°C at 4°C/min, used for
C,-C,;, NMHGCs; (2) Gas Chrom PICN, 0.14-
0.18 mm diameter range (Alltech, Deerfield, IL,
USA), 6 m X 0.2 mm L.D. stainless steel packed
column, isothermal at 40°C, used for C,-C,
NMHCs. Two completely separate automated,
analytical systems, one with the capillary and the
other with the packed chromatographic column,
were operated in parallel, and were used to
sample ambient air alternately, every two hours.

Chromatographic signals were sent to HP 3396
integrators; raw signal files were further trans-
ferred to and stored by a personal computer,
where they were reintegrated using ChromPer-
fect Ver 3.0 software (Justice Innovations, Palo
Alto, CA, USA).

Automation of the sampling process was con-
trolled by a STD-Bus single-board computer

(OSC 9600 systems card, Octagon System Corp.,
Westminster, CO, USA), running STD BASIC
III. The automation computer was responsible
for initiating and executing the sample collection
sequence every two hours on the hour. As
illustrated in Fig. 1, sample valves E1 and E2 (to
which were attached SL1 and SL2, respectively),
flow directing valves (V1 and V2), dewar level
control circuitry, and heater power were all
switched by a 24-channel digital I/O card (OSC
805 I/0 card) controlling standard size OPT022
optically isolated I/O modules mounted on a
24-channel opto relay rack (PB-24 opto rack).
GC start, integrator start, and start signals for
the West temperature controllers were provided
by relay contact closures from an eight-channel
relay card (OSC 502 relay card). Sample vol-
umes were determined by analog-to-digital con-
version (OSC 860 analog input card) of the
pressure of calibrated volumes (CV) from the
pressure transducer, P (samples volumes of 2 and
4 litres were approximately 50 and 100 torr
above the calibrated volume (CV) pressure at
the beginning of the sample collection proce-
dure, respectively). The BASIC automation pro-
gram was written and compiled on an IBM
compatible PC, then downloaded to the Octagon
system computer. Diagnostics and housekeeping
data were stored on a 256K RAM memory board
(OSC 829A 64/256K memory card), before
being stored to disk.

Subsequently, the OCTAGON STD-Bus sin-
gle board computer was replaced by an IBM
compatible PC with menu driven software
(CONTROL-EG, Quinn Curtis, Needham, MA,
USA). This change eliminated the need to write
control code in BASIC and considerably reduced
the lines of instruction code. It also reduced
hardware requirements. All control and sensing
in the revised PC system were accomplished
using two 1/O cards in the PC (Computer
Boards Inc., CIO-DIO24 and CIO-DASO08) and
one external 16-channel analog input multiplexer
board (Computer Boards Inc. CIO-EXP16).
Each of the two internal cards had 24 1/0
channels which controlled a 24-channel opto
relay card (Computer Boards, Inc., SSR-
Rack24) with standard size OPTO22 digital I/O
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modules. The DASO8 card also had eight A/D
channels, several of which were used by the
analog input multiplex card for temperature
sensing and control, and another two were used
for pressure readings on the two parallel ana-
lytical channels. In this configuration, the tem-
peratures of SL.1 and SL2 were controlled by
proportional-integral-differential control (PID)
loops run in the background of the Control-EG
software.

2.2. Automation sequence

The sample collection/introduction system was
completely automated to execute the following
sampling sequence:

(1) Initial (default) configuration. The CV was
connected to the vacuum pump through switch-
ing valve V1 and CV was evacuated to less than 5
torr. Concurrently, the first stage sample trap
(SL1) was heated (110°C) and backflushed
through the stream selector valve (SS) with UHP
helium (50 ml min~') directed through V1; the
second stage sample trap (SL2) was also heated
and backflushed with UHP helium (10 ml min ")
directed to vacuum through switching valve V2.
Carrier and backflush UHP helium was further
purified by passing it through a molecular sieve
SA trap (450 mm X 10.5 mm 1.D.) immersed in
liquid nitrogen.

(2) Sample collection. SS was switched to the
closed (no flow) position, isolating the sample
collection system. V1 was switched to connect
CV to SL1 on sample valve E1. Simultaneously,
the liquid nitrogen level control was activated to
immerse SL1 in the cryogen. (The temperature
of liquid nitrogen ( — 196°C) was sufficiently low
to trap the lowest boiling NMHCs and immer-
sion in the cryogen eliminated the need to
control the trapping temperature.) After a 3-min
SL1 temperature equilibration pause, SS was
returned to the open (flow) position. The vac-
uum of the CV pulled sample air from the
sample line through a stainless steel bellows
needle valve (BNV) used to control sampling
rate (125 ml min '), the ozone trap (O,T), and
SL1. The volume of air pulled through SI.1 was
related to the pressure change in CV (N, and

O,, which constitute approximately 98% of air
sampled, pass quantitatively through the trap),
which was measured by a pressure transducer
(P). A pressure change in CV of 50 torr (used for
capillary column system) and 100 torr (used for
packed column system) corresponded to approxi-
mately 2 and 4 litres air sampled, respectively.
At system pressures under approximately 200
torr, liquid nitrogen could be used as a cryogen
to trap atmospheric NMHCs without the coinci-
dent trapping of atmospheric O, and N,. SL1
had a sufficiently large volume and cross section
that lighter NMHCs (ethane, acetylene, ethyl-
ene) were trapped at 100% efficiency up to
sample flow rates of approximately 200 ml min "
and that simultaneously trapped water vapor
would not inhibit sample flows with the large
sample volumes passing through SL1.

(3) Sample transfer. After the required vol-
ume was passed through SL1, SS was changed to
the closed position (no flow). The helium back-
flush flow through switching valve V2 was
stopped by closing shut-off valve SO2 and the
position of V2 was changed from the backflush
to the SL1-SL2 transfer position. The second
stage sample loop (SL2) was then immersed in
liquid nitrogen by activating its level control
circuit. After SL2 temperature equilibration, the
transfer flow of helium through V2 (10 ml min ")
was turned on by opening SO2. E1 position was
then changed to put SL1 in series with SL2, the
liquid nitrogen level of SL1 was lowered and SL.1
was heated to 80°C in 3 min in order to transfer
the trapped volatile trace gases to SL2. This
slow, controlled heating minimized the transfer
of water vapor to SL2, since the water vapor
pressure was low over most of the temperature
programmed transfer. Coincident with this trans-
fer, the control computer started the HP 5890
gas chromatograph temperature program (con-
tained in its own memory) and the GC oven
temperature was lowered to its initial program
value (- 50°C).

(4) Sample injection. After the sample trans-
fer time expired and the initial oven temperature
of the gas chromatograph was reached, sample
valve E2 was switched to the inject position, the
liquid nitrogen level was lowered and SL2 was
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heated to 80°C in approximately 15 s to transfer
the sample to the analytical column. The effec-
tive dead volume of SL2 after packing with glass
beads was less than 100 ul, therefore, mini-
mizing the transfer volume. C; and heavier
NMHCs were again cryofocused on the GC
column. In most samples, the low dead volume
of SL2 allowed separation of C,H, from C,H
and C,H, (these NMHC:s are not cryofocused on
the capillary column). Sample valve E2 was
returned to the initial (load) position 45 s after
injection. The sample collection/introduction
system was returned to its initial default configu-
ration 30 s later. The gas chromatograph con-
tinued to execute its temperature program to
completion, at which time it held a post-run
temperature of 150°C. Detector signals were
communicated to the HP 3396 integrator, which
was also programmed to store raw data files to a
host PC.

2.3. Other analytical details

System blanks were run periodically with zero
gas introduced at the beginning of the sample
collection system and at the sample inlet atop the
tower. Zero gases from high pressure cylinders
included UHP nitrogen, UHP helium, and ultra-
pure zero air. These cylinder zero gases con-
tained numerous trace contaminants, including
NMHCs, which were, in some cases, at mixing
ratios over 100 ppt. There was considerable
variability in the levels of contamination for each
of these zero gases and among cylinders of
individual zero gases. All required additional
purification. Repurification was achieved by
passing the zero gas through a molecular sieve
5A trap (450 mm X 10.5 mm I.D.) that was
maintained at —80°C in an ethanol-liquid nitro-
gen bath. The boil-off from the liquid nitrogen
tanks was more consistently near appropriate
background levels for NMHCs and most other
trace gases and was used without additional
purification in some tests. Blank levels of
NMHCs (and all other trace gases normally
detected in routine ambient sampling were negli-
gible (less than 1 ppt) when these repurified zero
gases were analyzed.

Experiments were also made to determine the

necessity and efficiency of the O, traps. O, traps
were checked at first daily and later weekly. The
efficiency of these traps was near 100%, when
ambient air (which typically contained 35-45 ppb
O,) was passed through the trap at flow rates up
to 1 litre per min (the NMHC sample collection
rate was approximately 125 ml min~'). O, was
measured using a commercial ozone detector
(Model #1003-AAS, Dasibi Environmental
Corp., Glendale, CA, USA). The traps were
efficient for several months under the sampling
conditions (up to 25 litres per day or 1.5 m’ of
sample air in a 2 month period). Blank levels for
individual NMHCs were not increased by the
addition of the O, trap and there were no
differences in calibration response factors mea-
sured with and without the O, trap included.

FID signals were processed both with a HP
Model 3396-Series II integrator and with Chrom-
Perfect PC software (which allowed for storage
of raw signal data and their subsequent
reanalysis). The reintegration of the stored raw
data file proved essential, since at the low mixing
ratios encountered, individual NMHCs often
were near their detection limits. The HP 3396
integrator did not conveniently provide adequate
integration control. Reintegration of the signal
file with ChromPerfect software allowed on-
screen baseline placement and integration con-
trol, which resulted in satisfactory precision of
integration.

3. Calibration and standards
3.1. Standards

Several primary gravimetric standards were
used in the course of the experiment: (1) 1 ppm
(=1%) propane in nitrogen, National Institute
of Standards and Technology (NIST) SRM
#1660a; (2) 10.53 ppb (*3%) n-butane and
10.30 ( =2%) ppb benzene in nitrogen, NIST
special mixture; (3) 7-component mixture:
ethane, ethylene, acetylene, propane, propylene,
i-butane, n-butane in nitrogen, 15 ( +2%) ppm
each, Scott Specialty Gases, Plumsteadville, PA,
USA; (4) 201 (*=2%) ppb 2,2-dimethyl butane
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in nitrogen, Scott Specialty Gases. These pri-
mary standards were intercompared on a re-
sponse per carbon basis [7,10,11] and were in
agreement within the confidence limits reported
by the preparer. In addition to the primary
standards, a secondary standard was prepared
from the dilution of an aliquot of the 7-com-
ponent primary standard to the 10 ppb level with
Zero air.

A dynamic dilution system [12] was used to
dilute a flow of the primary 7-component stan-
dard to concentrations from 15 ppm down to 650
ppt. These dilutions were used to calibrate the
secondary standard made from the 7-component
primary standard. The dynamic dilution system
was again used to dilute the secondary 7-com-
ponent standard (approximately 10 ppb for each
component) down to 15 ppt/component. High-
pressure cylinder ultra-pure zero air (Scott-Mar-
rin, San Bernadino, CA, USA) was used as the
diluent gas; however, the NMHC levels in these
cylinders were of the order of several tens of ppt
for some individual NMHCs and cylinders also
contained numerous other trace gas components.
Consequently, it was necessary to purify the
dilution gas by passing it through a molecular
sieve 5A trap (450 mm x 10.5 mm I.D.) im-

mersed in a liquid nitrogen—ethanol bath main-
tained at —80°C. This additional purification
reduced NMHC mixing ratios to levels below 2
ppt and removed most other constituents. Dilu-
tions to lower concentrations were not made
because, at dynamic dilution flow rates (>1 1
min_ '), the diluent zero air levels of several
NMHCs could not be reduced further. (At
purification flow rates of the order of 100 ml
min ', used to determine system blanks, sub-ppt
levels were obtained for all NMHCs).

3.2. Calibration

Calibration of the NMHC system was per-
formed over the mixing ratio range 15 ppt to 15
ppm and the response of both FID systems
proved linear over the entire range (Fig. 3). In
addition, we compared the response factors for
individual NMHCs (Table 1). The relative re-
sponse factors measured, when the mixing ratios
were expressed as parts per trillion of carbon,
are within a few percent of each other. For the
calibration of NMHCs sampled, the actual re-
sponse factor for each individual NMHC in the
calibration mixture was used. Where there was
no response factor measured for a specific
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Fig. 3. Response factors calculated for the calibration of ethane (A) and propylene (@), shown in mixing ratios of parts per
trillion by volume carbon. The FID system gave a linear response on the pptvC basis over the dynamic range of approximately 30

pptvC (the lowest measured) to 30 ppmvC.
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Table 1
Relative FID response factors (RF,/RF, , ....)

NMHC Response factor
C,H, 1.03 (+£0.06)
C,H, 1.01 (+0.06)
C,H, 1.03 (£ 0.06)
C,H, 0.98 (= 0.07)
i-C,H,, 1.02 ( = 0.06)
C¢Hq 0.98 (=0.03)

RF = [NMHC]/area; concentrations are computed as pptvC.
C,H,, C,H,, C;H,, C;H,, and i-C,H,, relative response
factors were based upon the 7-component NMHC standard;
the relative response factor for C;H, was based on the NIST
n-butane-benzene standard. Uncertainties were computed
from propagation of errors, considering uncertainties in
standard calibrations, dilution factors, and standard deviation
of area response from multiple analyses of individual com-
ponents.

NMHC (i.e., the component was not a included
in a primary standard), the average of the
response factors from Table 1 was used.

3.3. Detection limits and uncertainties

Detection limits for individual NMHCs were
determined empirically from the precision of the
measurements and are reported as 3 times the
uncertainty of the determination for the smallest
detected peaks (Table 2). Differences in sample

Table 2
Detection limits (ppt) for individual NMHCs determined for
the system described

NMHC Packed column Capillary column
C,H, 1

C,H, 1 2
C,H, 1

C,H, 0.5 0.5
C,H, 0.7 0.5
i-C,H,, 0.4
n-C,H , 0.4 0.4
n-C;H,, 0.3
C,H, 0.3
C.H, 0.3
C,H, 0.3

Sample sizes were 4 and 2 litres for the packed column and
the capillary column systems, respectively.

volume, chromatography, and background signal
resulted in some differences in the detection
limits between the packed and capillary column
systems.

Uncertainties in the determination of individ-
ual NMHCs were determined by a propagation
of errors technique, and included errors in the
determination of sample volume, temperature,
chromatographic integration, and calibration.
Uncertainties for NMHCs computed were ap-
proximately 5% at mixing ratios above 50 ppt,
7% at 10 ppt, and 10% at 3 ppt (20% for
ethylene); errors for acetylene were higher
because of incomplete separation from another
constituent and sometime were as high as 20%.

4. Conclusion

Concentrations of atmospheric NMHCs mea-
sured during the year-long MLOPEXII experi-
ment varied seasonally and diurnally, as well as
with synoptic meteorological conditions [8].
These concentrations varied from several
thousand ppt for the longest lived NMHC,
ethane, to sub-parts per trillion levels for others.
Representative chromatograms for the packed
column and capillary column techniques are
shown in Fig. 4. Numerous peaks corresponding
to trace gases other than NMHCs were also
detected and appear in these chromatograms.
These were often chlorofluorocarbons, alde-
hydes, and ketones. In cases where identifica-
tions were confirmed by in situ GC-MS mea-
surements [13], identifications are presented on
the chromatograms of Fig. 4. Quantitation of
trace species other than NMHCs was not made.
Of particular interest in the capillary chromato-
gram are the occurrence of a series of n-alkyl
aldehydes, which appeared as the major features
of most chromatograms in samples analyzed on
the capillary column. Similar observations have
been made by others [14,15]. Actual mixing
ratios of these aldehydes may differ from the
relative abundances indicated in Fig. 4, since the
analytical system was not characterized for the
quantitation of aldehydes. Analytical discussions
regarding these are presented elsewhere [8].
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The system described here successfully met the
design criteria of continuous, automated, un-
attended operation; wide dynamic range and
sub-ppt detection limits; freedom from water
vapor, O;, and CO, interferences; negligible
analytical blanks levels; and linear calibration
response over the entire range of measurements.
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Abstract

Laboratory, industrial, chemical or other waste products may have constituents that evolve volatile organic
compounds (VOCs) at very high concentrations. These could pose human health risks during handling, storage and
disposal of the waste through inhalation, dermal exposure or explosion. Additionally, the release of VOCs can
adversely impact the tropospheric chemistry, and in the case of halogenated compounds, the stratospheric ozone
chemistry as well. Very precise and accurate methods exist for measurement of VOCs at trace levels; however,
these are inappropriate for the high levels in waste headspace, which often approach saturation vapor pressure.
This paper presents an inlet system and analytical method for gas chromatography—mass spectrometry designed
specifically for measuring VOC concentrations greater than 10 ppm (v/v) in a gas matrix. The technique is shown to
be effective for measuring selected common solvents including alcohols, ketones, halogenated hydrocarbons and
aromatic compounds in an air matrix in stainless-steel sampling canisters. This work was performed under a
Cooperative Research and Development Agreement between the US Environmental Protection Agency and

Graseby/Nutech Corporation.

1. Introduction

The handling, storage and disposal of mixed
wastes is subject to a variety of environmental
laws and regulations, health and safety rules and
transportation regulations. Often there are re-
porting requirements for potential hazards such
as toxicity and flammability due to volatile or-
ganic compounds (VOCs) that are present in the
gaseous headspace of the waste materials. For
purposes of waste charac erization, this head-
space can be considered as representative of the

* Corresponding author.

SSDI 0021-9673(94)00350-1

VOC concentration within the overall waste
volume. Thus depending upon the contents of
the waste container, concentrations of VOCs can
range from a very low part per billion by volume
(ppbv) level, as from slowly leaking secondary
containment, up to levels in the percent by
volume range, where the contents are at satura-
tion vapor pressure from free liquid evaporation.
The minimum reporting requirement for com-
pounds of interest is typically 10 to 100 parts per
million by volume (ppmv).

Sampling methods for mixed waste headspace
generally involve the capture of a gas sample in a
bag or rigid container (such as a stainless-steel
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passivated canister) for subsequent laboratory
analysis by gas chromatographic (GC) methods.
However, analysis of any waste headspace sam-
ples containing high concentrations of VOCs
cannot be accomplished by standard techniques.
Environmental laboratories equipped for air
analysis are geared toward trace-level work using
method TO-14 [1] (or a related method), which
is appropriate for ppbv and sub-ppbv concen-
trations. The potentially high VOC levels in the
waste headspace pose difficulty in sample trans-
fer and processing due to adsorption in the
complex gas inlet system and overloading of the
analytical column and detector.

To address this issue, various laboratories
have made modifications to standard environ-
mental trace-level methods to accommodate
high-level samples. The simplest method uses a
small syringe aliquot drawn from the sample that
is injected into a split-flow GC injection port.
Another approach employs a sample loop in-
jection valve to shunt a fixed volume of sample
into the analytical system. Some laboratories opt
to dilute the high-level samples to concentrations
for which their existing instrumentation is suited.
These (and possibly other) adaptations to exist-
ing techniques have been implemented at various
degrees of success. There are some drawbacks to
these methods.

The methods involving syringe gas injection of
10 to 100 ul are very operator dependent and
tend to suffer from poor precision. The high
surface-to-volume ratio of the syringe and the
deformable materials in the plunger may affect
the sample integrity of the polar constituents in
the sample through adsorption and absorption.
Sample loop injections through an automated
valve are very precise; however, the additional
gas flow plumbing and valve surfaces are subject
to adsorption of analytes and run-to-run
carryover when very-high-level samples are fol-
lowed by samples with lower concentrations.
Finally, though dilution of the sample is very
effective in allowing accurate and precise analy-
ses with standard air techniques, this requires
additional sample handling by the laboratory
personnel, precise pressure or flow gauges, and
additional quality assurance and quality control
to verify the integrity of the procedure. Each

step in the procedure can introduce errors in the
final dilution factor calculation.

This paper presents an automated analysis
method and sample injection hardware for GC-
mass spectrometry (MS) specifically for high-
VOC-concentration samples. It is based upon
the injection of a low-volume aliquot from a
flowing sample stream through a differential
pressure switch, which is functionally similar to
work described by Deans [2]. The injection
volume is adjustable for sensitivity via computer
control without any processing (dilution) or
other handling of the sample. The sample stream
does not contact any surface other than deacti-
vated fused silica between the sample container
and the interior of the analytical column. The
method was applied to pressurized gas samples
containing compounds including methanol, etha-
nol, acetone, methyl ethyl ketone, n-butanol,
carbon tetrachloride, tetrachloroethylene, ben-
zene and toluene, as well as gasoline vapors.
Tests were performed at levels ranging from low
ppmv per analyte up to saturation vapor pressure
concentrations. This work is a collaborative
effort performed under a Cooperative Research
and Development Agreement between the At-
mospheric Research and Exposure Assessment
Laboratory (AREAL) of the US Environmental
Protection Agency (EPA) and Graseby/Nutech
Corporation.

2. Experimental

Two separate systems were used for this work.
The first is an EPA laboratory prototype assem-
bled from available materials with only minor
machining of standard fittings and injection port
parts, and this is referred to as system 1. The
second system is a manufacturer’s prototype
built by Graseby/Nutech and based upon ex-
perience gained from testing of the laboratory
prototype. This is referred to as system 2 in the
ensuing text.

2.1. System 1

The injection hardware is composed of stan-
dard 1/16-in. and 1/8-in. (1 in.=2.54 cm)
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Swagelok fittings and stainless-steel tubing
mounted onto a standard split/splitless injection
port on a Varian 3400 GC system as configured
as part of a Finnigan MAT (San Jose, CA, USA)
ITS40 GC-MS ion trap system. The injection
port nut was remachined and internally threaded
to accept an O-ring fitting that provides a seal as
well as mechanical stability. The injection port
plumbing of the GC system was bypassed, and
the helium purge flow valve was rerouted to
provide control of the on/off switching of the
helium gas column flow through computer con-
trol. A standard Graseby/Nutech 320-01 control-
ler was modified to provide two feedback-reg-
ulated temperature zones, one to heat the in-
jection and gas switching assembly, the other to
maintain a constant elevated helium tempera-
ture. To accommodate the relatively large
switching volume, an additional “sweep” flow
was used to rapidly remove residual gas. Helium
and sample flows are adjusted so that there is
always a positive flow at the vent to keep room
air from infiltrating into the system. Fig. 1 shows
a simple diagram of this injection scheme. Sam-

Vent to ——
Fume Hood

~4—— Heated Zone

—————— A= Sample

Wj ™~ Analytical

Column
Inlet

Helium —— JFAC
Micrometering - "
Valve Elsctrically |
Operated
On/Off Valve

To Vacuum «—

v )
foromerind — injection Port Nut
- (modified)

GC Oven TR e | «—rieated miection
. — Port

<« Connector Fitting

-¢——————— Analytical Column

Fig. 1. Diagram of system 1 (laboratory prototype) sample
injection hardware. Sample flow is briefly shunted onto the
analytical column when the helium valve is placed in the off
state. The injection volume of the “switch” is always swept
through the coaxial flow around the outside of the analytical
column. Helium and sample flows are set to always provide
positive flow at the vent.

401

ple is introduced into the analytical column
during the time that the helium flow is off. This
time was empirically chosen (0.01 min) so that
saturated pressure VOCs presented well-resolved
and well-formed chromatographic peaks.

2.2. System 2

The large, complex configuration of system 1
was redesigned into a small solid steel block
drilled with appropriate channels to provide the
switching body. Connection tubes were welded
into place, and the whole assembly was passi-
vated with a deactivated fused-silica layer, a
proprietary process (Silcosteel) from Restek
(Bellefonte, PA, USA). Helium pressure and
flow were controlled with a dedicated single-
stage regulator and fine metering valve. The
injector was imbedded in a temperature-con-
trolled zone and installed on top of a Hewlett-
Packard (HP; Palo Alto, CA, USA) HP-5890
gas chromatograph with an HP-5971 mass spec-
trometer as the detector. An external Graseby/
Nutech Series 2000 controller was interfaced
directly into the Windows-based (Microsoft) HP
Chemstation software so that the GC-MS sys-
tem and the injection system could be operated
directly from the GC-MS system computer. Fig.
2 shows a diagram of the simplified system. The
injection volume was set by adjusting the helium
“time off”’ parameter empirically to achieve
good chromatography.

2.3. Performance tests

All performance tests were based on com-
pressed gas samples in humidified zero grade air
or in nitrogen. These were prepared in 6-1-vol-
ume Summa-polished canisters from SIS (Mos-
cow, ID, USA). Each sample was fitted with a
dedicated fused-silica transfer line and reducing
union fitting. All analyses were performed by
using full-scan MS data acquisition. For quantita-
tion, the characteristic ion (typically the base
peak ion) was extracted from the total ion
chromatogram, and the resulting trace was inte-
grated.
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Fig. 2. Diagram of system 2 (commercial prototype) sample injection hardware. This simplified system is a single machined piece
internally coated with deactivated fused silica. Sample flow is briefly shunted onto the analytical column when the helium flow is
interrupted by the helium on/off valve. The extremely low dead volume does not require an additional sweeping flow as in system

1.

