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shows the mean standard curve and deviation for
c.l. Reactive Blue 2 using the indirect competitive
assay across a broad range of dye concentrations
(2.4 nM-5 JlM). The assay is linear between 5 and
300 nM Cd. Reactive Blue 2 under the conditions
used.

Sensitivity of the competitive ELISA for C.I. Re
active Blue 2. Analysis of the potential sensitivity of
the indirect competitive ELISA was performed us
ing a lighter substituted dye-protein conjugate (1.14
mol dye/mol protein) and a range of coating con
centrations down to 10 ng conjugate/ml, The sensi
tivity of the assay increased as the amount of bound
antigen decreased and under certain conditions the
assay could detect dye concentrations down to 300
pM. The amount of bound antibody did, however,
decrease with lower antigen coating concentrations,
producing a lower absorbance value against a fixed
background (the plate itself) and thereby more po
tential for error. Amplification systems such as
those based on the biotin-avidin system [18]may be
expected to increase the sensitivity further. This as
pect was not investigated since, for our purposes,
the assay was required to measure a broad range of
dye concentrations up to spectrophotometric detec
tion limits (1 JlM) and this necessitated choosing a
higher concentration of coating antigen (10 Jlg/ml)
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with concomitant loss of sensitivity (> 3 nM; ~ 3
ngjrnl).

Specificity of the competitive ELISA for C.I. Re
active Blue 2. The specificity of the immunoassay
was studied by measuring the ability of structural
fragments and analogues of c.l. Reactive Blue 2
and other reactive dyes to block antibody binding
of C.l. Reactive Blue 2-coated micro titre plates.
Fig. 2 shows the structures of some compounds
tested for their cross-reactivity with antibody to the
parent dye. Structures I and II are intermediates in
the synthesis of c.r. Reactive Blue 2 (III), while IV
is an unsubstituted terminal ring isomer of the dye
[19]. Compound V represents the parent dye sub
stituted at the triazine ring with 1,6-diaminohexane,
a bridging or spacer group commonly used in affin
ity chromatography to separate the affinity ligand
from the matrix backbone. Compounds VI and VII
each possess substituted anthraquinone moieties,
though the latter retains the charged anthraquinone
sulphonate group. VIII is essentially an analogue of
c.1. Reactive Blue 2 possessing an 1,2-ethylenedia
mine spacer group between the blue base moiety (II)
and the triazine ring. Compounds IX and X repre
sent two azo triazine dyes, Procion Red H-3B and
Procion Brown H-2G respectively, that do not con
tain the anthraquinone group.

TABLE I

CROSS-REACTIVITY OF CERTAIN FRAGMENTS AND STRUCTURAL ANALOGUES OF C.l. REACTIVE BLUE 2 IN
ELISA

Microtitre plates were presented with dye-ovalbumin conjugate (4.5 Jlmol dye/umol protein; 10 Jlgjml). Plates were incubated with
serial dilutions of 5 JlM stocks of analogues together with a I j3200th dilution of purified IgG factor of rabbit antiserum to C.I. Reactive
Blue 2. Values shown represent the means of triplicate samples.

Compound

1,4-Diaminoanthraquinone
Blue base
c.r. Reactive Blue 2
anilino-C.l. Reactive Blue 2
1,6-Diaminohexane-m-C.I. Reactive Blue
I-Hydroxy-2-desulpho-m-C.l. Reactive Blue 2
Acryloyl anthraquinone-methoxy-p-C.I. Reactive Blue 2
m-Benzoic-s-triazino-I ,2-ethylenediamine-blue base
Procion red H-3B
Procion brown H-2

No.

I
II
III
IV
V
VI
VII
VIII
IX
X

Concentration"
(nM)

360
32
13
24
14

180
180

17
5000
3300

Relative cross
reactivity (%)

3.6
40.6

100
54.2
92.9

7.2
7.2

76.5
0.3
0.4

" These values represent that concentration of each compound yielding an absorbance at 492 nm of 1.0 in the indirect competitive
ELISA.
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TABLE II

LIGAND CONCENTRAnON, HUMAN SERUM ALBUMIN CAPACITY AND STABILITY IN BUFFER OF C.I. REACTIVE
BLUE 2-CONTAINING AFFINITY ADSORBENTS

Adsorbent" Manufacturer/supplier Ligand content" Human serum Dye leakage Immobilised
(jtmol/ml) albumin capacity" (pmol/day) dye loss

(rng/ml) (OMoss/day)