Initial tests

The first developmental tests were performed
by using high-level samples prepared in the
laboratory by injecting 100 or 200 w1 (each) of a
variety of liquid analytes (and water) into
evacuated 6-1 canisters and pressurizing to 3 atm
absolute pressure (30 p.s.i.g.; 1 atm= 101325
Pa, 1 p.s.i.=6894.76 Pa) with zero-grade air.

Table 1
Analyte mixtures used to optimize analytical parameters

Depending upon the compound, these samples
were at or near saturation vapor pressure for the
analytes. Some typical analyte mixtures are given
in Table 1. Lower level samples (at 10 or 20
ppmv), composed of primary working standards
from method TO-14 [1] calibration mixtures
available in the laboratory, were used to test the
sensitivity range and to optimize analytical pa-

High level 1 High level 2 High level 3
Methanol Methanol Methanol
Ethanol Ethanol Ethanol
2-Propanone (acetone) 2-Propanone (acetone) 1,1’-Oxybisethane (diethyl ether)
2-Butanone (methyl ethyl ketone) Dichloromethane 2-Propanone (acetone)
2-Propanol n-Hexane Dichloromethane
n-Butanol Methylbenzene (toluene) Cyclohexane
Tetrachloroethene Tetrachloromethane (carbon tetrachloride)
Nitrobenzene Benzene
Naphthalene Fluorobenzene
n-Butanol

Methylbenzene (toluene)
Tetrachloroethene

Ethylbenzene
1,2-Dimethylbenzene (o-xylene)
Benzene methanol (benzy! alcohol)
Nitrobenzene

*Common names of the chemicals are in parentheses.
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rameters. The method TO-14 list of compounds
is composed of 40 specific “‘non-polar” VOCs
ranging in volatility from the very volatile Freons
up to the marginally volatile aromatic hydro-
carbons and halogenated aromatic hydrocarbons.

Quantitative precision tests

For system 1, replicate precision tests were
performed using high-level samples prepared in
the laboratory (as listed in Table 1, columns 1
and 2); for system 2, moderately-high-level stan-
dards that were obtained through the AREAL
Quality Assurance Division were used. The
compounds and concentrations used for system 2
precision tests are listed in Table 3. The area of
the integrated extracted ion profile of an ana-
lyte’s characteristic ion was used for quantita-
tion. All quantitation was based on external
standards from various available sources.

Sample contamination and carryover tesis

Once system 2 was tested and optimized, the
efficacy of the methodology in a complex matrix
was demonstrated by using a very challenging
mixture —raw gasoline headspace. Various sam-
ples were prepared by injecting 5 ml of gasoline
into evacuated canisters and pressurizing to 2
atm gauge. Sample blanks were prepared by
injecting organic-free deionized water in place of
the gasoline. For these tests, three different
formulations of gasoline were obtained from the
AREAL Mobile Source Emissions Research
Branch: unleaded 87 octane with no oxygenates,
with methanol additive, and with methyl tert.-
butyl ether (MTBE) additive. For these tests,
the gasoline headspace samples were analyzed
with interspersed blank samples to test for sam-
ple cross-contamination and to determine if the
oxygenated additives could be detected in the
very complex hydrocarbon matrix.

2.4. Sample introduction

For all analytical tests, the sample mixture was
released from the canister through a 50 cm X
0.25 mm 1.D. deactivated fused-silica tube into
the analytical system inlet. The resulting transfer
flow was in the range of 100 to 250 ml/min,

depending upon canister pressure. Only a small
aliquot of this constant flow was introduced onto
the analytical column through the valveless
switch, as the helium flow was briefly interrupted
by the helium control valve. (See Figs. 1 and 2
for system diagrams). Injection of sample in this
fashion is very precise, and the sample amount
can be adjusted through a software parameter
that determines the time interval that the helium
control valve is off. This time interval was
chosen empirically to achieve optimal chroma-
tography for each system and then left un-
changed for all tests. An exact injection volume
could not be accurately determined because of
gas turbulence during the switching pulses, dead
volume mixing within the switch volume, and the
unknown valve response time. Calculated in-
jection volumes were 12.5 ul for system 1 and
100 w1 for system 2.

3. Results and discussion

The major part of the initial development
work was performed on system 1 with a wide
variety of compound mixtures and other real-
world matrices. Once the specific technique was

100
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Fig. 3. Example chromatogram of mixed waste headspace
precision test of system 1. Compounds are at (or near)
saturation vapor pressure in a humid air matrix in a 6-I-
volume canister. Column: J & W DB-5 (30 m X 0.25 mm
I.D., 1-um phase). GC oven: 2-min hold at —50°C, ramp
8°C/min to 200°C.
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Table 2
System 1 precision test results for high-level mixture 2

Compound R.S.D. (%)
(n="1)
Methanol 6.92
Ethanol 6.19
2-Propanone (acetone) 6.99
Dichloromethane 5.15
n-Hexane 5.75
Methylbenzene (toluene) 5.39
Tetrachloroethene 6.44
Nitrobenzene 7.94
Naphthalene 9.35

Seven replicate runs, statistics based on single ion extracted
profile areas. Common names of the chemicals are in
parentheses.

developed, high-level headspace samples were
more rigorously tested. An example chromato-
gram of a precision test is given in Fig. 3, and the
results for a seven-repeat-analysis sequence are
shown in Table 2. In this demonstration, the
sample concentrations were near or at saturation
vapor pressure. Note that the chromatography is

Table 3
System 2 precision test results for two mixtures

clean and that the precision data indicate a
typical run-to-run scatter of 5 to 7% relative
standard deviation (R.S.D.). Nitrobenzene’s and
naphthalene’s greater errors at about 8 and 9%
R.S.D. are most likely due to the low vapor
pressure and marginal suitability for storage in
canisters for these compounds. For this particu-
lar test, a J & W (Folsom, CA, USA) DB-5, 30
m X 0.25 mm I.D. capillary column with 1-um
stationary phase was used with a GC oven
temperature profile consisting of a 2-min hold at
—50°C with a ramp to + 200°C at 8°C/min. The
calculated injection volume was about 12.5 pul.
In other tests, J & W DB-1701, Restek Rtx-5
and Restek Rtx-1301 columns (each with appro-
priate oven temperature programs) were used
with good results.

The optimized system 2 was similarly tested
for precision by using a nominal 100-ppmv-per-
compound mixture and a prepared mixture with
a variety of concentrations for each compound.
Results for these two tests are given in Table 3.
For this particular series of tests, a Restek
Rtx1301 30 m X 0.25 mm L[.D. column with 1-um
stationary phase was used. The oven tempera-

Compound Test 1 Test 2
ppmv R.S.D. (%) ppmv R.S.D. (%)

Methanol 86.5 4.95 725 6.28
1,1,2-Trichloro-1,2,2-trifluoroethane (Freon 113) 86.1 4.16 787 2.24
2-Propanone (acetone) 119 3.83 769 2.49
Dichloromethane 105 4.31 793 2.28
1,1-Dichloroethane 103 4.34 836 2.93
2-Butanone (methyl ethyl ketone) 106 2.78 117 2.83
Trichloromethane (chloroform) 92.6 3.32 731 1.80
1,1,1-Trichloroethane (methylchloroform) 91.1 3.47 325 1.47
Tetrachloromethane (carbon tetrachloride) 89.4 4.11 181 2.45
Trichloroethene 79.1 5.47 104 2.89
4-Methyl-2-pentanone 96.1 4.62 72.0 2.79
Methylbenzene (toluene) 91.1 3.28 172 2.32
Tetrachloroethene 79.9 5.04 19.8 2.10
1,4-Dimethylbenzene ( p-xylene) 94.6 3.52 31.8 2.26
1,1,2,2-Tetrachloroethane 96.2 3.68 25.9 2.20

Seven replicate runs for each mixture. Statistics based upon single ion extracted profile areas. Common names of the chemicals

are in parentheses.
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Fig. 4. Example chromatograms demonstrating sample integrity of system 2: (a) headspace of gasoline saturation vapor pressure,
full scale; (b) headspace of same sample, chromatogram expanded vertically; (¢} humid zero air sample run immediately after
gasoline headspace, same scale as (b). Column: Restek Rtx-1301 (30 m x 0.25 mm 1.D., 1-um phase). GC oven: 2-min hold at
5°C, ramp 10°C/min to 200°C. Time in min.
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ture program consisted of a 2-min hold at 5°C These results are excellent considering the
with a 10°C/min ramp to 200°C. The injection very-high-level concentrations and the associated
volume was calculated to be 100 pl. potential for contamination within the system.
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Fig. 5. (a), (b), (c) Example extracted ion 91 chromatograms corresponding to Fig. 4a, b and c, respectively, for the toluene
constituent of gasoline headspace demonstrating run-to-run sample integrity. Time in min.
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Upon detailed analysis of individual chromato- day, which contributed to the aggregate error. It
grams, we noticed a slight systematic decline in was estimated that only about half of the R.S.D.
the overall HP-5971 MS response throughout the should be attributed to the injection system.
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Fig. 6. (a), (b), (c) Example extracted ion 73 chromatograms corresponding to Fig. 4a, b and c, respectively, for the MBTE
constituent of gasoline headspace demonstrating run-to-run sample integrity. Time in min.
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Numerous tests with blanks on both system 1
and system 2 showed no measurable cross-con-
tamination or carryover from a previous high-
concentration sample. A worst-case example, as
run with system 2, is presented in the total ion
chromatograms in Fig. 4; here, the analysis of
the headspace of raw gasoline with MTBE as an
additive was followed immediately by the analy-
sis of a humidified zero air sample. The com-
parison between the expanded vertical scale of
the gasoline headspace chromatogram and the
blank chromatogram shows this graphically.

For further investigation of possible cross-con-
tamination, Figs. 5 and 6 show detailed sets of
extracted ion chromatograms in which toluene
and MTBE are used as examples. Here, the
full-scale peak, an expanded peak (scale factor of
100), and the correspondingly scaled blank sam-
ple chromatogram are shown. Note that there is
no measurable carryover into the blank sample.

4. Conclusions

The presented methods and hardware configu-
rations are effective at determining the high-level
VOC concentrations in a gas matrix. Even a
simple configuration (system 1), as constructed
in the research laboratory, was capable of pre-
cise headspace analysis (5 to 9% R.S.D.) of
high-level VOCs. The optimized system 2 switch-
ing device, constructed from a single machined
and welded part and then internally coated with
fused silica, performed with about a factor of 2
better precision (1.5 to 6% R.S.D.). This type of
injection switching performs well within the
typical requirement of 20% R.S.D., and it is
relatively simple because it requires no syringes,

sampling valves, or high-level multiple dilution
steps, which require additional laboratory prepa-
ration time. Both polar and non-polar VOCs can
be analyzed in a single chromatographic run with
excellent precision. The absence of run-to-run
sample cross-contamination reduces the need for
frequent blank checks, thus reducing the overall
quality control overhead. With a single parame-
ter setting, the system has a dynamic range of
analysis from 10 ppmv up to saturation vapor
pressure of a variety of VOCs. Finally, the
system is suitable for any type of modern capil-
lary column GC-MS system employing a direct
column GC-MS interface.

5. Disclaimer

The research described in this article has been
performed under a Cooperative Research and
Development Agreement between the US En-
vironmental Protection Agency and Graseby/
Nutech Corporation. It has been subjected to
Agency review and approved for publication.
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mendation for use.
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Abstract

New methods are described for the concentration of ionic analytes, particularly ampholytes, such as peptides and
proteins. In most of these methods the sample is depleted (partially) of strong electrolytes concomitantly with the
concentration. The methods are based on the fact that electrophoretic migration velocities decrease upon
decreasing the absolute value of the zeta potential of a solute and the pore size of the electrophoresis medium and
upon increasing the cross section of the electrophoresis chamber, the viscosity and the electrical conductivity of the
electrophoresis medium. We have also utilized the zone-sharpening properties of displacement electrophoresis in
combination with a hydrodynamic counter flow to create a stationary zone where the sample solutes can be
collected continuously.

In practice, the whole electrophoresis tube is filled with the sample solution to be concentrated. When a voltage
is applied the solutes begin to migrate, but finally cease to move as they approach the end of the tube, provided
that the above-mentioned parameters in that section of the tube have been given appropriate values. By means of
this technique the sample can be concentrated into a zone of a width of 0.2-0.5 mm. Accordingly, a 400-1000 fold
concentration is obtained when a 200 mm long tube is filled completely with the sample and still more if also an
electrode vessel (or a vessel connected to this electrode vessel) is loaded with sample. The narrow sample zone can
be withdrawn from the tube and subjected to further studies or used as a starting zone for an in-tube zone
electrophoresis. The tendency for broadening of the very narrow starting zone during the initial phase of this
electrophoresis step can be counteracted by a short mobilization step involving displacement electrophoresis,
electrophoresis in a steep pH gradient, or on-tube dialysis against a (diluted) buffer. This step can be omitted when
the concentration is accomplished by a combination of displacement electrophoresis and a counter flow.

In Part II we show how the theory developed in this paper can be utilized practically.
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* For Part II see ref 1.
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1. Introduction

Every analysis method has a lower detection
limit under which one cannot obtain accurate
analysis data. Therefore, one must sometimes
perform a preconcentration step which usually
entails large losses when the sample volume is
1-10 ul or less. The most common methods for
the concentration of solutes of biochemical inter-
est (lyophilization [2], ultrafiltration [3,4], parti-
tion between two polymer aqueous phases [5],
osmotic removal of water [6] and chromato-
graphic adsorption—desorption of the solute) are
not applicable on such a small scale.

There is, accordingly, a need for efficient
preconcentration techniques applicable for min-
ute-volume samples. Five such methods, based
on electrophoretic zone sharpening, have recent-
ly been presented [7,8]. They are described in
detail in this paper (references to related meth-
ods are found in Discussion). A requirement is
that the solutes to be concentrated are ionic
polymers or weak electrolytes, preferably am-
pholytes, such as proteins, or can be converted
to such by complex formation. When the concen-
trated zone is to be used as the starting zone for
a subsequent electrophoresis the concentration
can take place in the electrophoresis chamber,
for instance, a capillary.

2. The theory of the concentration (step I), the
mobilization of the concentrated zones (step II)
and the electrophoretic analysis (step III)

The discussion below refers to an analysis by
high-performance  capillary  electrophoresis
(HPCE). However, following the concentration
step the sample can be withdrawn from the fused
silica tubing and processed by other techniques
than HPCE.

2.1. Sample treatment

When the sample is in the form of a solution,
for instance a biological sample, it can often with
advantage be applied directly into the electro-
phoresis tube, provided that pH is such that the

solutes migrate electrophoretically in the desired
direction and not excessively slowly. A pH
adjustment may be necessary. If displacement
electrophoresis is utilized for the concentration
the sample has to contain an appropriate leading
(terminating) ion. One must then add to the
sample a small volume of a highly concentrated
solution of the leading (terminating) buffer. In
cases when it is uncertain whether the pH and
the background electrolyte of the sample might
disturb the concentration and -electrophoresis
steps the sample should be dialyzed (desalted) by
micro methods, as will be described elsewhere
[9]. These methods can be used for larger pep-
tides and macromolecules and are based on
dialysis in small-pore polyacrylamide tubes [8,9].
For determination of the pH and electrical
conductivity in minute (sample) volumes, see
Discussion.

2.2. Step I: concentration of the dilute sample

The electrophoretic velocity v of a solute is
determined by the expression

1
v=u ET(‘ 1)
where the mobility u can be calculated from the
equation
__€¢
T 47y

)]

(I = current, g = cross-sectional area of the elec-
trophoresis chamber, k = electrical conductivity,
€ = dielectric constant, { = zeta potential of the
solute and 7 = viscosity.)

An electrophoretically migrating zone can be
concentrated if its front can be forced to move
slower than its rear. According to Eqgs. 1 and 2,
this requirement will be fulfilled if the zone is
permitted to migrate toward a section of the
electrophoresis chamber where u decreases or/
and g, k, or 7 increase. Different approaches to
manipulating these parameters to attain a narrow
starting zone, i.e., a concentration, are described
below, along with an approach based on a
combination of displacement electrophoresis and
a hydrodynamic counter flow. Unless otherwise

u
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stated, the discussion refers to anions in the
sample. Cations are treated in an analogous way.

Alternative a

Concentration by electrophoresis toward a
steep, non-buffering pH gradient (isoelectric
focusing). The whole capillary is filled with the

sample solution and the cathode vessel with -

buffer BC (for instance, 0.01 M Tris—-HCl, pH
8.5) and the anode vessel with buffer Ba (for
instance, 0.5 M tris—-HCl, pH 2.5). A steep,
non-buffering pH gradient at the anodic end of
the capillary is created immediately when the
voltage is switched on (see Fig. la and Fig. 2a,
step I). At the same time the anions in the
sample begin migrating toward the anode. The
strong anions pass through the pH gradient, i.e.,
the sample is freed of strong electrolytes, where-
as ampholytes will concentrate into very narrow
zones. Weak electrolytes, such as carboxylic
acids, will also concentrate in the pH gradient.
However, they are non-charged at low pH (pH <
pK * 1.5), where ampholytes become positively
charged. The diffusional broadening of weak
electrolytes is therefore not counteracted by the
zone sharpening that is characteristic of am-
pholytes in a pH gradient (isoelectric focusing).
Examples of appropriate experimental condi-
tions (pH, buffers, etc.) given in this and other
sections are taken from our subsequent paper

RIE

Alternative b

Concentration by electrophoresis toward a
small-pore polyacrylamide gel. The whole capil-
lary is filled with the sample and a short plug of
the gel is introduced into one end of the capillary
as described in ref. 1. The solutes migrate
toward the gel plug when a voltage is applied but
stop migrating when they come into contact with
the gel because it is impermeable to large mole-
cules, i.e., a concentration takes place at the gel
surface (see Fig. 1b and Fig. 2b, step I).

Alternative c

Concentration by electrophoresis toward a
piece of dialysis tubing that permits the passage of
current but not of the analytes. A short dialysis

|. CONCENTRATION STEP

- +
Concen-
“1__1 Sample(dilute) | ;;af:\;?e
8¢ 7 &«
L 0 g
pH \
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- +
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Fig. 1. Different approaches to concentrate a dilute sample
solution (step I). (a) By isoelectric focusing in a pH gradient;
(b) by zone electrophoresis toward a small-pore gel; (©
toward a gradient in effective cross-section (q); (d) toward a
gradient in electrical conductivity (k) or viscosity (7); (¢) by a
combination of displacement electrophoresis and a counter-
fiow. In the mobilization (step II) and the electrophoretic
analysis (step ILI) the polarity of the electrodes is reversed
{except in (e)], i.e., the anode is to the left (see Fig. 2, a—d).

tubing is prepared and attached to one end of
the fused silica tubing as described in ref. 1 in
section 3.4. This concentration technique is de-
picted in Fig. 1c and Fig. 2c, step . When the
solutes leave the fused-silica tubing the field
strength decreases abruptly (¢ in Eq. 1 in-
creases) and their migration velocities become
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Fig. 2. Different approaches to mobilize (step II) samples concentrated as outlined in Fig. 1 (step I). Step III: analysis of the
sample by free zone electrophoresis. All notations are the same as in Fig. 1.
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virtually zero. The solutes will, accordingly,
become concentrated into a narrow zone. In this
step low-molecular weight ions in the sample are
removed by diffusion through the pores in the
dialysis tubing.

Alternative d

Concentration by electrophoresis toward a gra-
dient in conductivity. If the right-hand electrode
vessel in Fig. 1d or Fig. 2d, step I, is filled with a
buffer of high ionic strength the sample in the
capillary will become concentrated in the con-
ductivity (concentration) gradient formed at the
tube end. A similar concentration can be ob-
tained by means of a viscosity gradient.

Alternative e

Concentration by a combination of displace-
ment electrophoresis and a counter flow. The
electrophoresis tube is filled with the sample
dissolved in the leading buffer or transferred to
that buffer as described in ref. 2 (see Fig. le and
Fig. 2e, step I). A hydrodynamic flow is gener-
ated in the electrophoresis tube in a direction
opposite to the migration direction of the bound-
ary between the leading and the terminating
ions. The magnitude of the counter flow is
adjusted such that the boundary becomes
stationary. If the sample ions have mobilities
between those of the leading and the terminating
ions, they will become concentrated at the
boundary, because a sample ion which by diffu-
sion or convection enters the terminating (lead-
ing) buffer will move back into the concentrated
sample zone, since the field strength —and
thereby the velocity of the sample ion— is higher
(lower) in the terminating (leading) buffer than
in the sample zone.

In the initial phase of the displacement elec-
trophoresis step a fast-moving solute can have an
electrophoretic velocity which is higher than the
velocity of the counter flow. A population of this
solute located close to the end of the capillary
may, therefore, leave it. As the width of the
terminating zone increases the field strength in
the leading buffer zone decreases (see below).
The velocity of the solute therefore decreases
successively until no further solute molecules

migrate out of the capillary. To eliminate or
suppress this loss of fast-moving solutes one
should decrease the concentration of the sample-
containing leading buffer in the capillary (but not
that of the leading buffer in the anode vessel).
The field strength then decreases at this end of
the capillary and thereby also the electrophoretic
velocities of the proteins as they approach the
anolyte. Another alternative is to mix the sample
with the terminator instead of with the leading
buffer. Part of the very slowly migrating sample
ions may then, however, leave the capillary at its
cathodic end. The loss can be minimized by
decreasing the concentration of the terminator in
the cathode vessel (but not that in the capillary).

The hydrodynamic flow should be adjusted so
that the boundary layer (the concentrated sam-
ple) between the leading and terminating buffers
is located about 1-2 cm from one end of the
capillary (the right end in Fig. le). At a cursory
glance, one might expect a small decrease in the
hydrodynamic flow to move the boundary layer
with the sample in Fig. le significantly toward
the left, and an increase in the flow to displace
the sample out of the capillary. However, mod-
erate changes in the flow will affect the position
of the sample only slightly, as shown below.

Assume that the distance from the left end of
the capillary in Fig. 1le to the stationary, concen-
trated, narrow sample zone is L, cm (=the
length of the leading buffer zone) and the dis-
tance from the right end to the sample zone is L,
( = the length of the terminating zone). Since the
leading ion and the terminating ions migrate with
the same velocity

Vi W 5
U L, U L, 3)

where u, and u, are the mobilities of the leading
and terminating ions, respectively, and V; and V,
are the voltages over the leading and terminating
zones, respectively.

Rearrangement of the factors in Eq. 3 and
substitution of V, for V—V,, where V is the
voltage applied over the capillary, gives
L w W

L~ u V-V, @
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From the relation v, =u, V|/L,, where v, = the
electrophoretic velocity of the leading ion (= the
electrophoretic velocity of the concentrated
zone = velocity of the hydrodynamic counter
flow when this zone is stationary with respect to
the capillary wall) one obtains an expression for
V. which can be introduced into Eq. 4. Solving
for L, following substitution of L, with L~ L_,
gives

u L [V u, .
“ua () ®
Putting V/L = F (F is the field strength obtained
when the capillary is filled completely with

terminating or leading buffer) Eq. 5 can be
transformed to

u, L u, u L (F
L= u —u, (F Y _1>_u1‘““t (Fl_1> ©)
Insertion of appropriate values in Egs. 5 or 6
shows that L, is roughly inversely proportional to
v,. For instance, when the differences between
the buffer levels in the electrode vessels in two
experiments are 25 and 20 mm, the decrease in
the hydrodynamic flow rate is 20%. If the width
of the terminating zone is 12 mm in the first
experiment it is, accordingly, about 14 mm in the
second experiment, i.e., the change in the posi-
tion of the solute zone is only 2 mm, or in other
words, the adjustment of the buffer levels is not
critical. It is easy to explain this finding in
qualitative terms. If the flow decreases the sam-
ple zone moves to the left in Fig. le. The
terminator zone becomes longer and the leading
buffer zone shorter. The current will then de-
crease, since the former zone has a higher ohmic
resistance per cm than has the latter zone. A
decrease in current means that the field strength
F, in the leading buffer zone decreases and
therefore also the migration velocity of the
boundary layer v, (=u, F,), which counteracts
the above displacement of the sample zone
toward the left. Analogously, an increase in
hydrodynamic flow (which displaces the sample
zone toward the right) gives rise to an increase in

the current and thereby an increase in the
velocity of the sample zone. It will, accordingly,
be displaced electrophoretically to the left. The
net movement of the sample zone is, therefore,
nearly negligible.

2.3. Step I1: short mobilization of the
concentrated sample zone

For an electrophoretic analysis of the concen-
trated sample zone the polarity of the electrodes
must be reversed (except in alternat.ve e). How-
ever, this very narrow zone will broaden con-
siderably if the polarity is changed immediately
after the concentration is finished. To counteract
this broadening, a short mobilization step shouid
be introduced between the concentration step
and the final electrophoretic step. Some different
approaches to accomplish the mobilization are
described below.

Alternative a

Mobilization by displacement electrophoresis.
Following concentration of the sample, buffer Ba
in the right electrode vessel in Fig. 1 is replaced
by a terminating buffer, for instance, 0.03 M
glycine-NaOH, pH 10 (Fig. 2b, step II).

Upon reversing the polarity of the electrodes
the anion in the terminating buffer (glycine in
our example) forms a migrating boundary with
the anion in the buffer in the electrophoresis
tube (for instance, chloride). The requirements
for displacement electrophoresis become fulfilled
if the anions in the sample have a mobility lower
than those of the anions in the buffer in the
electrophoresis tube and higher than those of the
anions in the terminating buffer. In this displace-
ment step the very narrow concentrated zone
will move without zone spreading toward the left
(the anode is at the left in the mobilization and
analysis steps; see Fig. 2b, step II). When the
subsequent analysis is based on zone electro-
phoresis (rather than displacement electropho-
resis) the displacement step should be inter-
rupted as soon as the concentrated zone begins
to move toward the left (or preferably somewhat
earlier). Otherwise, the onset of the zone elec-
trophoresis step (Fig. 2b, step III; see also step
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III, alternative b, below) will be delayed, which
gives rise to an unnecessarily long analysis time.

Alternative b

Mobilization by a reversed, non-buffering pH
gradient. The buffer in the right-hand electrode
vessel used for the concentration is exchanged
for a solution of high pH (for instance 0.1 M
NaOH) to make the acidic solutes migrate to-
ward the positive pole in the mobilization step
(see Fig. 2a, step II); for basic solutes which
migrate toward the negative pole a solution of
low pH is chosen (for instance, 1 M HCI).

Alternative c

Mobilization by zone electrophoresis following
concentration by electrophoresis toward a dialysis
tubing. Prior to the subsequent electrophoresis
step the concentrated sample in the dialysis
tubing is' moved hydrodynamically one or two
mm into the electrophoresis tube (see Fig. 2c,
step 11), for instance, by raising the right-hand
electrode vessel. Due to the low field strength in
the dialysis tubing the sample zone will otherwise
broaden when it migrates into the electropho-
resis tube upon reversal of the direction of the
current. Alternatively, one can move the electro-
phoresis tube toward the left so that the section
of the dialysis tubing that contains the concen-
trated sample zone will be in contact with air
rather than buffer.

Alternative d

Mobilization following concentration toward a
gradient in conductivity. Following this concen-
tration (Fig. 1d) the sample should be moved
into the dialysis tubing for removal of salt by
dialysis against a dilute buffer in the electrode
vessel and then back into the capillary (upon
reversing the polarity of the electrodes a zone
sharpening occurs when the voltage is switched
on if the buffer in the sample has a conductivity
lower than that of the buffer in the electro-
phoresis tube). A similar approach can be em-
ployed for concentration toward a viscosity gra-
dient when the added viscosity-increasing agent
is dialyzable.

One should note that most electrode vessels

used in HPCE have an effective cross-sectional
area much larger than that of the capillary (see
alternative ¢ above). Accordingly, in almost all
apparatus, the field strength in the dialysis tubing
is sufficiently low without an increase of the ionic
strength (or the viscosity) in the electrode vessel.
In fact, one can even have a lower ionic strength
in the electrode vessel than in the capillary, and
thereby omit the above dialysis step aimed at
giving a narrow starting zone in the subsequent
zone electrophoresis.

2.4. Step IlI: electrophoretic analysis

Alternative a

Analysis by displacement electrophoresis. In
this case the mobilization according to alter-
native a is not interrupted, but is allowed to
proceed until all of the solutes have passed the
detector.

Alternative b

Analysis by zone electrophoresis following
mobilization by displacement electrophoresis or
electrophoresis in a reversed pH gradient (step 11,
alternatives a or b). When the concentrated
starting zone, mobilized as in step II, alternatives
a or b, is to be subjected to zone electrophoresis
the solution in the right-hand electrode solution
is exchanged for a buffer of the same composi-
tion as that in the capillary and in the left
electrode vessel (see Fig. 2b, step III and Fig. 2a,
step III).

Alternative c

Analysis by zone electrophoresis following
concentration by a combination of displacement
electrophoresis and a counter flow. In this ap-
proach the separate mobilization step can be
omitted: one can proceed directly from the
concentration step to the zone electrophoresis
step without reversing the direction of the cur-
rent following substitution of the terminating
buffer in the cathode vessel with the leading
buffer (see Fig. 2e, step III).
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3. Discussion

A comparison among some concentration
methods. On-line electrophoretic concentration
of ionic substances by transferring the sample to
a buffer with a conductivity lower than that of
the electrophoresis buffer was first described by
Haglund and Tiselius [10]. The effect can be
reinforced by proper choice of the pH of the
sample [11]. A concentration based on such
manipulations can be performed as a one-step
procedure by using two or more buffers, the first
step being a concentrating displacement electro-
phoresis which in a second stage is transformed
automatically into an analytical zone electropho-
resis. This elegant approach was introduced by
Ornstein for concentration of a protein sample in
polyacrylamide gel electrophoresis [12]. The
same degree of concentration can, however,
often be achieved in a simpler way by lowering
the conductivity of the sample [13].

The design of Ornstein’s discontinuous buffer
system is partly based on the fact that a protein
migrates more slowly in a sieving gel of poly-
acrylamide than in free solution. Accordingly,
this buffer system cannot be used in carrier-free
electrophoresis of high-mobility proteins or pep-
tides. For free electrophoresis of this class of
substances we have, therefore, introduced new
buffer systems based on the use of terminators,
the mobilities of which span over a wide range
when the pH is varied [11]. An example of an
appropriate terminator is diaminopimelic acid,
used in the experiment shown in Fig. 2b in ref. 1
(for similar methods based on displacement
electrophoresis, see refs. 14-20). An advantage
of the concentration methods described herein
over those based on discontinuous buffer systems
is that the whole electrophoresis tube, rather
than only a fraction of it, can be filled with the
sample solution and, if so desired, also an
electrode vessel. The degree of concentration is,
accordingly, higher.

A counter flow has been used in electropho-
resis for several purposes; for instance, in order
to compensate for the hydrodynamic flow which
attends the electroendosmotic flow in a closed
electrophoresis tube or/and to increase the effec-
tive length of the electrophoresis tube [21-26].

A method based on displacement electropho-
resis, electroendosmotic fiow and a counter flow
is described in ref. 27. The degree of concen-
tration accomplished by this technique was lim-
ited, since only (part of) the capillary, but not
the electrode vessel was filled with sample. The
authors reversed the polarity of the electrodes
when the displacement electrophoresis was re-
placed by a zone electrophoresis. It was empha-
sized that “correct timing of the voltage switch-
ing is important” to avoid that “the sample zones
will migrate out of the capillary” or broaden. In
the method presented herein the polarity is the
same throughout the experiment and any change
in the hydrodynamic flow rate is counteracted by
an automatic adjustment of the electrophoretic
migration velocity of the concentrated solute
zone, i.e., there is no risk that it will leave the
capillary (see the discussion of Eqn. 5). For an
interesting concentration method based on zone
electrophoresis and a hydrodynamic counter
flow, see ref. 28.

A sharpening of the starting zone upon de-
creasing the field strength by increasing the
effective cross-section of the electrophoresis
medium has been utilized in paper electropho-
resis of proteins [29]. The method is very effi-
cient [30]. The same principle was used in the
approach presented in Fig. lc.

The use of a gradient in viscosity and conduc-
tivity for concentration purposes has been de-
scribed earlier [31]. This method differs from
that in Fig. 1d, in that the gradient was created
inside the electrophoresis tube rather than at the
boundary between the electrophoresis tube and
an electrode vessel. Stabilization against convec-
tion in the tube was accomplished by a sucrose
gradient. In a method for recovery of proteins
following polyacrylamide gel electrophoresis the
protein zone of interest was cut out, the protein
eluted eletrophoretically and then concentrated
in a conductivity gradient [32]; compare Fig. 1d.

The following considerations are important for
the design of the buffer systems used for the
concentration of solutes.

(1) Concentration toward a non-buffering,
steep pH gradient (step 1, alternative a; Fig. 1a).
When the concentration is performed by means
of an anolyte of low pH the number of protons,



S. Hjertén et al. | J. Chromatogr. A 676 (1994) 409-420 417

Ny, entering the capillary per time unit from
the anode vessel is of interest, since it deter-
mines the position and the progress of the pH
gradient in the capillary. This number is gov-
erned by the expression

NH+ = UH+ q nH+ . (7)

where vy« =the migration velocity of the
protons in the anolyte, g =the cross-sectional
area of the capillary and ny+ =the number of
protons per volume unit in the anolyte.

Since vy+ =F uy+ =T uy+/q k (F=the field
strength in the capillary, u;+ = the mobility of
the proton in the anolyte, I =the current and
k = the electrical conductivity)

Tuy+ ng+
Nys» == (8)
The conductivity « is determined by the expres-
sion

K=2ci-ui &)

where ¢, is the concentration of ion i (in
coulomb/ml). For the 0.5 M Tris—HCI solution
of pH 2.5 (the stop solution) used in the experi-
ment outlined in Fig. 2a we get

K = Cy+ " Uy+ T Cppe+ “Urgs+ T Con-"Uon-
tco-Ug- (10)

To obtain an efficient concentration (isoelectric
focusing) the pH of the stop solution should be
at least one pH unit below the pI value of the
solute in the sample that has the lowest pl value
[cy+, the first term in Eq. 10, cannot, according-
ly, be chosen arbitrarily]. The third term in this
equation can be neglected, since coy- is very
small at low pH values. The remaining second
and fourth terms in Eq. 10 can, accordingly, be
used to manipulate the conductivity, i.e., the
Tris—HCI solution (pH 2.5) in Fig. 2a should be
adjusted to a molarity that gives the solution a
proper conductivity. When the molarity de-
creases the number of protons entering the
capillary increases, according to Egs. 8 and 10.
At excessively low molarity the pH gradient in
the capillary will, therefore, migrate toward the
cathode during the concentration, and at very
high molarity little or no change in pH will occur

in the capillary (i.e., the solutes migrate out of
the capillary). Experiments have shown that the
molarity of the stop solution should be such that
a virtually stationary pH gradient is created at a
distance of 0.5-3 mm from the end of the
capillary. The suitable molarity can be estab-
lished experimentally by the use of coloured
solutes and transparent glass capillaries.

(2) Mobilization by a reversed, non-buffering
pH gradient (step II, alternative b; Fig. 2a, step
II). Following the concentration of solutes by
isoelectric focusing in a steep pH gradient or by
zone electrophoresis toward a small-pore gel one
can mobilize the solute zone by a solution of
high pH, for instance, 0.1 M NaOH (Fig. 2a,
step 1I). This solution should contain no other
negatively charged ions than hydroxyl ions. Sodi-
um, potassium or ammonium hydroxides are,
therefore, recommended. The only ions entering
the capillary are then hydroxyl ions, which have
a very high mobility and, accordingly, change the
pH very rapidly at the cathodic end of the
capillary. This is important when the concen-
tration is achieved by isoelectric focusing in a pH
gradient, since the focused solute zone will
broaden upon reversal of the polarity of the
electrodes until the initial pH gradient is
abolished (a pH gradient gives a zone sharpening
only when the pH increases in the direction of
the current). When a sufficiently large number of
hydroxyl tons have entered the capillary a re-
versed pH gradient has been created which gives
rise to a zone-sharpening. This pH gradient
migrates toward the anode with the proteins
gathered in a very narrow zone (about 0.2 mm
wide); see Fig. 2a, step II. At this stage, which
takes only 1-2 min to attain, the mobilizing
high-pH solution should be replaced by the
electrophoresis buffer (the same buffer as in the
anode vessel and in the capillary). The hydroxyl
ions continue to migrate as a plug toward the
anode but their concentration decreases as they
meet and react with the buffering cations in the
capillary as indicated by the broken pH profiles
in Fig. 2a, step III (Tris ions, for example, which
are fed continuously into the capillary from the
anode vessel by electrophoresis). If it is essential
to minimize the analysis time one should fill the
cathode vessel with the electrophoresis buffer



418 S. Hjertén et al. | J. Chromatogr. A 676 (1994) 409-420

somewhat before the complete zone-sharpening
(stacking) outlined in Fig. 2a, step II, has been
achieved, because the large number of hydroxyl
ions in the capillary at its cathodic end continue
to make the pH gradient still narrower at the
same time as the buffer anions (chloride) migrate
into the capillary.

Eq. 11, which corresponds to Eq. 8, gives the
number of hydroxyl ions, Ngy-, that enter the
capillary per time unit during the mobilization
(step II in Fig. 2a).

Tuq,- -
NOH— =0HﬁnoH_ (11)

K

Using the same reasoning as for Eq. 8 one can
show the importance of choosing an appropriate
value of «, the conductivity, to cause a rapid
increase in the pH at the cathodic end of the
capillary during the short mobilization step,
thereby rapidly replacing the initial zone-
broadening pH gradient by a new, reversed,
zone-sharpening one. Experiments have shown
that 0.1 M sodium hydroxide is a suitable
mobilizing solution. The pH in the capillary at its
cathodic section will not become 13 (that of 0.1
M NaOH), since the concentration of hydroxyl
ions in the capillary is reduced quickly by the
buffering ions in the electrophoresis buffer.
Therefore, and also because the solutes start to
migrate as soon as the pH rises above their p/
values, the solutes will not become located in an
area of extremely high pH and the risk of
denaturation is negligible, particularly since the
mobilization and thereby the possible exposure
to elevated pH has a duration of only 1-2 min.
Mobilization by 0.1 M sodium hydroxide is very
simple and requires no preexperiments to estab-
lish optimum conditions for every new type of
electrophoresis buffer. For mobilization at low
pH we use 1 M HCL.

The concentration of proteins and peptides
can be performed also with a pH gradient
created with carrier ampholytes in the same way
as in isoelectric focusing [25]. However, the high
buffering capacity of these ampholytes makes it
difficult to abolish the pH gradient quickly.

Mobilization, therefore, leads to broadening of
the narrow, concentrated zone.

(3) Mobilization by displacement electropho-
resis (step II, alternative a; Fig. 2b, step II). The
mobilizing solution discussed above should con-
tain no anions other than hydroxyl ions. How-
ever, buffering anions must be present if mobili-
zation is to be accomplished by a brief displace-
ment electrophoresis step. In the experiment
shown in Fig. 1b in the succeeding paper [1] the
anion glycine was chosen as terminator. To be
useful for displacement of the concentrated zone
of sample anions (acidic peptides and proteins)
the terminator (in that experiment glycine, pK
9.8) should —besides having a mobility lower
than that of the leading ion (chloride) and those
of the solutes— have a pK value 1.0-1.7 units
higher than the pK value of the leading buffer
cation (in that experiment Tris, pK =8.1) and
the pH value of the leading buffer (in that
experiment Tris—HCI, pH 8.5) should be close to
the pK value of its cation (Tris) to give optimum
buffer capacity. If these requirements are ful-
filled a short plug of terminating ions (glycine)
will quickly enter the capillary during the brief
mobilization step (Fig. 2b, step II). These ions
will be rapidly titrated to the pH of the electro-
phoresis buffer, since upon their migration to-
ward the anode they continuously meet new
protons and new buffer cations (Tris) migrating
in the opposite direction. The terminating ion
(glycine) will thus quickly acquire a low net
charge and will, therefore, migrate more slowly
than all or most of the sample zones, i.e., the
requirements for displacement electrophoresis
are fulfilled. A very narrow sample zone is,
accordingly, created. The terminating buffer
(glycine—NaOH) can then be exchanged for the
electrophoresis buffer (Tris—-HCI), the anion of
which (C17) should have a high mobility to
overrun very quickly the sharp protein zones and
destack them. The transition from displacement
to zone electrophoresis is, accordingly, very
rapid. In the experiment shown in Fig. 2b in ref.
1 diaminopimelic acid was used as terminator
instead of glycine.

For the concentration of basic ampholytes an
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appropriate buffer system has been described in
ref. 1 in section 3.1. The theoretical considera-
tions are analogous to those presented above for
acidic peptides and proteins. For instance, the
different buffers should be designed such that
the terminator (for instance Bis—Tris, pK = 6.7),
introduced as a short plug in the displacement
step, rapidly loses most of its positive charge as it
meets the leading buffer (= the zone-electro-
phoresis buffer = 0.05 M EPPS-NaOH, pH 7.5,
in the above buffer system) in the final analytical
zone electrophoresis step.

(4) Estimation of conductivity (ionic strength)
and pH of minute-volume samples. Some of the
described concentration methods work only
within limited conductivity and pH ranges. Di-
rect measurements of these parameters by means
of conductivity and pH probes is not possible
owing to the small sample volumes. An indirect
estimation can, however, be done as follows.
The conductivity () can be determined by filling
a capillary with the sample solution and measur-
ing the current I and voltage V as in a conven-
tional HPCE experiment [11]:

IL’
K=—""T3
V7R

where L’ is the length of the capillary and R its
radius.

For the determination of pH one can utilize
(1) the equilibrium between two easily detect-
able ions (for instance two species of vanadate
ions) the concentrations of which are pH depen-
dent [33], or (2) the fact that the spectra of pH
indicators change with pH [34]. With such ionic
compounds as analytes one can rapidly deter-
mine the pH of the sample solution. The conduc-
tivity and pH may be estimated conveniently in
the same run.

(12)
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Abstract

On theoretical grounds several approaches for the concentration of ionic solutes are suggested in ref. 1. The
methods are of general applicability. In this paper we describe how they can be employed in high-performance
capillary electrophoresis (HPCE) for 1000-fold manual and automated on-line concentration from microliters down
to nanoliters. The risk that the solutes may escape detection —the obvious disadvantage of HPCE— is,
accordingly, reduced considerably. Briefly, the whole capillary (and for more than 1000-fold concentration also an
electrode vessel or a vessel in contact with an electrode vessel) is filled with the dilute sample solution. The sample
becomes concentrated as it migrates toward a pH gradient, a small-pore gel, a dialysis tubing attached to one end
of the capillary, or by displacement electrophoresis combined with a hydrodynamic counterflow. These con-
centration steps (except the last) require a short mobilization step to prevent the narrow, concentrated sample zone
from broadening in the initial phase of the final analysis step (free zone electrophoresis).

air, hands, gloves, etc. The latter two problems
may very well turn out to be more severe than
the first one, at least for macromolecules such as
proteins, which often are adsorbed by a strong

1. Introduction

For any analytical or preparative separation
method to work satisfactorily the solute con-

centration must be above some threshold value,
characteristic of the particular method. The
reason is not only (1) detection difficulties at
extremely low concentration but also (2) adsorp-
tive losses of solutes on the surfaces of con-
tainers, filters, spatulas, plastic columns, etc.,
and (3) contaminants from these items and from

* Corresponding author.
* For Part I see ref. 1.

0021-9673/94/%07.00
SSDI 0021-9673(94)00317-3

multi-point attachment. Owing to surface ad-
sorption the concentrations of the free solutes
may differ from those in the original sample,
giving rise to erroneous analysis data, or even
fall below the detection limit.

There is, accordingly, a need for efficient
concentration methods. In the preceding article
[1] we have treated theoretically several new
methods which were developed especially for
minute-volume sample solutions of peptides and

© 1994 Elsevier Science B.V. All rights reserved
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proteins to be analyzed by capillary electropho-
resis. In this article we present a few applica-
tions.

This paper is written in such a way that the
reader does not need to be acquainted with the
theory discussed in ref. 1 in order to employ the
concentration methods described in this paper.
However, to those who are interested in the
theory behind a particular concentration tech-
nique we refer to the section or the figure in ref.
1, where that technique is presented.

2. Materials and methods

Fused-silica tubing from Polymicro Tech-
nologies (Phoenix, AZ, USA) and glass tubes
from Modulohm (Herlev, Denmark) were
coated with polyacrylamide to suppress elec-
troendosmosis and adsorption as described in
ref. 2, with the difference that y-methacryl-
oxypropyltrimethoxysilane was used as a 50%
(v/v) solution in acetone. Glycine and chemicals
used for the preparation of coating and gel plugs
of polyacrylamide were electrophoresis purity
reagents from Bio-Rad (Hercules, CA, USA).
Diaminopimelic acid (DAPA) and N-2-hydroxy-
ethylpiperazine propane sulfonic acid (EPPS)
were from Sigma (St. Louis, MO, USA). All
standard proteins used were commercial prod-
ucts except R-phycoerythrin, which was prepared
as described in ref. 3.

3. Experiments and resuits

The theoretical background is given in ref. 1.

3.1. Concentration of proteins by electrophoresis
toward a steep, non-buffering pH gradient
(isoelectric focusing: step I, alternative a in ref.
1) and mobilization by displacement
electrophoresis (step I, alternative a in ref. 1)
followed by zone electrophoresis (step 111,
alternative b in ref. 1).

The sample consisted of 20 ug of each of the

proteins phycoerythrin (Pe), ovalbumin (Ova),
human transferrin (Tf), human hemoglobin (Hb)
and carbonic anhydrase (CA) dissolved in 1 ml
of 0.01 M Tris—HCI, pH 8.5. For rapid genera-
tion of the pH gradient this buffer should have a
relatively low buffering capacity, ie., a low
molarity or/and a pH 0.5-0.7 pH units lower
than the pK value of the buffering constituent.
The same buffer was also used as catholyte in the
concentration step. A 0.5 M Tris~HCI solution,
pH 2.5, served as anolyte. The fused-silica tub-
ing [130(115) X 0.05 mm I.D., where 115 mm is
the length of the capillary from the cathodic end
to the detector] was filled with the sample
solution. A voltage of 1500 V (0.8 uA) was
applied during 12 min in order to concentrate the
proteins into a narrow zone in the pH gradient
(see Fig. la in ref. 1). The polarity of the
electrodes was then reversed following an ex-
change of the 0.5 M Tris—HCI solution, pH 2.5,
for 0.03 M glycine-NaOH, pH 10.0 At a voltage
of 1500 V for 2.5 min a sharp zone was obtained
by displacement electrophoresis (chloride was
the leading ion and glycine the terminating ion;
cf. Fig. 2b, step II in ref. 1). The glycine buffer
was then replaced by 0.01 M Tris—-HCI, pH 8.5
and an analysis of the sample by zone electro-
phoresis (see Fig. 2b, step III in ref. 1) was
performed at 3000 V, corresponding to 1.6 pA
(without the above displacement step the starting
zone in the zone electrophoresis step became
blurred, as revealed by visual inspection during
an experiment done in a transparent glass tube).
The electropherogram is presented in Fig. 1b.
The detection was done at 220 nm. A control
experiment was performed without concentrating
the sample and with a starting zone 3-4 mm
wide with the hope to detect at least the main
peaks (Fig. 1a). A comparison between Figs. la
and 1b shows the efficiency of the concentration
technique. The width of the starting zone in the
zone electrophoresis step was about 0.2 mm
(visual observation in transparent glass capil-
laries). From the length of the capillary and this
zone width one can conclude that we obtained
approximately a 500-fold concentration of the
sample. The recovery was difficult to determine
quantitatively because of the low protein con-
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Fig. 1. High-performance capillary zone electrophoresis of model proteins. (a) Prior to concentration (concentration of each
protein: 20 wg/ml), (b) following concentration toward a steep, non-buffering pH gradient and a short mobilization by
displacement electrophoresis. The large peak at 12 min may correspond to a moving boundary. The width of the applied sample
zone was in (a) 3-4 mm and in (b) 130 mm ( = the length of the capillary). Following concentration, the zone width in (b) was

about 1 mm, but became much narrower in the mobilization step.

tent. However, it should be close to 100% as
judged from the fact that no residue of the
strongly colored phycoerythrin was observed
after completion of a parallel experiment done in
a transparent glass tube.

The above buffer system is designed for acidic
peptides and proteins and other ampholytes. For
basic ampholytes we have used the following
buffers.

I. The concentration step (isoelectric focus-
ing): 0.05 M N-hydroxyethyl-piperazine propane
sulfonic acid (EPPS), pH 7.5, in the left elec-
trode vessel (anolyte) and in the capillary; 0.25
M EPPS, pH 11.0, in the right electrode vessel.
EPPS was titrated to the desired pH with sodium
hydroxide.

I1. The mobilization (displacement) step: 0.05
M EPPS, pH 7.5, in the left electrode vessel
(now catholyte) and in the capillary; 0.1 M Bis—
Tris (titrated to pH 2.0 with HCI) in the right
electrode vessel.

II1. The free zone electrophoresis step: 0.05 M
EPPS, pH 7.5, in both electrode vessels and
in the capillary (the polarity the same as in step
IT).

3.2. Concentration of proteins by electrophoresis
toward a small-pore polyacrylamide gel (step 1,
alternative b in ref. 1) and mobilization by
displacement electrophoresis (step 11, alternative
a in ref. 1) followed by zone electrophoresis
(step 111, alternative b in ref. 1).

The gel is prepared in a glass tube with an
inside diameter of about 1 mm. The pores of the
gel must be so small that the solutes cannot
penetrate the gel. In our studies we have used
crosslinked polyacrylamide gels with the total
concentration T >20% (v/w) and the cross-
linking concentration C =3% (w/w); the param-
eters C and T are defined in ref. 4. Observe that
the pores of a polyacrylamide gel decrease when
T increases if C <3% and that these C values
give transparent gels, independently of the T
values. For C values >5% the pore size in-
creases when C increases and the gels become
white and non-transparent [5]. A short plug of
the gel is introduced into one end of the fused-
silica tubing (filled with sample solution) by
pressing the tubing into the gel in the glass tube.
The tubing should be drawn up slowly to avoid
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detachment of the gel plug from the tubing wall.
Upon electrophoresis the analytes cease to mi-
grate for steric reasons when they come into
contact with the gel plug (see Fig. 1b in ref. 1).

The capillary [140 (125) X 0.05 mm 1.D.] was
filled with a solution of the same proteins as
were used in the experiment presented in Fig. 1.
They were dissolved in the same buffer (0.01 M
Tris—HCI, pH 8.5) at the same concentrations
(20 pg/ml). This buffer was also employed as
catholyte in step I (the concentration) and step
III (the free zone electrophoresis). The catholyte
in step II (the terminating solution in the dis-
placement electrophoresis) was 0.03 M
diaminopimelic acid, titrated to pH 9.2 with Tris
[6]. The experiment is outlined in Fig. 2b in ref.
1.

With a polyacrylamide gel of the composition
T=60% (v/w) and C =3% (w/w) at the anodic
end of the capillary the concentration of the
proteins toward the gel plug was completed in 10
min at 2000 V (anolyte: 0.01 M Tris—HCI, pH
8.5). The mobilization by displacement electro-
phoresis of the very narrow, concentrated pro-
tein zone took place at 2000 V for 1.5 min
following reversal of the polarity of the elec-
trodes (see Fig. 2b, step II, in ref. 1). This

TN
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displacement electrophoresis step was introduced
to avoid a broad starting zone in the subsequent
zone electrophoresis, which was performed at
3000 V after replacing the diaminopimelic acid—
Tris buffer in the cathode vessel by 0.01 M
Tris—HCI, pH 8.5 (Fig. 2b).

The experiment was repeated, with the differ-
ence that the analysis was performed without
concentration of the sample. The width of the
starting zone was 3—4 mm. The 0.01 M Tris—HCl
buffer (pH 8.5) was used both in the capillary
and in the anode and cathode vessels. The
striking difference between the electrophero-
gram obtained (Fig. 2a) and that in Fig. 2b
shows the importance of having access to a
method for in-tube concentration of dilute pro-
tein solutions. For a discussion of the degree of
concentration obtained, see 3.1.

An analysis similar to that in Fig. 2b was
performed with a urine sample from a diabetic
patient. The essential differences in the ex-
perimental conditions were that (1) the gel plug
had the composition T=40% (w/v), C=3%
(w/w), (2) the capillary was 130 (120) mm long
and made of glass, and the terminator was a 0.03
M glycine—-NaOH solution, pH 10. The urine
was diluted 10-fold with 0.01 M Tris—HCl, pH

b CA~

Ova

——

-0 4 8 12 Min

0 4 8 12 Min

Fig. 2. High-performance capillary zone electrophoresis of model proteins. (a) Prior to concentration (concentration of each
protein: 20 pg/ml), (b) following concentration toward a small-pore polyacrylamide gel and a short mobilization by displacement
electrophoresis. The width of the applied sample zone was in (a) 3-4 mm and in (b) 140 mm (= the length of the capillary).

Following concentration the zone width in (b) was about 0.2 mm.
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8.0, before it was sucked into the capillary. The
concentration required 15 min at about 1200 V,
the mobilization 50 s at about 3000 V with 0.03
M glycine NaOH, pH 10, as terminator and the
zone electrophoresis in 0.01 M Tris—HCl, pH
8.5, 25 min at 3000 V. The detection was done at
280 nm, where proteins have an absorption
maximum, albeit with an absorption coefficient
much smaller than that at 220 nm. In spite of
this, the protein zones were easily detected (Fig.
3). No peaks were recorded with the non-con-
centrated 10-fold diluted urine sample.

3.3. Concentration of proteins and peptides by a
combination of displacement electrophoresis and
a hydrodynamic counterflow (step I, alternative
e in ref. 1) followed by zone electrophoresis
(step 111, alternative c in ref. 1).

The concentration method is outlined in Fig.
2e in ref. 1.

As leading buffer (anolyte) we chose 0.015 M
HCI, titrated to pH 8.5 with Tris, and as ter-
minator (catholyte) 0.1 M glycine titrated to pH
8.5 with NaOH. The electrophoresis tube [155
(145) x 0.05 mm 1.D.] was filled with the sample
solution (about 20 pg/ml of each of the proteins
phycoerythrin (Pe), human serum albumin

—

0 5 10 15 20 Min

Fig. 3. High-performance capillary zone electrophoresis of
urine following concentration toward a small-pore poly-
acrylamide gel and a short mobilization by displacement
electrophoresis. The experimental conditions were similar,
but not identical, to those used in the experiment presented
in Fig. 2b. For details, see text.

(Alb), human transferrin (Tf), human hemoglo-
bin (Hb) and carbonic anhydrase (CA)) dis-
solved in the leading buffer. The liquid level in
the anode vessel was 2 cm higher than that in the
cathode vessel. The buffer flow thus created in
the capillary gave a virtually stationary boundary
between the leading chloride ions and the ter-
minating glycine ions 1-2 cm from the cathodic
end of the capillary at a voltage of 500 V. The
proteins gathered between these ion species in a
very narrow zone. Following a 15-min concen-
tration, the glycine—NaOH solution was replaced
by the HCI-Tris buffer, and a zone electro-
phoretic analysis was performed at 3000 V for 18
min with no difference in the liquid levels (see
Fig. 4b). The experiment was then repeated with
the difference that not only the capillary was
filled with the sample solution but also the anode
vessel and that the duration of the concentration
step was 22 min (Fig. 4c). A blank experiment
was also performed (Fig. 4a), i.e., a zone elec-
trophoresis in the HCI-Tris buffer with a 5 mm
wide starting zone (without concentration). A
comparison between Fig. 4b and Fig. 4c shows
that a continuous concentration with the sample
solution in the anode vessel (in addition to the
capillary) is the method of choice for very dilute
samples.

The following two experiments illustrate that
precautions should be taken in order to avoid
some loss of the most rapidly and most slowly
migrating proteins during the concentration pro-
cedure.

A commercial HPCE apparatus, BioFocus
3000, from Bio-Rad (Hercules, CA, USA) was
employed in these experiments. Eppendorf 0.7-
ml plastic vials served as electrode vessels. The
leading buffer was the same as that used in the
experiment presented in Fig. 4. The anode vessel
contained 600 wul of this buffer. A 200-u1 volume
of 0.01 M glycine, titrated with NaOH to pH 9.0,
was employed as terminator (catholyte). The
resulting difference in buffer levels (1-2 cm)
provided the counterflow required to give a
stationary boundary between the leading chlo-
ride ions and the terminating glycinate ions in
the concentration step. About 1.5 ug of each of
the proteins B-lactoglobulin A (B8), «-lactal-
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Fig. 4. High-performance capillary zone electrophoresis of
model proteins. (a) Prior to concentration (concentration of
each protein: 20 pg/ml). The width of the applied sample
zone was 5 mm. (b) Following concentration by a combina-
tion of displacement electrophoresis and a hydrodynamic
counterflow. The whole capillary was filled with the sample
solution. (c) =(b) with the difference that not only the
capillary was filled with sample solution but also the anode
vessel.

bumin («), and hemoglobin A (Hb A) was
dissolved in the terminator diluted 5-fold with
water. The capillary [250 (203) X 0.1 mm L.D.
mm] was filled with this sample solution. The
concentration took place at 3000 V for 12 min
(see Figs. le and 2e in ref. 1). The distance from
the cathodic end of the capillary to the stationary
boundary was 1-2 cm. Prior to the final zone
electrophoresis step the inlet carousel moved to
a position where the vial contained 600 ul of
0.015 M HCI, titrated with Tris to pH 8.5.
Without counterflow, the zone electrophoresis

was conducted at 8000 V for 9 min. The tem-
perature of the carousel was 15°C and that of the
coolant 20°C. All operations were performed
automatically and gave the electropherogram in
Fig. 5a upon detection at 220 nm. Part of the
slowly migrating proteins moved out of the
capillary when the sample was dissolved in the
non-diluted terminator, resulting in a reduced
peak of hemoglobin A (not shown herein).

The run shown in Fig. 5b was performed as
that presented in Fig. 5a, although the ex-
perimental conditions were as follows. Dimen-
sions of the coated capillary: 260 (213) x 0.1 mm
L.D.; leading buffer: 0.015 M HCI, titrated to pH
8.8 with Tris; terminating buffer: 0.1 M alanine,
titrated to pH 8.8 with Tris. The sample (1.5
mg/ml of each protein) was dissolved in the
leading buffer. Buffer level difference: 19 mm.
Concentration step: 2000 V, 20 min; zone elec-
trophoresis step: 10000 V, 17 min. Detection
wavelength: 220 nm. Temperature of the
carousel: 15°C; temperature of the coolant:
20°C. Observe that the first two peaks are
smaller than in Fig. 5a because the sample was
dissolved in the leading, rather than the ter-
minating buffer. This loss of protein can be
avoided by diluting the leading buffer in the
capillary (but not that in the anodic vessel) 10-
fold.

The above automated experiment was re-
peated, although with basic proteins (cytochrome
¢ (Cyt C), ribonuclease A (Rib A) and a-chymo-
trypsinogen A (a-chy)) which required other
experimental conditions. Each of the proteins
was dissolved in 700 ul of the leading solution
(0.02 M ammonium acetate, titrated to pH 4.5
with acetic acid) to a concentration as low as 50
ng/ml. The main purpose of this experiment was
to demonstrate that the concentration technique
permits detection of proteins even -at this very
low concentration. The capillary [260 (213) x 0.1
mm [.D.] was filled with this sample solution. A
0.01 M solution of acetic acid (100 ul) was
chosen as terminator (anolyte). The buffer level
in the cathode vessel was 2 cm higher than that
in the anode vessel. Following concentration at
2000 V for 20 min with the stationary boundary
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Fig. 5. Automated high-performance capillary zone electro-
phoresis of model proteins following concentration by a
combination of displacement electrophoresis and a hydro-

dynamic counter flow. (a, b) acidic proteins, (c) basic pro-
teins.

about 1-2 c¢cm from the anodic end of the
capillary the acetic acid in the anode vessel was
replaced by the ammonium acetate solution. The
subsequent zone electrophoresis at 10 000 V gave
the electropherogram shown in Fig. 5c. The
monitoring was done at 220 nm at a sensitivity of
0.002 AUFS to get relatively large peaks in spite
of the extremely low concentrations of the pro-
teins in the applied sample. Variations in the
composition of the buffer and in its concen-
tration in different sections of the capillary are
detectable at this high sensitivity and account for
the stepped form of the base line. In experiments
where the protein concentration was lower than
50 ng/ml the adsorption of the proteins to the
sample vial was significant. Several approaches
to decrease this adsorption are mentioned in
Discussion.

A tryptic digest of bovine albumin was concen-
trated in-tube and subjected to electrophoretic
analysis essentially as described for the experi-
ment presented in Fig. 4b. The electrophero-
gram in Fig. 6 shows that the concentration
method is applicable also in the concentration of
peptides, i.e. substances of relatively low molec-
ular weight.

AU

0.04 4

0.02 1

e 8

0 T — T

] 10 20 Min

Fig. 6. Automated high-performance capillary electropho-
resis of trypsin-digested bovine albumin following concen-
tration by a combination of displacement electrophoresis and
a hydrodynamic counterflow.
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3.4. Concentration of proteins by electrophoresis
toward a piece of dialysis tubing (= gradient in
cross sectional area) (step I, alternative c in ref.
1) followed by zone electrophoresis (see Fig. 2¢
in ref. 1).

The fused-silica tubing [150 (135) X 0.1 mm
[.D.] was coated with polyacrylamide to suppress
adsorption of solutes and electroendosmosis [2].

The dialysis tubing was prepared as follows. A
single hair with a diameter only slightly smaller
than that of the inside diameter of the fused-
silica tubing was inserted into the tubing, which
was then placed in the mold shown in Fig. 7. The
groove G was filled with a deaerated aqueous
solution of acrylamide (276 mg/ml), N,N’'-
methylenebisacrylamide (24 mg/ml) and ammo-
nium persulfate (2 mg/ml). Accordingly, the

.......................

I e e e / 2.

'<—10mm—->| D

Fig. 7. Preparation of dialysis tubing (D) attached to the
capillary (C). G, groove; H, single hair; P, guide pins.

total concentration of the monomer (T) was
30% (w/v) and the crosslinking concentration
(C) was 8% (w/w). Upon heating at 60°C a gel
formed which was transparent and had very
small pores. The single hair was then cautiously
removed.

The silica tubing was filled with 0.1 M Tris—
HCI, pH 8.5 containing the sample (15 wg/ml of
each of the proteins B-lactoglobulin A, B-lacto-
globulin B and a-lactalbumin). The cathode
vessel (at the left) was filled with the same buffer
and the anode vessel with 0.01 M Tris—-HCl, pH
8.5, i.e., a buffer of low conductivity to create a
sharp starting zone for the subsequent electro-
phoretic analysis. Upon electrophoresis for 16
min at 2000 V all proteins became concentrated
into a sharp band in the dialysis tubing (see Fig.
lc in ref. 1). The concentrated zone was moved
into the capillary by a hydrodynamic flow to a
position 3 mm from the end of the capillary (cf.
Fig. 2¢c, step II in ref. 1). A free zone electro-
phoresis was then performed at 3000 V (cf. Fig.
2¢, step III in ref. 1) following exchange of the
0.01 M Tris buffer in the cathode vessel with the
0.1 M buffer to avoid the pH and concentration
changes which may occur in dilute buffers by
electrolysis (Fig. 8b). This step can be omitted
when the volume of the cathode vessel is rela-
tively large, particularly when only a few analy-

o
Bg
6 5 » 10 Min
b

Fig. 8. Automated high-performance capillary zone electro-
phoresis of model proteins following concentration by elec-
trophoresis toward a dialysis tubing.
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Fig. 9. A plot of peak area against sample concentration.
Data from experiments similar to that presented in Fig. 5c.

ses are performed. The monitoring was done at
220 nm. A blank experiment was also performed
(Fig. 8a), i.e. a zone electrophoresis without
concentration of the sample.

3.5. The influence of sample concentration on
peak area

The areas of the three main peaks in the
electropherogram shown in Fig. 5c and similar
electropherograms for other sample concentra-
tions were used for the plot in Fig. 9. Obviously,
a linear relationship between peak area and
protein concentration was obtained over the
whole concentration area 5 ng/ml~1 mg/ml.

4. Discussion

To better understand the design of the experi-
ments described herein consult the theoretical
treatment in ref. 1. Readers who do not study
the theory in detail may find it difficult to tailor-
make buffers for their own experiments. There-
fore we have compiled in Table 1 several buffer
systems from which one can easily select the
appropriate one for any particular protein sam-
ple.

In this investigation we have generated a
hydrodynamic counter flow in the capillary with
the aid of different buffer levels in the two
electrode vessels, although also other tech-
niques, including the electroendosmotic pump
[6], can be used to create a small pressure
difference. Colored proteins and transparent
glass tubes were used to establish experimentally

the correct combination of flow rate and voltage
to obtain a stationary boundary. Although one
can, with the aid of an optical sensor, auto-
matically and continuously adjust one of these
parameters to a value that will keep the bound-
ary stationary, we must point out that a moder-
ate change in the flow rate affects the position of
the boundary very little [1].

When the sample is dissolved in the leading
buffer for concentration by displacement electro-
phoresis and a counterflow there is a risk that
some part of the fastest migrating protein may
migrate out of the capillary (Fig. 5b). To avoid
this the concentration of the leading buffer in the
electrode vessel should be higher than in the
sample solution (see Table 1) or the sample
should be dissolved in the terminator (Fig. 5a).
Analogously, some part of the slowest protein
can be lost when the sample is dissolved in the
terminator. The loss can be eliminated if the
terminator in the electrode vessel has a lower
concentration than has the terminator in the
sample solution.

As mentioned in ref. 1, high salt concentra-
tions in the sample may eliminate the possibility
to concentrate a sample by displacement electro-
phoresis. Different approaches to circumvent the
problem were discussed therein.

The fact that the measuring points in the plot
in Fig. 9 do fall on a straight line and are
not scattered around it indicate that the
concentration method described is highly re-
producible.

Most solutes adsorb to some extent to most
surfaces they come in contact with. This surface
adsorption is very disturbing when the solute
concentrations are extremely low, particularly
when the sample consists of proteins with their
tendency for multi-point attachment. It may very
well happen that all of the sample molecules
become adsorbed to pipette tips, the vial, the
capillary, etc. and thereby escape detection. This
surface adsorption combined with contamination
from the surrounding milieu might be a greater
hindrance to analysis of minute quantities of
material than is the performance of the detec-
tors. We have found that glass vials coated with
methyl cellulose [7] exhibit less adsorption than
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Table 1
Appropriate buffers for different concentration methods

Concentration Buffer  I. Concentration II. Mobilization HI. Free Zone Electrophoresis
method system
Steep pH gradient 1(P7) (+) 0.5M Tris-HCl (pH 2.5) (+): 0.01 M Tris-HCl (pH 8.5) (+): 0.01 M Tris—HCI (pH 8.5)

(see Fig. 2ainref. 1) (S): 0.01 M Tris—-HC! (pH 8.5)

(=): 0.01 M Tris-HCI (pH 8.5)
2(P*) (+): 0.05 M EPPS-NaOH (pH 7.5)

(S): 0.05 M EPPS-NaOH (pH 7.5)
(—): 0.25 M EPPS-NaOH (pH 11.0)

Small-pore gel (P7)
(T>20%, C=3%)
(see Fig. 2binref. 1)

(+): 0.01 M Tris-HCI (pH 8.5)
or 0.03 M DAPA-~Tris (pH 9.2)

(8): 0.01 M Tris-HCl (pH 8.5)

(—): 0.01 M Tris—HCI (pH 8.5)

Dialysis tubing P
(gradient in q)
(see Fig. 2cin ref. 1)

(+): 0.01 M Tris-HCl (pH 8.5)
(S): 0.1 M Tris-HCl (pH 8.5)
(=): 0.1 M Tris-HCI (pH 8.5)

Displacement 1(P7) (+):0.015M HCl-Tris (pH 8.5)
electrophoresis + (8): 0.015 M HCI-Tris (pH 8.5)
hydrodynamic or 0.0015 M HCi-Tris (pH 8.5)
counterflow or 0.002 M glycine-NaOH (pH 8.5)

(see Fig. 2e inref. 1) (—): 0.01 M glycine-NaOH (pH 8.5)

2(P7) (+): 0.015 M HCl-Tris (pH 8.8)
(S): 0.015 M HCI-Tris (pH 8.8)
(—): 0.01 M alanine-Tris (pH 8.8)

3(P*)  (+): 0.01 M HAc
(S): 0.02 M NH,Ac-HAc (pH 4.5)
(=): 0.02 M NH,Ac-HAc (pH 4.5)

(+): 0.01 M Tris-HCI (pH 8.5)
(—): 0.03 M DAPA-Tris (pH 9.2)
or 0.01 M glycine-NaOH (pH 10.0)

(—): 0.01 M glycine-NaOH (pH 10.0) (-): 0.01 M Tris-HCI (pH 8.5)
or 0.1 M NaOH

(+): 0.1 M Bis-Tris-HCl (pH 2.0) or  ( +): 0.05 M EPPS-NaOH (pH 7.5)
1 M HCl
(=): 0.05 EPPS-NaOH (pH 7.5)

(~): 0.05 M EPPS-NaOH (pH 7.5)

(+): 0.01 M Tris-HCI (pH 8.5)
(-): 0.01 M Tris-HCl (pH 8.5)

(+): 0.1 M Tris-HC! (pH 8.5)
(=): 0.1 M Tris-HC! (pH 8.5)

(+): 0.015 M HCI-Tris (pH 8.5)

(—): 0.015 M HCl-Tris (pH 8.5)

(+): 0.015 M HCI-Tris (pH 8.8)

(-): 0.015 M HCl-Tris (pH 8.8)

(+): 0.02 NH,Ac-HAc (pH 4.5)
(~): 0.02 NH,Ac-HAc (pH 4.5)

(+), (S) and (—) refer to anolyte, sample buffer and catholyte, respectively. P~ and P* stand for buffer systems designed for acidic and basic solutes,
respectively. EPPS = N-2-hydroxyethylpiperazine propane sulfonic acid. DAPA = diaminopimelic acid. The molarity of the buffers refers to the first mentioned

constituent.

do plastic vials. Another alternative is to pretreat
all contact surfaces with an aliquot of the sample
prior to the analysis which, however, requires
access to relatively large amounts of the sample.
A variant of this coating method is to saturate all
surfaces with solutes having a structure similar to
that of the sample molecules and which are
available in larger quantities.
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Abstract

Enantiomeric separation of the structural analogues diniconazole and unico

micellar electrokinetic chromatography was studied. The effects of the type
ters on the resolution of the enantiomers were clarified and the addition of an organic modifier to

ted to improve significantly the enantiomeric separation of both compounds.

operating parame
the separation solution was demonstra

nazole by cyclodextrin (CD)-modified
of CDs, CD concentration and other

Enantiomeric separation of uniconazole was, in fact, achieved only with the addition of organic modifiers.

1. Introduction

Diniconazole and uniconazole (Fig. 1), which
are vinyl triazoles, have fungicidal and plant
growth-regulating activities. They each have an
asymmetric carbon, and their enantiomers are
known to differ significantly in their biological
properties. In both instances, the R-enantiomer
demonstrates stronger fungicidal activity than
the S-enantiomer, whereas the S-enantiomer is

Cl< : ;Cl H oH Cl. : H OH
H T N\ H o N\

N N

W J

Uniconazole

N

Diniconazole

Fig. 1. Structures of diniconazole and uniconazole.
* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00257-A

more active than the R-enantiomer with regard
to plant growth-regulating activity. In addition,
uniconazole has a higher plant growth-regulating
activity than diniconazole but is less active as a
fungicide. Consequently, diniconazole-M, con-
taining a high proportion of the R-enantiomer,
and uniconazole-P, containing a high proportion
of the S-enantiomer, have been developed as a
high-activity fungicide and an effective plant
growth regulator, respectively [1,2]. Reliable and
efficient methods for separating the enantiomers
are therefore necessary and we reported previ-
ously a reversed-phase liquid chromatographic
approach using cyclodextrin (CD)-bonded col-
umns and discussed the possible mechanisms of
chiral recognition [3,4].

Micellar electrokinetic chromatography
(MEKC) is a high-resolution separation method
[5-7] that is somewhat similar to reversed-phase
chromatography. Solutes are separated due to
differences in their hydrophobic interaction with

© 1994 Elsevier Science B.V. All rights reserved
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the stationary phase bonded to the surfaces of
packing materials. Separation in MEKC results
from the distribution of solutes between mi-
celles, which act as a pseudo-stationary phase,
and the aqueous phase in the presence of elec-
troosmotic flow [8-10]. For enantiomeric sepa-
ration in MEKC, CDs have been successfully
used as chiral additives [11,12], as well as for
HPLC.

We also found that the enantiomers of di-
niconazole and uniconazole can be separated by
CD-modified MEKC (CD-MEKC) and, further,
that organic modifiers offer an effective ap-
proach to improving the resolution.

2. Experimental
2.1. Apparatus

The MEKC experiments were performed with
a P/ACE 2100 capillary electrophoresis system
(Beckman, Palo Alto, CA, USA). The capillary
cartridge (Beckman) contained a 75-um L.D.
capillary with a total length of 57 cm and 50 cm
to the detector.

2.2. Chemicals

Diniconazole-M  (S:R=16:84) and uni-
conazole-P (S:R=79:21) were synthesized by
Sumitomo Chemical (Osaka, Japan) and used in
all experiments as diniconazole and uniconazole,
respectively. The a- and 8-CDs were purchased
from Kanto (Tokyo, Japan), y-CD from Wako
(Osaka, Japan), heptakis (2,6-di-O-methyl)-B-
CD (DM-B-CD) from Aldrich (Milwaukee, WI,
USA) and heptakis (2,3,6- tri-O-methyl)- 8- CD
from Sigma (St. Louis, MO, USA). Sudan IV,
organic solvents and other reagents were of
analytical-reagent grade from Kanto or Wako.
Water was processed through an RO/
NANOpurell system (Barnstead, Dubugque, 1A,
USA).

2.3. Procedures

Standard operating conditions, unless stated
otherwise in the text or figure legends, were as

follows: applied voltage, 15 kV; temperature,
25°C; detection, UV at 254 nm; and sample
introduction, 1-s pressure. The separation solu-
tion was 100 mM sodium dodecyl sulphate
(SDS) and 2 M urea in 100 mM borate buffer
(pH 9.0) containing 50 mM y-CD. Organic
modifiers were added to the separation solution,
where appropriate. Sample solutions (0.2 mg/
ml) were prepared by dissolving each compound
in methanol followed by mixing with the sepa-
ration solution (Sudan IV was added to the
aqueous solution in order to measure the migra-
tion time of the micelle, where appropriate) in
the ratio of 1:4.

3. Results and discussion
3.1. Chiral recognition of CDs

The effect of the type of CDs on the chiral
recognition of diniconazole and uniconazole was
investigated by using a-, 8-, y-, DM-B8- and
TM-B-CDs as chiral additives.

Chiral recognition was dependent on the type
of CDs, that is, the cavity diameter and lipo-
philic nature of the external portion of the CD
molecule. The enantiomers of diniconazole were
separated when y-CD or DM-8-CD were used
and the S-enantiomer eluted first in both in-
stances. Because y-CD is not solubilized by the
micelle and migrates with the same velocity as
the electroosmotic flow, the stable inclusion
complex formation of the solute with the CD
provides a faster migration under experimental
conditions where the electroosmotic flow is
stronger than the electrophoretic mobility of the
micelle [12]. This is also the case for DM-8-CD,
although this latter may be somewhat solubilized
by the micelle. The findings indicate that the
S-enantiomer forms a more stable inclusion
complex than the R-enantiomer with y-CD or
DM-B8-CD. With uniconazole, separation
occurred only with y-CD and the R-enantiomer
was followed by the S-enantiomer (see Table 1).
With HPLC using CD-bonded columns (a-, B-
and y-types were used), the enantiomers of
diniconazole were separated completely on the
B-CD column (retention order R, §) and partly
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Enantiomeric separation of uniconazole and diniconazole with CDs.
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CD Uniconazole Diniconazole

t, ¢ (min) ts® (min) R, t; (min) t, (min) R,
a 61.72 61.72 0.00 68.45 68.45 0.00
B 43.84 43.84 0.00 54.11 54.11 0.00
y 30.47 30.70 0.63 38.49 39.33 1.91
DM-gB 23.79 23.79 0.00 27.14 27.59 2.21
TM-B 21.00 21.00 0.00 22.42 22.42 0.00

Separation solution, 100 mM SDS and 2 M urea in 100 mM borate buffer (pH 9.0) containing 50 mM CD-acetonitrile (95:5,

viv).
“ tz = Migration time of the R-enantiomer.
? t, = Migration time of the S-enantiomer.

separated on the y-CD column (retention order
S, R), and those of uniconazole were partly
separated on the y-CD column (retention order
S, R) as reported in previous papers [3,4]. The
observed differences in enantioselectivity be-
tween the two methods could be explained by
the presence of an SDS monomer, which can be
included in the CD and can influence inclusion
complex formation in MEKC [12]. An inves-
tigation to clarify these differences is in progress.

v-CD was used in all subsequent experiments
as it was the only form with which all enantio-
mers were separated.

3.2. Effect of CD concentration

The effects of y-CD concentration on reten-
tion and resolution were examined by varying
the concentration in steps from 20 to 70 mM.
Organic modifiers were not added in this experi-
ment. Fig. 2 shows plots of the capacity factor
for the R-enantiomers, calculated according to
the equation derived by Terabe et al. [5], the
separation factor and the resolution, against the
CD concentrations for diniconazole. The capaci-
ty factor decreased with increase in the CD
concentration, because a more stable inclusion
complex of the solute with the CD is formed at
higher CD concentration and it therefore mi-
grates faster, as described in the above section.
The separation factor and resolution increased
with increase in the CD concentration up to 50
or 60 mM. The peaks obtained with 60 and 70

mM CD were not symmetrical and 50 mM CD
was the optimum concentration for the enantio-
meric separation of diniconazole. Enantiomeric
separation of uniconazole was not achieved at
any concentration.

3.3. Effects of other operating parameters

The effects of operating parameters, other
than the CD concentration described above, on
retention and resolution were investigated to
establish the optimum conditions without organic
modifiers. The parameters investigated were

K a R
R .3 2.0
80 -

1.2
L1.0
40 1 e |
01 L1.0L0
T T T T
20 40 60

y -CD concentration (mM)

Fig. 2. Effect of y-CD concentration in the separation
solution on the (O) capacity factor, &} (capacity factor of the
R-enantiomers), (A) the separation factor, a, and () the
resolution, R,. Separation solution, 100 mM SDS and 2 M
urea in 100 mM borate buffer (pH 9.0) containing y-CD; for
other analytical conditions, see the text.
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concentration of SDS, urea or borate buffer in
the separation solution, pH, temperature and
applied voltage.

Data on the capacity factor, separation factor
and resolution for diniconazole are summarized
in Table 2. None of the parameters significantly
influenced the chiral recognition at a constant
CD concentration, as shown by the fact that the
separation factors hardly changed. The resolu-
tions obtained under the same operating con-
ditions, that is, 100 mM SDS, 2 M urea, 100 mM
borate buffer, pH 9.0, 15 kV at 25°C, decreased
gradually with time (from 1.71 to 1.42). This is
probably due to change in the capillary surface
condition caused by, e.g., corrosion by alkaline
solution, because it is accompanied by a decrease
in the migration time of methanol, which shows
electroosmotic flow. A different capillary was

Table 2

used when the effect of the applied voltage was
studied and less resolution was obtained. These
phenomena represent problems which require
further investigation to improve reproducibility.
As optimum conditions, 100 mM SDS, 2 M
urea, 100 mM borate buffer and pH 9.0 were
chosen because these gave the best resolution.
With regard to temperature and voltage, 25°C
and 15 kV were used in further experiments
because of the appropriate analysis time and
ease of control, although they did not provide
the best resolution. Uniconazole could not be
optically resolved under any of the conditions.

3.4. Effects of organic modifiers

It has been reported that adding an organic
solvent to the separation solution is effective for

Effects of operating parameters on the enantiomeric separation of diniconazole

Separation solution”® Applied Temperature k.t @ R,
voltage )

SDS Urea Buffer pH (kV)

(mM) M) (mM)

70 2 100 9.0 15 25 4.7 1.08 1.40
100 2 100 9.0 15 25 20.1 1.12 1.70
100 0 100 9.0 15 25 32.0 1.14 1.29
100 2 100 9.0 15 25 20.9 1.12 1.71
100 4 100 9.0 15 25 17.0 1.09 1.70
100 2 50 9.0 15 25 25.1 1.11 1.08
100 2 100 9.0 15 25 20.8 1.11 1.49
100 2 100 8.0 15 25 24.0 1.11 1.25
100 2 100 8.5 15 25 24.4 1.11 1.20
100 2 100 9.0 15 25 20.8 1.11 1.49
100 2 100 9.0 15 22 21.7 1.12 1.60
100 2 100 9.0 15 25 20.9 1.11 1.42
100 2 100 9.0 15 30 19.1 1.10 1.20
100 2 100 9.0 10 25 24.2 1.12 1.13¢
100 2 100 9.0 15 25 22.7 1.11 1.00°
100 2 100 9.0 20 25 21.5 1.10 0.95°

“ Concentration of y-CD was 50 mM.
® k! = Capacity factor of the R-enantiomer.
© A different capillary was used in these three experiments.
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improving the enantioselectivity for some com-
pounds in MEKC [13-15]. The effects of addi-
tion of organic solvents on the enantiomeric
separation were therefore investigated under the
optimum conditions determined as described
above. The organic solvents added were acetoni-
trile, methanol, ethanol, 1-propanol, 2-propanol,
1-butanol, 2-butanol, 2-methyl-1-propanol and 2-
methyl-2-propanol. The concentrations of each
organic modifier tested were 2% and 5%, if
miscible.

Table 3 shows the resulting data for migration
times and resolutions of the enantiomers of
diniconazole and uniconazole. The migration
times are given instead of capacity factor values,
which may be unreliable when an organic solvent
is present because the marker for the micelle,
Sudan IV, can distribute between the micelle and

the aqueous phase containing the organic solvent
[9]. Organic modifiers effectively improved the
resolution of both compounds, and in fact the
enantiomers of uniconazole were only resolved
with separation solutions containing an organic
modifier. The higher the content of the organic
modifier, the better was the resolution, except
with 2-butanol and 2-methyl-2-propanol for di-
niconazole. Hence there might be an optimum
content of organic modifiers for each compound.

The organic modifier added to the separation
solution not only increases the hydrophobicity of
the solution and influences the distribution of the
solute among the micelle, the aqueous phase and
the CD, but can also compete with the solute in
forming an inclusion complex with the CD. This
indicates that the enantioselectivity by CD would
decrease when bulkier and more hydrophobic

Table 3

Effects of organic modifiers on the enantiomeric separation of uniconazole and diniconazole

Organic Content Uniconazole Diniconazole

modifier (%)

tR ‘ tS ’ Rs tS tR Rs
(min) (min) (min) (min)

None 27.35 27.35 0.00 31.17 31.56 1.24

Acetonitrile 2 27.60 27.60 0.00 32.22 32.69 1.54
5 30.47 30.70 0.63 38.49 39.33 1.91

Methanol 2 29.23 29.23 0.00 34.50 35.08 1.42
5 32.54 32.54 0.00 40.06 40.97 1.97

Ethanol 2 31.16 31.16 0.00 36.82 37.47 2.08
5 34.58 34.87 0.75 43.77 44.73 2.25

1-Propanol 2 29.42 29.51 € 35.06 35.78 2.53
5 31.99 32.47 1.40 41.70 42.96 3.10

2-Propanol 2 29.98 30.07 ¢ 35.61 36.28 2.34
5 32.33 32.78 1.38 41.63 42.68 2.64

1-Butanol 2 26.88 27.22 1.22 32.81 33.62 3.00

2-Butanol 2 28.21 28.43 0.73 33.91 34.69 2.62
5 27.67 28.23 2.16 36.01 37.07 2.09

2-Methyl-1-propanol 2 28.62 29.03 1.32 35.50 36.57 3.59

2-Methyl-2-propanol 2 28.33 28.53 0.69 33.82 34.51 2.52
5 29.28 29.99 2.52 38.61 39.62 2.13

“ t, = Migration time of the R-enantiomer.
® t, = Migration time of the S-enantiomer.
¢ First peak eluted as a shoulder.
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Diniconazole-M

Uniconazole-P
S R
R h s
30 4  (min)

Fig. 3. Enantiomeric separation of diniconazole-M and uni-
conazole-P. Separation solution, 100 mM SDS and 2 M urea
in 100 mM borate buffer (pH 9.0) containing 50 mM -
- CD-2-methyl-2-propanol (95:5, v/v); for other analytical
conditions, see the text.

organic modifiers are used, because their mole-
cules would be expected to form stable inclusion
complexes. However, bulkier and more hydro-
phobic modifiers in the present experiments gave
a better resolution. From this, we can hypo-
thesize that the modifier molecule might be
included together with the solute in the CD
cavity and play a positive role in filling the space.
It has been reported that tight fitting of a
molecule to be complexed to a CD cavity is one
of the important factors for chiral recognition by
CD [16]. A typical chromatogram of uniconazole
and diniconazole is shown in Fig. 3.

4. Conclusions

The pairs of enantiomers of both diniconazole
and uniconazole can be successfully separated by
CD-MEKC. Chiral recognition is dependent on
the type of CDs and the CD concentration is the

most important operating parameter determining
the capacity factor and the enantiomeric sepa-
ration. Addition of an organic modifier to the
separation solution can significantly improve the
enantiomeric separation, as shown for both com-

-pounds, even in cases where no resolution is

observed in their absence.
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Abstract

Capillary electrophoresis in fused-silica capillaries of 10 um I.D. coupled to an anion-selective microelectrode as
on-column detector allows inorganic and organic anions, especially lipophilic ones, to be separated with high
resolution and sensitivity of detection. For perchlorate, plate numbers of up to 10”/h and a detection limit of
5-10"% M have been achieved. After delogarithmizing the response function of the microelectrode, quantitative

results are obtained as described previously.

1. Introduction

Capillary electrophoresis (CE) has two major
advantages as compared with conventional ion
chromatography. On the one hand, there are
almost no limits to the miniaturization of electro-
phoretic separation systems [1], allowing the
injection of sample volumes down to the 100-fl
range [2]. On the other hand, CE methods yield
a flat elution profile providing much higher
separation efficiency. To fully take advantage of
these two facts, the detector must meet the
following requirements: the detection must take
place on-column since the elution profile outside
the electric field changes to a parabola (as in
conventional ion chromatography), which causes
a drastic drop in the maximum resolution to be
reached [3]. Furthermore, the detection device
must be so sensitive as to respond to even a few

* Corresponding author.

0021-9673/94/%07.00
SSDI 0021-9673(94)00340-F

ions only. For a CE analysis performed on an
analyte solution of 10~'° M with a total run time
of 200 s in a capillary of 50 cm X 10 wm L.D., the
detector must respond to 20 zmol (ca. 10 000
ions)/s. Up to now, on-column detection of such
low quantities was only possible with fluores-
cence spectroscopy. As an example, the detec-
tion of rhodamine 6G with axial-beam laser-
excited fluorescence in a capillary of 75 um 1.D.
has been reported with a limit of detection
(LOD) in the 107" M region [4]. However, the
sample, apparently prepared with distilled water,
was injected electrokinetically which entails an
enormous on-column analyte concentration [5]
and makes it difficult to compare the result with
others. Wu and Dovichi [6] detected amino acids
labelled with fluoresceine isothiocyanate, obtain-
ing a LOD in the pM region but give no details
about the specific resistance or total ionic
strength of the sample solutions. The major
drawback of fluorescence detection is its limita-

© 1994 Elsevier Science B.V. All rights reserved
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tion to fluorescent ions, although this is of minor
importance when dealing with organic and easily
derivatizable analytes. In the case of small or-
ganic and of inorganic ions, derivatization is not
possible. Nevertheless, Milofsky and Yeung [7]
separated non-derivatized, i.e. unlabelled, amino
acids and performed native fluorescence detec-
tion achieving a LOD up to four orders of
magnitude higher than for the corresponding
derivatized compounds. Jones and Jandik [8]
succeeded in separating 36 inorganic and organic
anions with excellent resolution in a total analy-
sis time of only 3 min, using indirect UV absorp-
tion as detection method and a chromate buffer
as background electrolyte. The analyte solutions
were prepared with distilled water to obtain
samples of high specific resistance. On-column
analyte enrichment was obtained by electrokin-
etic injection and for certain ions, LODs in the
sub-ppt region were achieved. This means that
the specific LOD of the detection system may be
up to some orders of magnitude higher than the
concentrations of the samples injected. Recently,
CE systems with suppressed conductivity detec-
tion were described [9,10] for which detection
limits in the range of 1-10 ppb were found with
buffered sample solutions.

In view of achieving as low a LOD as possible,
it seems more promising to concentrate on the
development of direct detection methods. In-
direct procedures have the disadvantage of im-
plying the subtraction of two high values to give
a very small difference thus limiting the L.OD.
For example, with indirect fluorescence detec-
tion [11,12], no significant improvement in sen-
sitivity is to be expected over indirect UV.

In previous work, the use of ion-selective
microelectrodes (ISMEs) as on-column detectors
for cations in a CZE separation system has been
reported [13,14]. The present paper describes
the application of this technique to the sepa-
ration of anions, using ISMEs based on anion-
exchanger liquid membranes [15]. Their selec-
tivity coefficients depend on the free enthalpy of
hydration of the analyte anions [16], i.e. the
more lipophilic the anion, the higher is the
sensitivity of the ISME. Several inorganic anions
plus an organic one have been separated in a

total analysis time of 4 min. For perchlorate, a
plate number of 300000 and a LOD <107’ M
have been achieved. In analogy to the procedure
described for the separation of cations [14], a
calibration plot allows quantitative determina-
tions of perchlorate.

2. Experimental
2.1. Reagents

Chemicals of the highest purity available
(Fluka, Buchs, Switzerland) and doubly quartz-
distilled water were used.

2.2. CZE-ISME system with data acquisition

Except for minor modifications, the CZE
apparatus with fused-silica capillary of conical
aperture and an ISME as potentiometric on-
column detector is similar to that described
earlier [13,14]. The electrophoretic field was
generated by a high-voltage power supply,
Model 225-50 R (Bertan Associates, Hicksville,
NY, USA). Fused-silica capillaries of 10 um 1.D.
were purchased from Scientific Glass Engineer-
ing (Ringwood, Australia) and cut to a length of
50 cm. Poly(N,N,N’,N’-tetramethyl-N-trimeth-
ylenehexamethylenediammonium dibromide)
(Polybrene)-coated capillaries were prepared by
purging them with a 0.01% aqueous polybrene
solution for 30 min. Afterwards, they were
rinsed under pressure (50 bar) with buffer solu-
tion passed through a microfilter (0.2-um
Nalgene syringe filter; Nalge Company, NY,
USA). The conically shaped aperture at the
detection end was then obtained by immersing
the buffer-filled capillary over a length of 3 mm
in 40% hydrofluoric acid for 20 min. Potentials
were measured differentially, i.e., the potential
difference between ISME and reference elec-
trode (Ag|AgCl| electrophoretic buffer solution
saturated with AgCl; 1 mm tip diameter) was
determined with a platinum wire serving at the
same time as common electrode and electro-
phoretic ground (anode). The reference and
anion-selective electrodes were directly con-
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nected to operational amplifiers (type AD 515
KH, Analog Devices, Norwood, MA, USA)
wired as voltage followers. Potentials were moni-
tored with a laboratory-made electrode am-
plifier. The ISME, reference electrode, platinum
anode and conically etched capillary end were
placed in a small Plexiglass vessel filled with
buffer solution. On-column positioning of the
ISME was ‘achieved with the aid of mi-
cromanipulators and an inverse microscope
(Narishige and Diaphot; Nikon, Tokyo, Japan).

For data acquisition, an Apple Macintosh IIfx
computer (Cupertino, CA, USA) equipped with
a 16-bit NuBus A/D converter card (MacAdios
II; GW Instruments, Somerville, MA, USA) was
used. Electropherograms were displayed using
the program LabView (National Instruments,
Austin, TX, USA) and hard copies of the ac-
quired data were generated with the graphic
program DeltaGraph (Delta Point, Monterey,
CA, USA).

2.3. Anion-selective microelectrodes

Glass micropipettes were pulled from clean
borosilicate glass tubes (GC 150T-15, Clark
Electromedical Instruments, Pangbourne, Read-
ing, UK) with the help of a vertical pipette puller
(Model 700C, David Kopf Instruments, Tu-
junga, CA, USA). Under a microscope, their
tips were broken to a diameter of ca. 1 um
against a polished glass rod. The micropipettes
were put vertically in a glass desiccator (without
drying agent), flushed with nitrogen, placed in an
oven with the desiccator valve left open and
predried at 180°C for 1 h. After reflushing the
desiccator with nitrogen and increasing the tem-
perature to 200°C, N,N-dimethyltrimethyl-
silylamine (0.1 ml) was injected into it and
allowed to react in the vapour phase with the
micropipettes for 30 min. The hot silanized
micropipettes were then transferred to another
desiccator. They can be stored over silica gel for
some weeks. Back-filling of the micropipette
with electrophoretic buffer solution (saturated
with silver chloride) was performed by applying a
slight overpressure (ca. 5 bar) with a syringe.
The tip was then front-filled to a height of ca.

100 pm by dipping it into the anion-selective
membrane phase which consisted of 10% tri-
dodecylmethylammonium chloride in 2-nitro-
phenyl octyl ether. After inserting a chloridized
silver wire (prepared by immersing a 1 mm silver
wire in 10% iron trichloride dissolved in 0.1 M
hydrochloric acid for 24 h), the microelectrode
was completed by fixing the silver chloride elec-
trode at the top with insulating tape.

3. Results and discussion

Generally, the electrolyte solution in a fused-
silica capillary is driven by the electroosmotic
force from the anode towards the cathode. This
can have an adverse influence on the separation,
particularly when the absolute mobilities of the
analyte anions are smaller than the electroosmot-
ic mobility. It must be attempted, therefore, to
reverse, stop or at least slow down the electro-
osmotic flow (EOF). This can be achieved by
different techniques, e.g. by applying an external
electric field to the outer capillary wall [17],
adding a surfactant [18-20] or a viscosity modi-
fier to the running buffer [21] or coating the
inner capillary wall with a polymer [22]. With
ISMEs as detectors in CE, surfactants (especially
lipophilic additives, e.g. cetyltrimethylammon-
jum salts, CTMA) proved to be useless. Al-
though the addition of 5-10™* M CTMA to the
background buffer causes a reversal of the EOF,
the anion-selective liquid membrane phase was
spontaneously washed out of the microelectrode.
A further disadvantage of CTMA and similar
quaternary ammonium salts is their affinity to
lipophilic anions (as perchlorate, salicylate and
others), causing precipitates or bulky agglomer-
ates. Polybrene has proved to be a good surfac-
tant, covering the glass surface with a positively
charged layer [23], and specially useful when
employing ISMEs as CE detectors. There is no
need to add it to the background buffer. To
obtain a robust film providing a stable EOF in
the reverse direction, it is sufficient to rinse the
capillary with a 0.01% aqueous Polybrene solu-
tion. From run to run, an average slowing down
in EOF of only 0.02% has been observed (n =
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500). This is significantly lower than the statistic
variation in EOF for a single measurement, even
without reversal.

Another possibility to decrease the EOF or
bring it to a halt consists in lowering the pH of
the background buffer to 2-3 [24]. This method
can only be used if the pK values of the anionic
analytes are smaller, or at least not significantly
higher than the pH of the buffer. Otherwise, the
~elution times will become unacceptably long due
to a drastic drop in effective charge number of
the analyte ions.

To ensure that the results, particularly the
LODs, can be compared with those obtained
with other detection methods, on-column enrich-
ment (as a consequence of electrokinetic injec-
tion) was avoided by preparing the analyte
samples from 10~> M stock solutions diluted with
background buffer.

Fig. 1 shows a CZE-ISME analysis at pH 7.0
of six anions (each 10™* M) in a Polybrene-
coated capillary. Evidently, the peak heights are
a function of the lipophilicity of the analyte
anions. While the signal for ClO, has a height of
ca. 110 mV, that for Br™ reaches only ca. 7 mV.
In the delogarithmized form (B), i.e. for & vs. ¢
(where & =10%" —1, with E as the potential
measured and s = —-2.303 RT/F, the slope of
the ISME response function for monovalent
anions [14], R is the universal gas constant and F

3

t [min]

Fig. 1. CZE-ISME analysis of the Na* salts of (1) Br~, (2) I, (3) NOy, (4) ClO, , (5) SCN™ and (6) salicylate, each 10™* M in

background buffer. Buffer: 20 mM Tris—formate, pH 7.0; separation voltage: 25 kV; electrokinetic injection: 3 kV for 3 s.
Polybrene-coated capillary. (A) As recorded by ISME detector, (B) delogarithmized form (see text and [14]).

D [arbitrary units]
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the Faraday constant), the effect of these differ-
ences in selectivity is even more obvious. The
delogarithmized response allows to compare the
CZE-ISME system with other ones, e.g. CE
with UV, fluorescence or amperometric [2] de-
tection or with ion chromatography. As in the
last-mentioned method, the resolution of the
CZE separation can be evaluated directly from
the delogarithmized form. For the ClO; peak, a
plate number of 300 000 has been achieved. With
regard to routine analysis, this means almost 10’
theoretical plates/h. Besides, it is noteworthy
that the resolution of peaks 4 (ClO,”) and 5
(SCN7) is better, with less tailing, than the
logarithmic form (A) of the electropherogram
might suggest.

Similar electropherograms (Fig. 2) are ob-
tained with an uncoated capillary when the EOF
is greatly reduced or even brought to a standstill
by lowering the pH to 2.5. Even at this low pH,
the ISME shows the same characteristics as in
neutral background buffer.

Fig. 3 shows the detection of 0.1 uM ClO; .
The peak height is of the same order of mag-
nitude as the amplitude of the long-term noise
[13], so that proper peak identification becomes
difficult, whereas a signal/short-term noise ratio
of 10 was obtained. Considering these results,
the LOD was established at 5-107% M.

A ClO, concentration as low as 10™* M in tap

100- B

50.

60- 5

40-

- 2
20-
13 6
------------------- — T l;.
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Fig. 2. CZE-ISME analysis of the Na* salts of (1) 5-107* M Br ™, (2) 107*M17,(3)5-107* M NO;, (4) 107* M CIO, and (5)
10™* M SCN~ in background buffer. Buffer: 20 mM Na,SO,, adjusted to pH 2.5 with H,SO,; separation voltage: 30 kV;

electrokinetic injection: 2 kV for 2 s. Uncoated capillary. (A) As recorded by ISME detector, (B) delogarithmized form (see text

and [14]).

water can be detected owing to the on-column
concentration effect achieved by electrokinetical-
ly injecting a sample of high specific resistance
(Fig. 4). If the total ionic strength of the sample
is adjusted with running buffer salt, no enrich-
ment occurs and only NO; gives an appreciable
signal.

From Fig. 5, it can be gathered that quantita-

0.5-

0.1+

T R TR S
t [min]
Fig. 3. CZE-ISME analysis of ClO, (1077 M) near the
detection limit. Buffer: 20 mM Na,SO,, adjusted to pH 2.5
with H,SO,; separation voltage: 30 kV; electrokinetic in-
jection: 5 kV for 10 s. Uncoated capillary.

tive CZE-ISME analysis of anions can be car-
ried out in the same way as that of cations, using
the integrals $ =/ % d¢ [14]. In the case of
ClO,, a mean error (residual S.D. divided by

E [mV}]

Fig. 4. Determination of 107% M (ca. 1 ppb, w/w) C1O; in
tap water as recorded by IMSE. Buffer: 20 mM Na,SO,,
adjusted to pH 2.5 with H,SO,; separation voltage: 30 kV;
electrokinetic injection: 10 kV for 10 s. Uncoated capillary.
Solid line = 10™® M NaClO, in tap water; broken line = 107°
M ClO; +20 mM Na,SO, in tap water. Peaks: 1=Br;
2=Cl"; 3=NO;; 4=ClO;; 5= unknown.
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Fig. 5. Linear calibration plot (see text and [14]) for (1.5 to
11)-10™° M ClO; (n= 5) with 107> M Br~ as internal
standard (Na" as counter ion). Buffer: 20 mM Tris—formate,
pH 7.0; separation voltage: 25 kV; electrokinetic injection: 2
kV for 2 s. Polybrene-coated capillary.

the mean ordinate value) of 3% was obtained
from the calibration plot.

4. Conclusions

It is shown that anion-selective microelec-
trodes can be used as powerful detectors in CE.
Considering the detection limits and the possi-
bility of miniaturizing the separation systems,
even better results are achievable than with
conventional detection methods [25].
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Abstract

Chromate anion (CrO>") has been determined by capillary zone electrophoresis with on-column UV detection at
273 nm by using a negative power supply. A fused-silica capillary (53 cm X 0.05 mm L.D.) was employed and a high

voltage of 20 kV was applied.

The addition of a cationic surfactant, tetradecyltrimethylammonium bromide (TTAB) in the buffer solution
reverses the direction of the electroosmotic flow (EOF) in the capillary, so that EOF augments the mobility of the
anion. This results in an exceedingly short analysis time of under 2 min.

From migration time data, the electroosmotic mobility, the electrophoretic mobility of the micelle and apparent
electrophoretic mobility of the chromate ion in the micellar solution were determined as a function of the

concentration of TTAB.

Linear calibration for chromate ion was established over the concentration range 25-300 pg with a detection limit
of 1.2 pg/nl by using a 0.01 M carbonate buffer and 5 mM TTAB solution (pH 10).
The method was applied to the determination of the chromate anion in a rinse water from chromium plating

baths.

1. Introduction

There is a rapidly increasing demand for fast
and reliable analytical methods for the determi-
nation of chemical forms of elements in en-
vironmental samples. The interest in chromium
is motivated by the fact that its toxicity depends
critically on its oxidation state. It has long been
known that Cr(III) and Cr(VI) have very differ-
ent biological and toxicological properties.
Whereas Cr(IIl) is essential for mammals, Cr
(VI) is considered to be a moderate to severe
toxic agent [1]. Cr(III) and Cr(VI) enter the

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00334-6

environment as a result of effluent discharge
from steel works, electroplating, tanning indus-
tries, oxidative dyeing, chemical industries and
cooling water towers.

In view of the difference between the oxida-
tion states, and. in order to follow the reaction
pathways in the environment, it is increasingly
important to monitor the concentration of the
individual chemical species as well as the total
concentration of chromium in the environment.

Of the numerous methods developed for
chromium speciation, those which physically
separate the individual species followed by direct
quantification are preferred because they are
relatively fast and require only minimal sample

© 1994 Elsevier Science B.V. All rights reserved
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pretreatment. In this context, methods such as
HPLC or flow injection analysis, coupled with
photometric or spectrometric detection, have
been employed most for the determination of
chromium species [2-5] and the use of capillary
zone electrophoresis (CZE) is emerging as an
alternative technique.

In recent years CZE has been shown to be a
highly efficient in the separation of small inor-
ganic and organic cations and anions [6,7]. On
the other hand, the use of CZE for the sepa-
ration of metal species with good resolution has
also been shown to be feasible [8-10].

Under a conventional CZE system, anions
with an electrophoretic mobility higher than the
electroosmotic mobility of the bulk electrolyte
escape detection and it is necessary to reverse
the polarity of the applied electric field. There-
fore, the separation of highly mobile inorganic
and organic anions usually requires longer times
than the separation of cations and it is not
possible to perform both analyses together in a
single run. However, it has been shown that the
addition of a cationic surfactant to the electrolyte
significantly reduces the migration times for
anionic species by reducing or reversing the
electroosmotic flow (EOF).

Previously, some authors have reported a
reversed EOF direction when a long-chain cat-
ionic surfactant, such as: cetyltrimethylammon-
ium bromide [11,12], dodecyltrimethylammon-
ium bromide [13] or tetradecyltrimethylam-
monium bromide (TTAB) [14], was added to the
electrolyte. A cationic surfactant with a longer
alkyl chain is preferred because the EOF can be
suppressed or reversed at lower concentration.
In this way, the influence on the constitution of
the background electrolyte can be reduced [15].

In our experiments, TTAB was the cationic
surfactant chosen; it is electrostatically attracted
to the silanol groups on the inner wall of the
capillary. It effectively shields these negative
charges from the bulk of the electrolyte and
creates a net positive wall charge.

In this paper, the determination of chromate
anion by CZE with a micellar solution containing
TTAB is described. The effect.of the cationic
surfactant concentration on electroosmotic and

electrophoretic mobilities is also studied. The
results were applied to the determination of the
chromate ion in rinse waters from chromium
plating baths.

2. Experimental
2.1. Instrumentation

An integrated capillary electrophoresis system
ISCO (Lincoln, NE, USA) Model 3850,
equipped with high-voltage power supply (0-30
kV) with a reversible polarity and vacuum in-
jection control was used.

A 53 cm X 50 pm I.D. unmodified fused-silica
capillary tube with a 33 cm distance from the
injection point to the detector cell was em-
ployed. Detection was carried out by on-column
measurements of UV absorption at 273 nm. All
experiments were performed with an applied
voltage of 20 kV.

Electropherograms were recorded using a
Spectra-Physics (San Jose, CA, USA) SP-4270
integrator.

Samples were introduced hydrodynamically at
the cathode (negative polarity) by vacuum for a
constant period of time (5-10 s) depending on
the desired volume of injection.

A Perkin-Elmer Model 2380 atomic absorp-
tion spectrometer was used to determine the
total concentration of chromium in rinse water
by atomic absorption spectrometry (AAS).

2.2. Reagents and solutions

Buffer solutions were prepared from sodium
hydrogencarbonate, disodium tetraborate or di-
sodium hydrogenphosphate dihydrate, from
Merck (Darmstadt, Germany) by adding 0.1 M
NaOH solution to adjust its pH to 10.

HPLC-grade TTAB, obtained from Scharlau,
was used without further purification. TTAB
solution was added to buffer solution to reverse
of the direction of the EOF.

HPLC-grade methanol from Romil Chemicals
and analytical-grade anthracene from Merck
were used without further purification.
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Stock standard solutions of sodium chromate
were prepared by dissolution of an accurately
weighed amount of the analytical-grade reagent
supplied by Merck in a 0.01 M solution of the
appropriate buffer, followed by dilution as re-
quired.

The pH of solutions was adjusted at 10 to
obtain only the chromate anion in the solution,
in absence of the rest of the chromium complex-
es, which can be ‘at lower pH.

The acidic rinsewater sample was provided by
Inoxcrom (Barcelona, Spain). No sample pre-
treatment other than dilution in buffer solution
was required.

Purified (18 M) water using a Millipore Milli-
Q water purification system was used for all
solutions.

The buffer and sample solutions were filtered
through a 0.45 um membrane filter from Lida
(Kenosha, WI, USA) and were degassed by
ultrasonication.

2.3. Procedure

Before sample injection, the capillary was
washed with 0.1 M NaOH solution for 30 min,
followed by rinsing with the buffer solution for
30 min. Between each injection the capillary was
filled with the buffer solution using a syringe
purge that flushed the entire capillary in a few
seconds, and both ends of the tube were dipped
into two separate beakers filled with the same
buffer solution.

Vacuum injection sample is carried out by
placing the inlet of the capillary into a vial of
sample (75 ul). After a constant period of time
(5-10 s), the inlet of the tube was returned to
the beaker and a high voltage (20 kV) was
applied.

3. Results and discussion
3.1. Control of electroosmotic flow
In a conventional CZE system, the detector is

located near the cathode and the EOF direction
is toward the cathode, hence the chromate anion

moves toward the anode and is not detected
because its electrophoretic mobility is higher
than the electroosmotic mobility (u.,), whose
directions are opposed. It might be imagined
that this problem could be solved simply by
reversing the polarity of the applied electric
field. Fig. 1A shows the resulting electropherog-
ram indicating that its peak is badly broadened,
probably caused by the great difference in
mobility values between the chromate and buffer
[16].

However, this problem can be overcome by
simultaneously reversing both the polarity of the
applied electric field and the intrinsic direction of
the EOF. Under these conditions, and in order

—

T

0 2 & ¢ 8 10 12

Migration time (min)

Fig. 1. Electropherograms of standard chromate solutions.
Detection wavelength: 273 nm; fused-silica capillary (53
cm X 50 wm L.D.); negative power supply; 0.01 M borate
buffer (pH 10); applied voltage: 20 kV. (A) No TTAB, 320
pg CrO2™; (B) 20 mM of TTAB, 64 pg CrO; . Peaks:
1=CrO. ; 2 = anthracene.
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Effect of TTAB concentration on electroosmotic mobility and electrophoretic mobility of the micelle, using different buffer

solutions at a constant concentration of 0.01 M at pH 10

TTAB Phosphate Carbonate Borate
(mM)
L, Mo [ Hep(my i HMeo L Hep(m) Ly Heo tn Hep(m)

0 2.1 6.9 2.1 6.9 2.2 6.6

0.5 9.5 -1.5 9.5 0 3.3 —-4.4 33 0 3.4 —-4.3 3.4 0

1.0 49 -3.0 4.9 0 33 -4.4 33 0 3.4 -5.2 2.8 0

5.0 3.6 -4.0 9.0 2.4 2.8 -5.2 7.9 3.4 2.8 -6.3 8.0 4.5
10.0 3.6 -4.0 8.3 2.2 2.8 -5.2 6.9 3.1 2.3 -6.3 8.0 4.5
20.0 2.9 -5.0 5.2 2.2 2.9 -5.0 7.4 3.0 2.3 —6.6 7.3 4.6
90.0 2.8 -5.2 6.1 2.8

Applied voltage 20 kV. Negative power supply. ¢, and ¢ in

to reduce the migration time of chromate ion,
the cationic surfactant TTAB was added to the
buffer solution. Table 1 shows the results ob-
tained when different TTAB concentrations are
added to the different buffer solutions. Reversed
EOF (the negative sign of u,, means that the
migration is toward the anode) was observed at
less than the critical micelle concentration
(CMC) of TTAB (its value is 3.4 mM [17]). As
Table 1 shows, for the three buffers the EOF
direction is reversed at 0.5 mM of TTAB.

3.2. Measurement of electroosmotic and micelle
mobilities

The electroosmotic mobility is readily deter-
mined by measuring the migration time of
methanol (¢,) and can be obtained from the
equation [18]

Heo = LLy/ VA, )
where L is the capillary length, L, is the length
of capillary to the detector cell.and V is the
applied voltage.

Methanol has been used to mark ¢, because is
not associated with the micelles. Methanol is not
detected by absorption of UV light but absorbs
here due to the slight change of the refractive
index [19].

The micelle mobility (u,,) is determined by
measuring the migration time of a fully solubil-

min; g, and g, in 107* ecm® V7's

-1

ized solute, which is completely distributed in
the micellar interior and moves with the same
velocity of ionic micelles for time ¢,,. Anthracene
has been used to mark ¢, [20].

The micelle and electroosmotic mobilities are
related by the relation:

l“’m = I'l’eo - ""ep(m) (2)
where p, ., is the electrophoretic mobility of
the micelle.

By taking into account the sign of the migra-
tion direction, we can calculate u, ., from

Hepemy = [LLp(1/t, — 1/t)]/V 3)

It should be noted that the directions of EOF
and electrophoretic migration of micelles are
opposite (Fig. 2).

D
Beo
+ — -
B Lt
— O
—_
Bep (m)

Fig. 2. Schematic illustration of mechanism with TTAB
micelle in the buffer solution. Negative power supply. D =
Detector; circle shows the cationic micelle.
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In a series of experiments, the influence of the
TTAB concentration in the buffer was investi-
gated. As can be seen in Table 1, the electro-
osmotic mobility obtained is always lower than in
absence of cationic surfactant, but it slightly
increases as the TTAB concentration increases.
On the other hand, the micelles begin to form in
the solution at a TTAB concentration between
1.0 and 5.0 mM. This value is in accordance with
the CMC value of TTAB (3.4 mM). Moreover,
when the micelles are formed no appreciable
change in the magnitude of the u ., is noted.

Table 1 also shows that u., is greater than
Mepmy- This means that the micelles are trans-
ported toward the anode but exhibit a slower net
mobility than the bulk aqueous phase.

3.3. Measurement of electrophoretic mobilities

In the absence of cationic surfactant, and
taking into account the electropherogram of Fig.
1A, the electrophoretic mobility of the chromate
anion in the buffer solution, [.Lep(Cl‘O 7), can be
calculated as the sum of the observed mobility of
the anion and the electroosmotic mobility (Fig.
3A). By taking into account the sign of the
migration direction, ,uep(CrO2 ) may be calcu-
lated from the following equation

#ep(CrOF7) = (LLp(1/tg + 1/8,))/V 4)

where ¢; is the migration time of chromate
anion.

It should be noted that the direction of elec-
trophoretic mobility of the anion is the reverse of
that of EOF.

Table 2 shows for the three buffers that
;Lep(CrO§_) is greater than u,, (Table 1). For
this reason the chromate ion escapes detection
with a positive-polarity power supply.

When the cationic surfactant is added (Fig.
3B) the difference between the observed mobili-
ty of chromate ion and the electroosmotic
mobility can be considered to be the apparent
electrophoretic moblhty of the chromate in the
micellar solution ( pep(CrO 7)) and can be calcu-
lated from the equation

Beo
_—
+ — _
”ep (Cl0'4 7) Cr04.2_

+ .2 -

Hm e Cro
2
¢ X t 4
xZ-;\_/'}“
w2-

& 5
— “ep(CrO42_ ) Bep(m)

p ep* (01'042_)

Fig. 3. Schematic illustration of mechanism. Negative power
supply. (A) Chromate anion in the capillary without TTAB
in the buffer solution; (B) chromate anion and TTAB micelle
in the capillary. X>~ = CrO’".

1o (CrO37) = [LLp(1/tg = Vo))V 6

In this case the electrophoretic and electro-
osmotic mobilities are in the same direction:
toward the anode.

Fig. 1B shows a good symmetrical peak ob-
tained under these conditions, and the migration
time of the chromate is much less than in
absence of TTAB.

Apparent electrophoretlc mobilities of the
chromate, uep(CrO 7), as function of TTAB
concentration are shown in Table 2. It can be
seen that the addition of TTAB reduces con-
siderably the migration time of the chromate
anion (tz) for the three buffers, which allows the
chromate ion to be determined in under 2 min.

When micelles are formed, the anion is
electrostatically adsorbed on the surface of the
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Table 2

Effect of TTAB concentration on migration time and electrophoretic mobilities of chromate

TTAB Phosphate Carbonate Borate
(ma)
* * *
Ix Hep Hep Ix Hep Hep g Hep Hep
0 19 =77 22 -7.6 24 -7.2
0.5 1.6 7.6 1.2 7.7 1.3 6.9
1.0 1.5 6.7 1.2 7.7 1.3 6.0
5.0 1.9 3.6 1.7 3.4 1.7 2.3
10.0 2.3 2.3 2.3 1.1 2.4 -0.2
20.0 2.4 1.1 2.9 0.0 3.1 -1.9
90.0 2.8 0.0

Conditions as in Table 1. t, in min; p, and g, in 107 cm® V7' 57\,

cationic micelle, reducing the migration velocity
of the an*ion. This can be observed in Table 2,
where p,ep(CrO§_) decreases when the TTAB
concentration increases. When the TTAB con-
centration reaches certain values (90 mM for
phosphate, 20 mM for carbonate and slightly
higher than 10 mM for borate buffer),

® -y .
pep(CrO, ) is zero.

Table 2 also shows that, for carbonate and
phosphate buffers, the observed mobility of the
chromate is greater than electroosmotic mobility.
However, for borate buffer (10 mM and 20 mM
of T’}:AB-) the inverse phenomenon is observed,
S0 uep(CrOZ‘) >0.

3.4. Choice of experimental conditions

By comparing of the results with the different
buffers, it seems that ., and ., values follow
the order: borate > carbonate > phosphate,
leich is the inverse of that found for
Pep(CrO;7).

The different behaviour observed for the tree
buffers can be understood in terms of the
electrostatic adsorption of the corresponding
anion of the buffer on the surface of the micelle,
which competes for the chromate anion.

Borate, a Lewis acid [21], is found in mild
alkaline solutions as a mixture of B(OH), and
B(OH),. At pH 10, the predominant form is
B(OH), , while the carbonate anion is in transi-
tion between 50% HCO; and 50% CO;  and

1

the phosphate is in the solution as HPOi". When
the borate anion is in the solution, since it is a
Lewis acid, it forms a polar bond with the
hydroxide ions, acquiring a greater mobility than
the other buffers. This fact means that the
electroosmotic mobility will be greater than for
carbonate and phosphate (Table 1), and as a
consequence the absorption of chromate anion
on the micelle is favoured over that of borate.
This fact is reflected in a lower apparent electro-
phoretic mqkbility of the chromate in the micellar
solution, ,u,ep(CrOi'), than in the other. buffers
(Table 2).

On the other hand, additional data on the
influence of TTAB concentration on the €electric
current (/) in the capillary for the different
buffers are shown in Table 3. Electric current

Table 3
Comparison of current among three buffer solutions at
different TTAB concentrations

TTAB 1 (pA)
(mM)
Phosphate Carbonate Borate

0 14 10 14

0.5 15 11 15

1.0 17 17 20

5.0 20 19 26
10.0 20 20 27
20.0 20 25 31
90.0 37

Conditions as in Table 1.
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increases as the TTAB concentration increases.
Moreover, the results indicate that the lowest
electric current was for carbonate buffer at the
same concentration of surfactant. This fact con-
tributes to minimize the rise in temperature of
the liquid in the capillary [22].

From all these reasons, carbonate was chosen
as best buffer to determine chromate anion in
aqueous solutions. A TTAB concentration value
of 5 mM was used because the migration time
(tz) of chromate was short enough (1.7 min) and
micelles had already been formed. Fig. 4 shows a
good symmetrical peak obtained under these
conditions.

3.5. Quantification

From the experimental conditions chosen
(0.01 M carbonate and 5 mM TTAB), detection
limits were calculated as the amount of sample
equivalent to a signal due to the analyte equal to
three times the standard deviation of a series of
ten replicate measurements of a reagent blank
signal [23]. The detection limit obtained was 1.2
pg of CrO2” /nl.

The relative standard deviation (R.S.D) for
peak areas and migration times, calculated from
injections of 150 pg of standard chromate, was
3.5%.

Peak areas change with the chromate ion
concentration, indicating a linear relationship in
the range 25 to 300 pg of chromate. The regres-

s L P, WO

0 2 4 6 8

Migration time (min)
Fig. 4. Electropherogram of standard chromate solution.
Micellar solution 5 mM TTAB in 0.01 M carbonate buffer
(pH 10); sample amount 150 pg CrO’”, injection volume 5
nl. Other conditions as in Fig. 1.

sion equation obtained was A = — 18.0 +34.4C,
where A is the peak area and C the chromate
amount in pg, and the correlation coefficient r
was 0.997 (n = 7). Therefore this method can be
employed for the quantitative analysis of the
chromate anion.

3.6. Application to rinse waters from chromium
plating baths

On the basis of the results obtained for chro-
mate standard solutions, the appiication of the
CZE method to determine chromate anion con-
centrations in rinsewater samples was attempted.

A sample from chromium plating baths (Inox-
crom) was analyzed. This sample is an acidic (pH
2.6) solution containing Cr(VI) as chromic acid.

After the appropriate dilution (1:10) in 0.01 M
carbonate buffer solution at pH 10, the pe
(= Eh159.16) value of the solution was mea-
sured, and was found to be 7.0. Under these
experimental conditions of pe and pH and in
order to know the predominant species in this
aqueous solution, distribution species—pH and
pe—pH diagrams for chromium were performed
using equilibrium constants given in ref. 24.
From the diagrams we can assure that only the
chromate anion is present in the solution.

The sample was injected directly into the CZE
system and the electropherogram in Fig. 5 was
obtained. It can be seen that only one peak was
obtained; no other peaks were observed. From
the electropherogram, the chromate concentra-
tion in the sample was determined.

e ——

0 2 4
Migration time (min)

Fig. 5. Electropherogram of commercial sample. Micellar
solution 5 mM TTAB in 0.01 M carbonate buffer (pH 10);
dilution (1:10); injection volume 10 nl. Other conditions as in
Fig. 1.
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The same sample was also analyzed by AAS.
The results are 283 and 271 mg of CrO2 /I,
using CZE and AAS, respectively. Good agree-
ment between the two methods was observed.
As AAS gives the total metal concentration, this
agreement corroborates that all chromium metal
present in the sample is in the form of chromate
anion and no -other species of this metal are
formed under the experimental conditions used.

Finally, we want to point out that the CZE
technique, using micellar solution, allows a rapid
determination (less than 2 min) of the chromate
anion in real samples.

Furthermore, the addition of TTAB to the
buffer solution reverses the direction of the EOF
and opens up new possibilities for the determi-
nation of highly mobile inorganic anions; it may
be carried out in a single run with short analysis
times in the most diverse matrices and with no
sample pretreatment other than a dilution pro-
cedure.
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Abstract

Lower members of the chlorocyclophosphazene homologous series (NPCl,),, n

=3-6, were separated using

normal-phase HPLC. Very good separation was achieved using Separon SGX (7 pm) silica gel column (250 X 4 mm
I.D.) and n-heptane as the mobile phase. An addition of a more polar solvent (2-propanol) depressed the retention
dramatically. The separated substances can be detected by spectrophotometry at a wavelength of ca. 220 nm, the
detection limits varying the range ca. 30-1500 ng. The bromo derivative (NPBr,), exhibits a similar behaviour to

the chloro derivatives.

1. Introduction

Cyclophosphazenes are inorganic cyclic com-
pounds with staggered atoms of phosphorus and
nitrogen. Their chloro derivatives, chloro-
cyclophosphazenes, having the general formula
(NPCl,),,, were discovered about 160 years ago
[1]. The greatest contributions to the chemistry
of cyclophosphazenes were made by Stokes [2].
The chemistry of cyclophosphazenes is now a
relatively widely developed field (see, e.g., re-
views and monographs [3-7]) and the derivatives
of cyclophosphazenes have been used in various
branches of industry, agriculture and medicine
(fertilizers, herbicides, fungicides, antioxidants,
stabilizers for polymers, flame retardants, etc.)
[8-11].

The separation of individual members of the

* Corresponding author.
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homologous series of cyclophosphazenes is com-
paratively difficult. As far as chromatographic
methods are concerned, gas chromatography
[12-14], paper chromatography [15] and, most
successfully, thin-layer chromatography (TLC)
[16-18] have been applied. The objective of this
work was to verify the viability of separating
halocyclophosphazenes by liquid chromatog-
raphy. The separation of the lower oligomers of
cyclophosphazenes (n =3-6) and the chromato-
graphic behaviour of hexabromocyclotriphos-
phazene (NPBr,), were examined.

2. Experimental

The liquid chromatograph consisted of an HPP
5001 high-pressure pump, an LCI 30 injection
valve with a 20-ul sampling loop, a TZ 4261
strip-chart recorder (all from Laboratorni

© 1994 Elsevier Science B.V. All rights reserved
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ptistroje, Prague, Czech Republic) and a Model
732780 UV-Vis spectrophotometric detector
(Knauer, Berlin, Germany). Separation was
effected on a 250 x4 mm I.D. column packed
with Separon SGX (7 pm) unmodified silica
(Tessek, Prague, Czech Republic). n-Heptane
(UV grade), alone or mixed with 2-propanol
(analytical-reagent grade) (both supplied by La-
chema, Brno, Czech Republic), served as the
mobile phase. Prior to measurements the mobile
phase was deaerated in an ultrasonic bath. The
mobile phase flow-rate was 0.5 ml min~".

The chlorocyclophosphazenes were prepared
by reaction of phosphorus pentachloride with
ammonium chloride in tetrahydrofuran. Extrac-
tion, fractional distillation and fractional crys-
tallization were applied for isolation and purifica-
tion of the individual derivatives [19]. The purity
of the preparations was checked by TLC [16,18].

3. Results and discussion

Halo derivatives of cyclophosphazenes are
soluble in non-polar and low-polarity solvents
and insoluble in water [19-22]. Consequently,
chromatographic systems employing non-polar
organic solvents as the mobile phases appear to
be most convenient for their separation. It has
been ascertained that the lower derivatives of
chlorocyclophosphazenes (n = 3—6) can be readi-
ly separated on a silica column with n-heptane as
the mobile phase (Fig. 1). The retention of
analytes in a homologous series increases with
increasing number of atoms in the ring, the
exception being the lowest member, hexachloro-
cyclotriphosphazene, which is retained more
strongly than the other derivatives examined. It
was not possible to explain such a behaviour, but
a similar anomaly was noticed during separation
by TLC [16,17].

The retention of halocyclophosphazenes may
be influenced by adding polar solvents to the
mobile phase. The retention of analytes de-
creased steeply with increasing content of 2-
propanol in n-heptane, the dependences of the
capacity factors on 2-propanol concentration
being almost linear (Fig. 2), which is inconsistent

3
1
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<

°
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4
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t L |
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t, min

Fig. 1. Separation of a mixture of chlorocyclophosphazenes
Column, 250 x4 mm I.D. Separon SGX (7 pm); mobile
phase, n-heptane; UV detection at 220 nm. Peaks: 1=
(NPCL,),; 2=(NPCl,);; 3= (NPCl,)4; 5=(NPCl,);; 4, 6=
unidentified (presumably higher derivatives).

with both the common theoretical and empirical
relationships for adsorption chromatography
[23]. The limited number of experimental data,

0 0.1 0.2 0.3

% isopropanol

Fig. 2. Dependence of capacity factor on the content of
2-propanol in the mobile phase. 1 = (NPCl,),; 2 = (NPCL,),;
3 =(NPCl,),; 4= (NPBr,),.
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Table 1

Detection limits and parameters of calibration lines for the determination of halocyclophosphazenes

Correlation coefficient

Substance Detection limit Slope Intercept on the

(ng) (absorbance ng ") ordinate (absorbance) (n="7)
(NPCL,), 86 1.83-107° 2.15-107° 0.9955
(NPCL,), 31 6.26-107° 7.32-107° 0.9991
(NPCL,), 54 2.04-10°¢ 4.67-107° 0.9983
(NPCl, ), 72 2.68-107° 6.36-107° 0.9991
(NPBr,), 1500 N.D* N.D’

“ Not determined.

however, make it impossible to draw any more
definite conclusions concerning the retention
mechanism.

Direct spectrophotometric detection in the UV
region was adopted for studying the separation
of halocyclophosphazenes. Inconsistent data re-
lating to the character of the spectra of
halocyclophosphazenes in that region have been
reported [24,25] and, therefore, the spectra of
halocyclophosphazenes were measured in the
mobile phase (Fig. 3). The shape of the spec-
trum is similar to that measured by Krause [24].
The highest sensitivity of detection was found at
ca. 220 nm; at lower wavelengths the sensitivity
was lower and additionally the baseline noise
was higher. With increasing wavelength the sen-
sitivity also decreased sharply, so that the most
common UV detectors operating at 254 nm
cannot be used for the detection of

e
-
Y

0P T"O0o TR

I i

200 220 240 260
wavelength (nm)

Fig. 3. UV spectrum of hexachlorocyclotriphosphazene in
n-heptane. Spectra of other chlorocyclophosphazenes were
very similar.

halocyclophosphazenes. Parameters of the cali-
bration straight lines and the detection limits
were measured at 220 nm (Table 1). It is obvious
that for the chloro derivatives the detection limit
is related to their retention (broadening of more
strongly retained peaks).
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Abstract

A simple method was developed for the determination of glucocorticoid epimers of betamethasone (BTM) and
dexamethasone (DXM) by high-performance liquid chromatography with UV detection, using silica as the
stationary phase and dichloromethane—ethanol (34:1, v/v) as the mobile phase. The linear range of the method for
the determination of BTM and DXM in 1.0 ml of sample solution was over 5-50 nmol. The detection limits
(signal-to-noise ratio = 5) of BTM and DXM with an injection volume of 25 u1 were 80 and 60 pmol, respectively.
The method was satisfactorily applied to the individual determination of BTM and DXM in commercial tablets.

determination of BTM and DXM except those of
HPLC coupled with analytical derivatization
[3,4] and thin-layer chromatography followed by
off-line UV absorption spectrophotometry [5]
with multiple steps for determination.

In this paper, a simple, specific and rapid
HPLC method is described for the determination

1. Introduction

Betamethasone (9« - fluoro - 168 - methyl -
118,17a,21 - trihydroxypregna - 1,4 - diene - 3,20 -
dione) and dexamethasone (9« -fluoro-16a -
methyl-118,17a,21 - trihydroxypregna- 1,4 -diene
-3,20-dione) (Fig. 1) are potent synthetic

glucocorticoids that are widely used for the
treatment of inflammation, allergies and other
diseases related to glucocorticoid deficiency [1].
The official methods of the United States Phar-
macopeia [2] for the individual assay of BTM or
DXM in bulk powder and tablet formulations
are based on reversed-phase high-performance
liquid chromatography (HPLC) with a C,5 or Cg
column; because of very similar structures of
BTM and DXM epimers, no HPLC methods
have been reported for the direct separation and

* Corresponding author.
* This work was presented at the 1993 Taipei International
Chemical Conference, October 13—-16th, 1993.
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of BTM and DXM without derivatization. It
provides a possible approach for the simulta-
neous recognition of the epimeric BTM and

CH,OH CH,0H

c=0

Betamethasone Dexamethasone

Fig. 1. Structures of betamethasone and dexamethasone.

© 1994 Elsevier Science BV. All rights reserved
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DXM, which could be useful in cases of illegal
use of DXM as a substitute for BTM, because
BTM is more expensive than DXM. The method
with the same analytical column was applied to
the individual determination of BTM and DXM
in bulk samples and formulations.

2. ‘Experimental
2.1. Reagents and chemicals

BTM, DXM, hydrocortisone, 6a-methylpred-
nisolone, prednisolone, prednisone and cortisone
(internal standard; 1.S.) (Sigma, St. Louis, MO,
USA), dichloromethane, chloroform and n-
butanol (Fisher, Fair Lawn, NJ, USA) and
ethanol (Merck, Damstadt, Germany) were used
without further purification. All other chemicals
were of analytical-reagent grade.

2.2. HPLC conditions

A Waters—Millipore LC system with a U6K
injector, a Model 510 pump and a Model 484
UV-Vis detector was used. A Nova-Pak silica (4
p#m) column (75 % 3.9 mm I.D.) with a Guard-
Pak of Resolve Si column (dead volume 60-75
pl; particle size 5 um) (Waters—-Millipore) and
dichloromethane—ethanol (34:1, v/v) as the mo-
bile phase at a flow-rate of 0.7 ml/min were
used. The column eluate was monitored at 240
nm. The mobile phase solvents were pretreated
with a vacuum filter for degassing.

2.3. Reference standard solution

Approximately 7.85 mg of BTM or DXM was
accurately weighed and transferred into a 100-ml
volumetric flask with the aid of a suitable
amount of the mobile phase, and dissolved in
and diluted to volume with the same solvent.
The concentration was 200 uM. Appropriate
dilutions were made for analytical calibration at
various levels.

2.4. Internal standard solution

Approximately 7.22 mg of cortisone was accu-
rately weighed and transferred into a 100-ml
volumetric flask with the mobile phase, and
dissolved in and diluted to volume with the same
solvent. The concentration was 200 uM. Appro-
priate dilutions were made for analytical cali-
bration.

2.5. Analytical calibration

Five samples each containing 1.0 ml of the
reference standard solution over the concentra-
tion range 5.0-50.0 uM of BTM or DXM were
pipetted in to a series of 10-ml glass-stoppered
test-tubes and 0.5 ml of the internal standard
solution (40.0 uM) was added and mixed. A
5-ul aliquot of each solution was subjected to
HPLC analysis (for the individual determination
of the epimer).

Five samples each containing 0.5 ml of BTM
and 0.5 ml of DXM reference standard solutions
over the concentration range 10.0-100.0 uM
were pipetted into a series of 10-ml glass-stop-
pered test-tubes and 0.5 ml of the internal
standard solution (40.0 M) was added and
mixed. A 5-ul aliquot of each solution was
subjected to HPLC analysis (for the determi-
nation of both epimers).

2.6. Sample preparation

Twenty tablets of BTM or DXM were weighed
and finely pulverized. A suitable amount of the
resulting powder equivalent to about 0.5 mg of
BTM or DXM (synthetic mixtures of BTM and
DXM with various proportions of powdered
tablet were used for simultaneous determination)
was accurately weighed and transferred into a
30-mtl test-tube, then 10 ml of water were added
for maceration of the powder. After sonication
for 15 min, the suspension was transferred into a
125-ml separator and extracted with three 15-ml
portions of chloroform—n-butanol (95:5, v/v).
The combined extracts were filtered through
anhydrous sodium sulphate (1 g, moistened with
the solvent). The filtrates were collected in a
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50-ml volumetric flask and diluted to the volume
with the solvent. To 1.0 ml of the resulting
solution, 0.5 ml of L.S. solution (40.0 uM) was
added and mixed. A 5-ul aliquot of the solution
was subjected to HPLC analysis.

3. Results and discussion

Our previous study [3] on the reversed-phase
HPLC of BTM and DXM indicated no sepa-
ration of the epimers, leading to an overlapping
single peak. Basically, reversed-phase HPLC is
less suitable than normal-phase HPLC (NP-
HPLC) for positional isomers. Therefore,
simultaneous separation of BTM and DXM by
NP-HPLC with a silica column was studied in
this work. NP-HPLC of BTM and DXM without
derivatization on a silica column with a conven-
tional mobile phase of n-hexane or dichlorome-
thane led to extremely tailing peaks unsuitable
for quantification. This can be partially explained
by the structures of BTM and DXM in Fig. 1.
Each of the epimers has three polar hydroxyl
groups in addition to the carbonyl and unsatu-
rated functions that result in a strong interaction
between the epimers and the silanol function of
the silica. Therefore, an NP-HPLC-compatible
mobile phase with an appropriate solvent
strength will be essential for the elution of BTM
and DXM with good chromatographic proper-
ties, and a mobile phase consisting of dichloro-
methane and ethanol was optimized for the
resolution of BTM and DXM.

The response of BTM and DXM was evalu-
ated by measuring the peak-area ratios of the
epimer to the 1.S. The I.S. was added after the
extraction of the epimer in tablet assay simply to
keep the L.S. as a relatively constant factor. It
would better be added before extraction if evi-
dence for its constant recovery can be proved.

3.1. Mobile phase for NP-HPLC

In the HPLC of BTM and DXM on a silica (4
mm) column (75x3.9 mm I.D.), the mobile
phase used for the elution of the epimers was
studied including various ratios of dichlorome-

thane to ethanol over the range 26:1 to 34:1
(v/v) in order of decreasing elution strength. The
results found that the baseline resolution of
BTM and DXM can be achieved using dichloro-
methane—ethanol (34:1, v/v), leading to capacity
factors of 4.99 and 3.87, respectively, and a
resolution of 1.7.

A typical chromatogram of BTM and DXM is
illustrated in Fig. 2, indicating good chromato-
graphic properties of symmetrical peaks and fast
separation in less than 7 min. The greater re-
tention of the epimers of BTM in the NP-HPLC
system is probably due to the B-orientation of
the methyl group at C,, that hinders less the
a-hydroxyl group at C,, from forming hydrogen
bonds with the silanol function of the silica
stationary phase. The a-orientations of both the
methyl group at C,¢ and the hydroxyl group at
C,, in DXM result in unfavourable hydrogen
bonding between the solute and the stationary

M

i

0 3 6 g
Time(min)
Fig. 2. HPLC of DXM (33 pM)-BTM (33 nM) mixture.
Peaks: 1= cortisone (I.S.); 2 = DXM; 3 = BTM. Conditions:
Nova-Pak silica (4 wm) column (75 % 3.9 mm L[.D.); mobile
phase, dichloromethane—ethanol (34:1, v/v); flow-rate, 0.7
ml/min; UV detection at 240 nm; sample size, 5 ul.
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phase, leading to less adsorption and faster
elution.

3.2. Analytical calibration

To evaluate the quantitative applicability of
the method, five different amounts of BTM and
DXM in the range 5-50 nmol were analysed and
the linearity between the peak-area ratios (y)
and the epimer mass (x, nmol) was examined.
The linear regression equations obtained for
individual determination (n=5) were y=
(0.05650 + 0.00033)x — (0.02797 = 0.00443) (r =
0.999) and y = (0.05826 + 0.00084)x —
(0.01801 £ 0.01010) (r=0.999) for BTM and
DXM, respectively. The detection limits (signal-
to-noise ratio=35) of BTM and DXM per in-
jection (25 ul) were 80 =20 and 60 =20 pmol,
respectively.

In parallel, analytical calibration for both
BTM and DXM based on five different amounts
of the epimers each over the range 5-50 nmol
resulted in the linear regression equations y =
(0.05678 + 0.00096)x — (0.02999 = 0.01796) (r =
0.9999) and y =(0.05811 + 0.00113)x —
(0.01329 +0.01721) (r =0.9999) for BTM and
DXM, respectively. The results for the calibra-
tion of the epimers indicated good linearity of
the method for the amounts of the epimers
versus peak-area ratio studied. Because standard
BTM and DXM were eluted with different
retention times, as shown in Fig. 2, the method
can identify which is being analysed when DXM
is used as a partial or total substitute for the
more expensive BTM in formulations for econ-
omic purposes. Demonstration of the application
of the method to the analysis of synthetic mix-
tures of BTM and DXM was shown in Table 1.

3.3. Reproducibility and selectivity

The precision (relative standard deviation,
R.S.D.) of the method based on the peak-area
ratios for replicate determinations of BTM and
DXM each at 40- and 8-nmol levels was studied.
The results indicated that the intra-day preci-

sions (n=9) for BTM and DXM at 40 nmol
were <0.8% and those at 8 nmol were <2.4%;
the inter-day precisions (n=9) for BTM and
DXM were <1.0% at 40 nmol and <3.4% at 8
nmol.

The selectivity of the method was examined by
spiking samples of BTM and DXM with other
glucocorticoids including cortisone, hydrocor-
tisone, prednisone, prednisolone and 6a-
methylprednisolone. The results in Fig. 3 indi-
cate that BTM and DXM can be well resolved
from other glucocorticoids of oral use, revealing
the favourable specificity of the method and its
potential use for the direct HPLC of other
glucocorticoids after suitable modification.

LWL

o 3 6 8§ 12 15
Time (min)

Fig. 3. HPLC of a mixture of standard glucocorticoids.
Peaks: 1= cortisone; 2 = prednisone; 3 =DXM; 4=BTM;
5 = hydrocortisone; 6 = 6a-methylprednisolone; 7=
prednisone (each at 25 uM). HPLC conditions as in Fig. 2.
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3.4. Application

Prior to application of the method to the
determination of BTM or DXM in tablets, the
solvent system for the extraction of BTM or
DXM from tablet was investigated. A finely
pulverized tablet of mass equivalent to about 0.5
mg of BTM or DXM was transferred into a
30-ml test-tube and macerated with 10 ml of
water and further treated by sonication as indi-
cated in Section 2.6. The resulting suspension
was extracted with various proportions (0-15%,
v/v) of n-butanol in chloroform (3 X 15 ml),
leading to the selection of n-butanol-chloroform
(5:95, v/v) as the optimum. The extraction of
BTM or DXM from the water-macerated tablet
suspension is facilitated by using water-immisc-
ible chloroform with a suitable amount of n-
butanol (=5%, v/v). Because the common ex-
cipients such as lactose and starch used for tablet
formulations are also polar, containing hydroxyl
groups, these result in interaction of the excipi-
ent with DXM and BTM and an extraction
solvent system with a hydroxyl function is there-
fore useful for BTM and DXM. This is in
accordance with the behaviour of the polar
epimers interacting with the silica stationary
phase and needs a mobile phase containing
ethanol for better elution in NP-HPLC.

The extraction of a known amount of BTM or
DXM added to its powdered tablet with n-
butanol—chloroform (5:95, v/v) resulted in satis-
factory recoveries, e.g., 98.7+2.1 and 99.3 %
1.8% (n =3) for BTM at spiking levels of 0.1
and 0.3 mg, respectively, and 97.7*+ 1.5 and
99.4 +1.0% (n =3) for DXM at spiking levels of
0.1 and 0.3 mg, respectively. This reveals the
good extraction of BTM and DXM from their
tablet diluents with chloroform containing a
suitable amount of rn-butanol. The recoveries
were calculated as follows: recovery (%) = (total
amount of BTM or DXM found after adding the
epimer to its powdered tablet — amount of the
epimer found in its powdered tablet before
spiking) x 100/amount of the epimer added. The
detailed extraction protocol for BTM and DXM
is given in Section 2.6.

The method was applied to the determination
of BTM and DXM in tablets and synthetic
mixtures. The results are given in Table 1; all the
analytical values for BTM and DXM tablets fell
within the labelled range of 90-110% required
by the USP.

In conclusion, an adsorption HPLC method
has been developed for the determination of
BTM and DXM. The method uses no derivatiza-
tion reagent in the determination of the epimers;
as a consequence, no additional and time-con-

Table 1
Assay results (mean*S.D.; n=3) for BTM and DXM
tablets and their synthetic mixture

Sample Percentage of claimed content’
BTM DXM
BTM tablet
B, 96.2+1.7
B, 94.0+0.2
B, 94.6+1.2
B, 91.2+1.6
B, 94.6 = 0.8
Mean 94.1
S.D. 1.8
DXM tablet
D, 100.6 1.0
D, 99.8+1.1
D, 100.0+1.5
D, 101.8+1.4
D, 103.4 0.7
Mean 101.1
S.D. 1.5
Test mixture”
M, 94.8+1.2 104.0=1.0
M, 95.1%x13 100.9+ 0.6
M, 93.4=1.0 100.7 0.6
Mean 94.4 101.9
S.D. 0.9 1.8

“ The labelled amount of BTM and DXM in each tablet is 0.5
mg.

® Synthetic mixtures were formulated with various propor-
tions of pulverized tablets of BTM and DXM in mg of
labelled amount: M, (0.40 mg BTM + 0.10 mg DXM), M,
(0.25 mg BTM + 0.25 mg DXM) and M, (0.10 mg BTM +
0.40 mg DXM).
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suming step for analytical derivatization is re-
quired. Hence this direct HPLC method is sim-
ple, rapid and selective for the determination of
BTM and DXM. It seems to be practical and
economical for the quality control of BTM and
DXM in bulk and pharmaceutical products.
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Abstract

A GC-MS method is reported for establishing the reproducibility of the determination of widely different
amounts of sugars and acids as their trimethylsilyl derivatives simultaneously, from one solution with one injection.
Optimum conditions were achieved on a 30-m DB-5 column. The determination of the components was based on
their TIC and on selected ion monitoring. Data furnished by a Varian Saturn II GC-MS system equipped with a
Varian Model 8200 AutoSampler showed that 4-20 ng of the minor constituents, in the presence of 50-250 ng of
the main components, could be determined with a relative standard deviation of 10.6% or less. The utility of the
procedure was demonstrated by the analysis of the composition of six different apple varieties, gathered at three
different time of ripeness, in two consecutive years (1991, 1992), and stored for various periods of time. The
separated carboxylic acids and sugars were phosphoric, succinic, pyruvic, 5-hydroxy-N-valeric and malic acid,
butanal, 3-methyl-2-hydroxy-2-butenoic acid, 1,2-hydroxycyclohexene, pimelic acid, 2-deoxy-p-erythrose, tartaric
acid, xylitol, arabinose, caffeic acid, D-ribose, citric acid, rhamnose, quinic acid, D-erythro-tetrafuranose, talose,
2-ketogluconic acid, mannitol, sorbitol, fructose, galactose, glucose, fructose (open form), glucaric and galacturonic
acid, lactose, meso-inositol, gluconic, linoleic, glucuronic, stearic and arachidic acid, sucrose, turanose, maltose,
chlorogenic acid, B-sitosterol, raffinose and maitotriose.

1. Introduction

The importance of knowing the qualitative and
quantitative distribution of organic acids and
sugars present in fruits and vegetables and in
their different products is well known. The
concentrations of these compounds in fruits and
vegetables are characteristic, and are influenced

* Corresponding author.

0021-9673/94/$07.00
S$SDI 0021-9673(94)00380-R

by a number of factors, such as variety, maturity,
ripeness and storage conditions.

Optimum possibilities for the simultaneous
derivatization and gas chromatographic (GC)
determination of more than 30 components pres-
ent in several fruits and vegetables, (on both
packed and capillary columns) have been re-
ported recently [1-8].

In studies of the simultaneous determination
of sugars and acids (monitored by GC-MS as

© 1994 Elsevier Science B.V. All rights reserved
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their TMS derivatives), Chapman and Horvith
[9] determined four acids and eight sugars in
extracts of apple, peach, pear and sweet
‘potatoes, and Maciejewicz et al. [10] found four
phenolic acids, six sugars and glucitol in the
extract of propolis.

The aim of this paper is to show the extended
possibilities of the simultaneous determination of
sugars and acids as their trimethylsilyl deriva-
tives, present in widely different concentrations,
in one solution, by one injection, performing
mass spectrometric detection with six apple var-
ieties.

2. Experimental
2.1. Materials, reagents and samples

Chemicals and reagents were of analytical-
reagent grade. Pyridine and hydroxylamine hy-
drochloride and model sugars and acids were
obtained from Reanal (Budapest, Hungary),
hexamethyldisilazane from Fluka (Buchs, Swit-
zerland) and trifluoroacetic acid from Serva
(Heidelberg, Germany).

Authentic apple varieties (Jonnee, Jonagold,
Jonathan, Redspur, Gloster and Mutsu) were
obtained from the Research Garden of the
University of Horticulture and Food Industry
(Péterimajor, Hungary). All six varieties were
gathered at three different stages (Jonnee, ,—
Mutsu,_;) of ripeness, in two consecutive years
(1991, 1992), in order of listing at 03.09.91 and
03.09.92 (Jonnee,—Mutsu,), at 13.09.91 and
13.09.92 (Jonnee,—Mutsu,) and at 23.09.91 and
23.09.92 (Jonnee,—Mutsu,). Analyses were per-
formed immediately after gathering (O tests),
and every succeeding month, three times (A, B
and C tests). Peeled apples were homogenized in
a mixer and the sieved pulps were used for
derivatization.

2.2. Preparation of the TMS-oxime and TMS
derivatives

Model solutions containing various amounts of
minor components (5-107°-2.5-10"* g) and
main constituents (0.5-107°-5-107> g of malic

acid, glucose, fructose and sucrose), and stock
solutions of apple pulps (containing approxi-
mately the corresponding amounts of acids and
sugars, i.e., 0.2-0.5 g wet samples) were evapo-
rated to dryness in a rotary evaporator at 50—
60°C using 2- or 4-ml reaction vials. The dehy-
drated residues were then derivatized in the
same reaction vials. First they were treated with
0.5 ml of pyridine (containing 1.25 g of hydroxyl-
amine hydrochloride per 100 ml) and were
heated for 30 min at 75°C. The cooled samples
were then trimethylsilylated with a mixture of
0.9 ml of hexamethyldisilazane (HMDS) and 0.1
ml of trifluoroacetic acid (TFAA), in the same
vials for 60 min at 100°C.

Thereafter the solutions were ready for the
analysis and could be kept at ambient tempera-
ture for at least 3 months in their initial con-
dition. The amounts of stock solutions injected
for GC-MS were the variously (10-50-fold)
diluted aliquots of the derivatized stock solu-
tions.

Table 1
Optimum parameters for GC-MS measurements

Column temperature programme

Start (°C) End (°C) Rate (°C/min) Time (min)
60 120 16.0 3.75

120 155 4.0 8.75

155 155 0.0 12.00

155 210 4.0 13.75

210 320 16.0 6.87

320 320 0.0 18.00

- Injector temperature programme

Start (°C) End (°C) Rate (°C/min) Time (min)
60 60 0.0 2.00
60 320 180.0 1.44

320 320 0.0 10.00

Actual atomatic set-up conditions

Mass range, 40-650 u; Time per scan, 0.55; acquisition time,
60 min; Fil/Mul delay (time at the beginning of the elution,
that data acquisition does not work) 420 s; peak threshold, 0
count; mass defect, 100 mu per 100 u; background mass, 50 u
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2.3. Separation of the TMS-oxime and TMS mx0.32 mm 1.D.). The temperature pro-
derivatives grammes for the columns and for the SPI are
given in Table 1. The temperature of the transfer

The apparatus was a Saturn II GC-MS system line was 300°C. The actual parameters of the

from Varian (Walnut Creek, CA, USA), ion-trap detector (ITD) were defined by the
equipped with a Varian 8200 AutoSampler and a automatic set-up mode (Table 1).
septum-equipped programmable injector (SPI).

A DB-5 (0.25 mm) column (30 m x 0.248 mm

1.D.) was obtained from J & W Scientific (Fol- 3. Results and discussion
som, CA, USA). Four other columns were
obtained from Chrompack (Middelburg, Nether- In order to utilize the possibilities offered by
lands): CPF-Sil 5 CB (0.12 pwm) (10 m x0.25 the mass detector (i.e., to separate and deter-
mm L.D. and 25 m X 0.25 mm, I.D.) and CP-Sil mine more than 40 components, in widely differ-
19 CB (0.2 mm) (10 m X 0.32 mm L.D. and 25 ent concentrations, in the presence of each
5 23 24 37
41\4\2
6 37
A
1 N
39
27 /“0 42
36 M
2 s » 35
J ] LN W 2
1000 2000 3000 4000 5000 6000 7000 Scan Number
8:20 16:40 25:00 33:20 41:40 50:00 58:20 Retention time: min:s

Fig. 1. Total ion chromatograms (TIC) of a (A) calibration solution and (B) an apple (Jonnee,) sample. Peaks in order of
retention times (min:s, in parentheses), 1 (8:35) = Phosphoric acid; 2 (9:07) = succinic acid; 3 (9:36) = pyruvic acid; 4 (12:32) = 5-
hydroxy-N-valeric acid; 5 (12:55) = malic acid; 6 (13:36) = butanal; 7 (14:26) = 3-methyl-2-hydroxy-2-butenoic acid; 8 (15:13) =
1,2-hydroxycyclohexene; 9 (15:29) = pimelic acid; 10 (15:33) = 2-deoxy-D-erythrose; 11 (17:16) = tartaric acid; 12 (20:22, 20:59,
21:13) = xylitol; 13 (22:54, 23:16) = arabinose; 14 (25:22) = caffeic acid; 15 (26:13, 26:47) = p-ribose; 16 (26:36) = citric acid; 17
(27:37, 28:08) = rhamnose; 18 (29:41) = quinic acid; 19 (30:58) = D-erythro-tetrafuranose; 20 (31:14) = talose; 21 (31:29) =2-
ketogluconic acid; 22 (33:10) = mannitol; 23 (33:30) = sorbitol; 24 (34:03, 34:22) = fructose; 25 (35:35) = galactose; 26 (36:11,
36:33) = glucose; 27 (37:04, 37:19) = fructose (open form); 28 (38:09) = glucaric acid; 29 (38:10, 38:46, 39:22, 39:47)=
galacturonic acid; 30 (38:30) = lactose; 31 (83:30) = meso-inositol; 32 (38:47) = gluconic acid; 33 (38:48) =linoleic acid; 34
(40:48) = glucuronic acid; 35 (41:31) = stearic acid; 36 (43:56) = arachidic acid; 37 (45:53) =sucrose; 38 (46:29, 46:36) =
turanose; 39 (47:05, 47:11) = maltose; 40 (47:41, 48:21) = chlorogenic acid; 41 (49:53) = B-sitosterol; 42 (50:42) = raffinose; 43
(53:29, 53:59) = maltotriose.
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Table 2
Reproducibility of the simultaneous determination of organic acids and sugars as TMS or TMS-oxime derivatives

No. Compound Integrator units equivalent to 1 ng of substance (n =3)

A ' B C

Mean = S.D. RSD. (%) MeanxS.D. R.S.D.(%) Mean=S.D. R.S.D. (%)

2 Succinic acid 809 +19.1 23 862 +20.4 2.3 795+49.0 6.1

5 Malic acid : 2280+ 40.7 1.8 2931 +445 1.5 3273 £133.7 41

9 Pimelic acid 1375+ 26.6 1.9 1419 +35.6 2.5 1083 = 115.0 11
11 Tartaric acid 4381 +55.7 1.3 5262 +109.8 2.1 3976 = 225.3 5.7
13 Arabinose + xylose 5667 +102.8 1.8 6760 + 129.9 1.9 6074°
14 Caffeic acid 2204 +133.3 6.0 2504 + 176.6 7.1 2641 = 60.1 2.2
16 Citric acid 4691 + 266.3 5.7 5051° 3831 +277.5 7.2
17 Rhamnose 2827 +27.7 1.0 5709 +40.4 0.7 5850 +94.1 1.6
18 Quinic acid 6898 +352.3 5.1 7844 + 453.0 5.8 7736 + 309.7 4.0
22 Mannitol 7883 +404.0 5.1 9545¢ 9536 + 236.8 2.5
23 Sorbitol 7711 £ 184.6 2.4 8717 = 340.4 3.9 8962 * 534.7 6.0
24 Fructose 7656 = 153.6 2.0 8592 +398.6 4.6 9036 + 528.9 59
26 Glucose 6946 + 191.9 2.8 7863 +193.1 2.4 8426 +171.1 2.0
29 Galacturonic acid 1998 £ 56.5 2.8 1303 +35.0 2.7 1278 = 53.4 4.2
33 Linoleic acid 349+17.6 2.2 323+104 3.2 223+14.5 6.5
35 Stearic acid 825+21.5 2.6 898+10.8 1.2 784 £ 47.6 6.0
36 Arachidic acid 760+ 9.5 1.3 746 +18.1 24 506 + 31.0 6.1
37 Sucrose 6439 +235.7 3.7 7284 +173.4 2.4 7443 =247 .4 33
39 Maltose 4754 = 166.8 35 5309 +166.9 31 5263 + 186.4 3.5
40 Chlorogenic acid 857155 1.8 997 +30.0 3.0 - -
42 Raffinose 1863 + 58.9 3.2 2007 £ 46.1 2.3 - -

Amounts injected: (A) 20 ng of the minor constituents and 250 ng of the main constituents (fructose, glucose, sucrose); (B) 8 ng
of the minor constituents and 100 ng of the main constituents; (C) 4 ng of the minor constituents and 50 ng of the main
constituents. S.D. = standard deviation; R.S.D. = relative standard deviation. Numbers in the first column refer to the peaks in
Fig. 1A.

‘n=2,

“ e | = Mutsu,
~ b E:Li_% Gloster,
= e | e —"Redspur,
'AJ‘ - — —*“J"—““" — < Jonathan,
- ~ h s L > Jonagold,
P l = L e Jonnee,
1000 2000 3000 4000 5000 6000 7000 ScanNumber
8:20 16:40 25:00 33:20 41:40 50:00 58:20 Retention time: min:s

Fig. 2. TIC of the six apple varieties (Jonnee,, Jonagold,, Jonathan,, Redspur,, Gloster,, Mutsu,) presented in three
dimensions. For further details, see Table 3).
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other), the main task was to find the optimum
conditions. In our earlier studies [2-7], a CP-Sil
5CB column, coated with methylsilicone, showed
an excellent performance in the separation of
more than 30 TMS derivatives (including mem-
bers of various series of carboxylic acids and
sugars of different degrees of polymerization,
but excluding similar components, such as al-
donic, uronic or sugar dicarboxylic acids). A
30-m DB-5 column, coated with 5% phenyl- and
95% methylsilicone, proved to be a good solu-
tion of the determination of all characteristic

components of apples, similarly to the separation
of citric acid from isocitric acid present in lemon
and grapefruit samples [8].

The quantitative evaluation of the components
were performed on the basis of the total ion
count (TIC) data applying external standards
(Table 2, Fig. 1A). As can be seen (Table 2) the
concentration proportionality of the compounds
(expressed in integration units per 1 ng of sub-
stance injected), provided by the ITD, was good,
but not completely linear. This experience is in
accordance with literature data [11]. Therefore,

Table 3
Compositions of six different apple varieties, expressed as percentages (w/w) of their dry matter contents (1992, B tests)
No?* Component Jonnee, Jonagold, Jonathan, Redspur, Gloster, Mutsu,
Dry matter content (%) 12.14 11.51 12.27 13.04 12.76 11.19
1 Phosphoric acid 0.10 0.21 0.29 0.16 0.30 0.35
3 Pyruvic acid x 10° 3.6 7.5 6.2 6.7 6.5 4.1
4 5-Hydroxy-N-valeric acid x 10 8.2 - - - - 3.3
5 Malic acid 1.8 1.4 3.2 1.6 33 3.8
6 Butanal x 10 1.5 22 2.9 - - 2.8
7 3-Methyl-2-hydroxy-2-butenoic acid X 10° 7.3 4.1 57.0 - 2.7 1.4
8 1,2-Hydroxy-cyclohexene x 10 6.7 11.0 11.0 11.0 10.0 6.5
10 2-Deoxy-p-erythrose 0.19 0.19 0.13 0.36 0.59 0.18
12 Xylitol x 10 3.6 5.5 14.0 4.4 6.1 9.5
13 Arabinose 0.79 0.67 1.29 1.31 0.47 1.50
15 p-Ribose x 10° 7.2 30.0 20.0 36.0 14.0 -
16 Citric acid x 10° 9.4 - - 9.3 9.4 120.0
18 Quinic acid 0.11 0.22 0.19 0.15 0.35 0.29
19 p-erythro-Tetrafuranose X 107 5.2 10.0 11.0 8.9 12.0 3.8
20 Talose x 107 39 9.3 8.4 9.4 7.4 1.4
21 2-Ketogluconic acid x 10 1.9 1.1 1.5 9.7 7.8 9.1
22 Mannitol x 10° 8.0 17.7 16.4 12.0 1.16 33.2
23 Sorbitol 2.0 3.0 3.5 2.7 4.0 4.0
24 Fructose 33.7 54.1 47.1 51.0 44.8 473
25 Galactose x 10° 20.8 17.1 15.8 35.1 6.79 97.5
26 Glucose 12.8 22.4 19.4 15.6 20.6 27.9
27 Fructose (open form) 0.50 0.82 0.62 0.76 0.77 1.13
28 Glucaric acid x 10° 1.2 12.0 2.1 8.9 19.0 27.0
30 Lactose x 10° 10.2 323 6.2 15.5 16.7 41.5
31 meso-Inositol X 107 4.6 12.0 7.0 87.0 16.0 54.0
32 Gluconic acid X 107 1.1 9.6 - 6.8 14.0 19.0
34 Glucuronic acid x 10 1.7 4.9 - 1.6 3.5 0.6
35 Stearic acid x 10° 3.3 2.2 - 2.8 3.5 3.9
37 Sucrose 6.2 11.0 9.1 15.4 10.4 9.6
38 Turanose X 10° 17.0 25.0 18.0 31.0 18.0 2.4
41 B-Sitosterol x 10* 43 4.6 6.8 8.1 7.5 1.4
42 Raffinose X 107 3.0 7.5 19.0 45.0 24.0 17.0
Identified in total w/w% 59.1 95.7 86.7 91.9 87.3 98.0

“ Numbers refer to the peaks in Fig. 1.
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to obtain acceptable and reliable analytical val-
ues for the calculation of the composition of
apple samples (Tables 3 and 4), the corre-
sponding responses (Table 2) were taken into
account.

In the determination of those components that

[o} A B [o!
25
%
2 E
[
1.5 1
1
0.5 t
(o} 4
o} A B [

Fig. 3. Changes in the amounts of the main components,
measured in varieties Redspur, (B tests), obtained in two
consecutive years. The ordinates represent the percentages of
components expressed as the corresponding dry matter
content of the samples. For O, A, B and C, see Experimen-
tal) Top: O =fructose (1992); O = glucose (1992); @ =
sucrose (1992); < =fructose (1991); A =glucose (1991);
A =sucrose (1991). Bottom: O =malic acid (1992); O =
sorbitol (1992); @ = malic acid (1991); < = sorbitol (1991).

were not present in the external standard solu-
tion, the closest eluting member of standard
solution, i.e., the corresponding carboxylic acid
or sugar (depending on the compound to be
determined), served as the basis of calculation.

For the identification of those apple con-
stituents which were not available in our stan-
dard solution, selected ion monitoring was ap-
plied, utilizing the mass selectivity of the frag-
ments of silylated compounds, provided by the
characteristic electron impact (EI) mass spectra,
present in the NIST or Wiley libraries, mostly in
both (Fig. 1B, Table 3).

Evaluating the composition of various apple
varieties, gathered and stored under the same
conditions (Fig. 2, Table 3), it is obvious that
considerable differences were measured (Fig. 2),
mainly in the concentrations of the minor con-
stituents (Table 3). High levels of 3-methyl-2-
hydroxy-2-butenoic acid and xylitol (Jonathan),
citric acid, mannitol, galactose, glucaric acid,
lactose and gluconic acid (Mutsu) and D-ribose,
meso-inositol, turanose and raffinose (Redspur)
were found. The distribution also of the main
constituents proved to be characteristic of the
variety.

Variations in the amounts of the main con-
stituents, due to the date of gathering and
storage times, are compiled in Table 4 and Fig.
3.

It can be stated, both on the basis of values
obtained from samples collected in 1991 (data in
Table 3) and in 1992 (data in Fig. 3) and in
comparison with each other, that the amounts of
the main constituents decrease with increasing
storage time. Large losses on storage were found
in the fructose and sucrose contents of all var-
ieties, independently of their date of gathering.

4. Conclusions

A CS-MS method was developed for the
simultaneous determination of sugars and acids,
including aldonic-, uronic- and sugar dicarboxylic
acids, as their TMS oxime and TMS derivatives,
present in six different apple varieties. The
determination of the components was based on
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the evaluation of their TIC. The identification
and determination of those compounds which
were not available was based on their EI mass
spectra provided by the NIST and/or Wiley
libraries.
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Abstract

Amino acids were derivatized to N(O)-trifluoroacetyl methyl and isopropyl esters and studied with respect to the
gas chromatographic separation of their enantiomers by using capillary columns coated with four types of
cyclodextrin derivatives of 6-O-tert.-butyldimethylsilyl-2,3-di-O-acetyl or n-butyryl-8- and -y-cyclodextrin. All
amino acids could be separated into enantiomeric pairs except Trp. Methyl ester derivative showed the best
separation on octakis(2,3-di-O-n-butyryl-6-O-tert.-butyldimethylsilyl)-y-cyclodextrin - and isopropyl esters on
heptakis(2,3-di-O-acetyl-6-O-tert.-butyldimethylsilyl)-8-cyclodextrin. Pro showed complete separation as its N(O)-
trifluoroacetyl isopropyl ester derivative, and the same derivative of Ala showed a very high separation factor of

1.808 at 100°C.

1. Introduction

Open-tubular capillary columns coated with
chiral stationary phases are a powerful tool for
the gas chromatographic (GC) determination of
enantiomeric composition [1,2]. For amino acid
enantiomers, Chirasil-Val is the most thoroughly
studied capillary column and is capable of
separating all protein amino acid enantiomeric
mixtures almost completely in the form of N(O)-
perfluoroacyl alkyl esters in a single run within
30 min [3]. This column has been applied to the
determination of the optical purity of amino
acids. However, it gives an unsatisfactory sepa-

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00331-3

ration of the Pro enantiomeric pair, which is
important in biomedical research [4,5]. Chiral
recognition with Chirasil-Val can be attributed to
diastereomeric associations formed mainly by
hydrogen bonding between chiral solutes and the
phase. Therefore, with Pro, the only amino acid
with a pyrrolidine ring, and which possesses no
amide hydrogen in its N-perfluoroacyl alkyl ester
derivative, it is difficult to carry out an adequate
interaction enantioselectively with this phase.
Recently, modified cyclodextrins have been
introduced as chiral stationary phases in capillary
GC and proved to be powerful tools in the
enantioselective determination of volatile chiral
compounds with different functional groups,
including amino acids [6-10]. In this work, we

© 1994 Elsevier Science B.V. All rights reserved
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investigated the GC separation of amino acid
enantiomers as their N(O)-trifluoroacetyl (TFA)
methyl and isopropyl ester derivatives on four
types of cyclodextrin derivatives coated on capil-
laries.

2. Experimental
2.1. Synthesis of cyclodextrin derivatives

Four cyclodextrin derivatives were prepared:
heptakis(2,3-di-O-acetyl-6-O-tert.-butyldimethyl-
silyl)-B-cyclodextrin  (CD-1), octakis(2,3-di-O-
acetyl-6-O-tert. - butyldimethylsilyl ) - y- cyclodex-
trin (CD-2), heptakis(2,3-di- O - n- butyryl-6-O-
tert. - butyldimethylsilyl) - 8 - cyclodextrin (CD-3)
and octakis(2,3-di-O-n-butyryl-6-O-tert.-butyldi-
methylsilyl)-y-cyclodextrin (CD-4). Samples of
B- and y-cyclodextrins were obtained form Wako
(Osaka, Japan).

6-O-tert.-Butyldimethylsilyl-8- and y-cyclo-
dextrins were prepared according to the litera-
ture [11,12]. The raw products were purified by
silica gel column chromatography using chloro-
form-methanol (3:1, v/v) as the eluent. The
purified products were diacetylated with acetic
anhydride in pyridine according to the cited
references. The products were purified by chro-
matography on a silica gel column with toluene—
ethanol (10:1, v/v) as the eluent. 2,3-Di-n-
butyrylation was carried out in analogy with the
procedure described in ref. [10]. The raw prod-
ucts were purified by silica gel column chroma-
tography with toluene—ethyl acetate (5:1, v/v) as
the eluent.

2.2. Preparation of glass capillary columns

Glass capillaries (0.8 mm O.D., 0.25 mm 1.D.)
were drawn from borosilicate glass tubing
(Pyrex, 8 mm O.D., 25 mm LD.) on a
Shimadzu GDM-1B glass-drawing machine. The
capillaries were leached with 6 M HCI, dehy-
drated and silylated with diphenyltetramethyldi-
silazane according to Grob [13]. The capillaries
were coated with 10% of the cyclodextrin deriva-
tive dissolved in SE-30 (CD-1, CD-3, CD-4) or

OV-1701 (CD-2) by a static method using a 0.3%
solution of the stationary phases in CH,Cl,—n-
CH,, (1:1, v/v).

2.3. Instrumentation

A Shimadzu Model 7AG gas chromatograph
equipped with a flame ionization detector was
used throughout. The carrier gas was helium and
split-mode injection was used. The output signal
was processed by a Shimadzu C-R1A digital
integrator.

3. Results and discussion

Table 1 gives the separation factors of N(O)-
TFA methyl esters of fifteen amino acid enantio-
mers on four different types of cyclodextrin
derivatives. Similarly, Table 2 gives the sepa-
ration factors of N(O)-TFA isopropyl esters of
amino acid enantiomers. The highest separation
factor for each amino acid is given in italics. The
differences in the enantioselectivities of these
four cyclodextrin derivatives towards amino acid
derivatives can be easily established from these
results.

With N(O)-TFA methyl esters, CD-4 showed
the best enantioselectivity. High values of the
separation factor could be obtained from Pro
(1.563, 100°C) and Asp (1.406, 120°C); however,
Thr, Phe, and Trp could not be separated. The
highest values of the separation factor were
observed for Thr on CD-3 (1.348, 120°C) and
Phe on CD-1 (1.084, 130°C). None of these four
phases could separate Trp enantiomers.

For N(O)-TFA isopropyl esters, CD-1 was the
most efficient. Ala showed a very high sepa-
ration factor of 1.808 at 100°C. The separation
factors of Thr and Ser were 1.694 (110°C) and
1.292 (120°C), respectively. However, the other
amino acids showed lower values of the sepa-
ration factor than with the N{O)-TFA methyl
ester derivatives. Especially Pro and Asp showed
very low values, and there was no separation
from Trp on the four phases. Notwithstanding,
Pro could be separated completely on CD-4 with
separation factor of 1.236 (100°C).
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Table 1
Separation factors for N(O)-TFA methyl esters of amino acid enantiomers
Amino Separation factor” Column temperature
acid °C)
CD-1 CD-2 CD-3 CD-4
Ala 1.128 1.125 1.102 1.124 100
Val 1.102 1.146 1.042 1.243 100
Ile 1.112 1.131 1.013 1.288 100
Leu 1.137 1.109 1.000 1.229 100
Pro 1.198 1.398 1.315 1.563 100
Thr 1.290 1.168 1.348 1.000 120
Asp 1.310 1.300 1.000 1.406 120
Ser 1.347 1.369 1.108 1.158 130
Glu 1.103 1.169 1.000 1.262 130
Phe 1.084 1.009 1.017 1.000 130
Met 1.017 1.049 1.040 1.138 140
Tyr 1.021 1.022 1.070 1.029 160
Orn 1.088 1.026 1.077 1.098 170
Lys 1.054 1.020 1.021 1.071 170
Trp 1.000 1.000 1.000 1.000 170

The highest separation factor for each amino acid is underlined.

* Stationary phases: CD-1= heptakis(2,3-di-0—acetyl-6-0—tert.—butyldimethylsilyl)-B-cyclodextrin; CD-2 = octakis(2,3-di-O-acetyl-
6-O-tert.-butyldimethylsilyl)-y-cyclodextrin; ~ CD-3= heptakis(Z,3—di-O—n-butyry1—6-O—tert.-butyldimethylsilyl)-B-cyclodextrin;
CD-4= 0ctakis(2,3-di-O-n-butyryl-6-O-tert.-butyldimethylsilyl)-y-cyclodextrin.

Table 2
Separation factors for N(O)-TFA isopropyl esters of amino acid enantiomers
Amino Separation factor” Column temperature
acid (°C)
CD-1 CD-2 CD-3 CD-4
Ala 1.808 1.156 1.117 1.233 100
Val 1.078 1.012 1.039 1.000 100
Ile 1.020 1.011 1.000 1.000 100
Leu 1.061 1.021 1.025 1.000 100
Pro 1.016 1.034 1.017 1.236 100
Thr 1.694 1.114 1.453 1.042 110
Ser 1.292 1.075 1.000 1.000 120
Asp 1.016 1.000 1.000 1.000 130
Glu 1.029 1.000, 1.000 1.000 130
Met 1.048 1.018 1.030 1.000 140
Phe 1.052 1.013 1.000 1.000 140
Tyr 1.047 1.049 1.000 1.000 160
Orm 1.137 1.069 1.069 1.000 180
Lys 1.073 1.022 1.025 1.000 180
Trp 1.000 1.000 1.000 1.000 180

The highest separation factor for each amino acid is underlined.
“ See Table 1.
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p

0 10 20 30 min

Fig. 1. Gas chromatogram of N(O)-TFA isopropyl esters of
amino acid enantiomeric mixture. Column, glass capillary (20
m X 0.25 mm L.D.) coated with heptakis(2,3-di-O-acetyl-6-O-
tert.-butyldimethylsilyl)-B-cyclodextrin-SE-30  (1:9, w/w).
Column temperature, 100°C, held for 4 min, then pro-
grammed at 4°C/min to 220°C. For each amino acid enantio-
meric pair, the p-enantiomer eluted faster.

From the data in Tables 1 and 2, the cyclo-
dextrin derivative with the largest cavity and
with a large substituent (n-butyryl) at the 2- and
3-positions (CD-4) gave the best results for the
separation of N(O)-TFA methyl esters of amino

i
0 10 20 30 min

Fig. 2. Gas chromatogram of N{O)-TFA isopropyl! esters of
amino acid enantiomeric mixture. Column, glass capillary
coated with  octakis(2,3-di-O-n-butyryl-6-O-tert.-butyldi-
methylsilyl)-y-cyclodextrin~SE-30 (1:9, w/w). Column tem-
perature, 90°C, held for 4 min, then programmed at 4°C/min
to 200°C. For other conditions, see Fig. 1 and text.

acid enantiomers. On the other hand, the amino
acid derivatives esterified with larger-sized al-
cohol of N(O)-TFA isopropyl esters could be
separated best on the cyclodextrin derivative
with smallest cavity size acylated with a smaller
substituent (acetyl) at the 2- and 3-positions. The
reasons for these unexpected results are not yet
understood. Konig et al. [10] reported that
N(O)-TFA methyl esters of amino acid enantio-
mers can be separated almost completely on
octakis(3-0-r-butyryl-2,6-di-O-pentyl)-y -cyclo-
dextrin. Taking into account the simultaneous
use with Chirasil-Val in practical applications, the
choice of the N(O)-TFA isopropyl ester deriva-
tives is considered to be more versatile. Fig. 1
shows a representative gas chromatogram of
N(O)-TFA isopropyl esters of an amino acid
enantiomeric mixture on CD-1. Pro enantiomers
can hardly be separated. Nevertheless, the same
derivative of Pro enantiomers could be separated
completely on CD-4 without interference from
other amino acid peaks (Fig. 2).
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