Mimetic Blue I A6XL ACL 2.5 ± 0.2 48.9 UI
Affi-Gel Blue Bio-Rad > 2.3' 45.5 43 <0.0009
Immobilised Cibacron Blue F3GA Pierce ~2.0 42.3 17 0.0004
Fractogel TSK AF-B1ue Merck d 40.6 U
Cibacron Blue F3GA-silica Serva 33.4 U
Blue Trisacryl-M IBF ~4.0 29.7 27 0.0003
Blue Sepharose CL-6B Pharmacia ~2.0 25.4 U
Reactive Blue 2-Sepharose CL-6B Sigma ~2.0 23.2 U
Blue polyvinyl alcohol-coated

perfluorocarbon adsorbent 1.9 ± 0.2 10.1 U

a Packed adsorbents (2 ml) were washed with 50 mM phosphate buffer, pH 7.0 (50 column volumes) and then allowed to stand for 72 h
in this buffer. Further buffer (10 ml) was then added, collected and assayed for c.l. Reactive Blue 2 by competitive ELISA.

b Manufacturer/suppliers' figures.
c Calculated assuming formule weight for C.l. Reactive Blue 2 = 840.
d Figures not supplied.
e Albumin capacities were measured by frontal analysis of 10 mg/ml human serum albumin in 50 mM sodium acetate, pH 5.5.
I Undetectable « pmol/day),

Dye leakage in rigorous conditions. Leakage of
immobilised ligand from affinity adsorbents may be
attributable to cleavage of the dye-matrix bond, hy
drolysis or dissolution of the matrix backbone or
displacement of tightly adsorbed but non-covalent
ly bound ligand remaining after adsorbent synthe
sis. Fig. 4 displays the results of exposing a number
of affinity adsorbents to increasing concentrations
of chaotrope, acid and base. The effect of high
chaotrope concentrations on the immunoassay il
lustrates how serial dilutions rather than single well
samples are required to analyse dye loss under these
conditions. Leakage of ligand was undetectable
from most adsorbents in 0.5 MNaSCN and, even in
1.25 M NaSCN, the coated perfluoropolymer and
MIMETIC Blue I A6XL displayed no leakage. Un
der all other conditions, the immunoassay detected
loss of dye from all the adsorbents. However, the
extent of ligand loss varied widely for any given
condition: for example, in I M sodium hydroxide
solution, loss of only 0.1% of the total dye content
of the perfluoropolymer adsorbent was observed,
whilst under the same conditions, approximately
13.5% of total ligand content of the silica-based Ci
bacron Blue F3GA = Si500, assuming an initial

dye content of 2 Ilmoljml silica, was lost. It is well
known that silica is labile in alkali and dissolution
occurs at pH values above 8.0 [22]. In contrast, sil
ica is stable at low pH and, therefore, the leakage
exhibited in acidic conditions probably arises from
hydrolysis of the siloxane bonds between ligand and
the support. Pellicular coatings for silica comprising
polymers such as dextran have been developed
which coat the surface and facilitate ligand immo
bilisation [23]. However, coating imperfections will
still allow solvent attack on the base matrix and will
inevitably lead to ligand loss.

The 1,4-ether bond between the D-galactose and
3,6-anhydro-L-galactose moieties of agarose is
known to hydrolyse in acidic conditions, resulting
in breakdown of the matrix [24]. Furthermore, un
crosslinked polymer chains of agarose are aggregat
ed by hydrogen bonds which may be disrupted by
chaotropic agents as well as by acid and base. The
stabilities of the agarose-based materials follow a
heirarchy: A » F,G,I > B. This order mirrors the
results of the flow-rate versus pressure analysis and
is explicable in terms of the extent of chemical
cross-linking introduced within the agarose poly
mer chains. The notable stability of A (MIMETIC
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pounds was examined by HPLC in chromatograph
ic systems using Florisil as an adsorbent and isopro
panol, dioxane or tetrahydrofuran in n-heptane as
mobile phases. The chromatographic data were
compared with those obtained earlier by HPLC on
silica [7,8].

The analysis of steric and mesomeric effects of
solutes also permits a better recognition of the dis
tribution and chemical properties of active centres
on the Florisil surface.

EXPERIMENTAL

The chromatographic experiments with Florisil
were performed at 19 ± I DC using a Type 302 liquid
chromatograph (Institute of Physical Chemistry,
Polish Academy of Sciences), equipped with a sy
ringe pump (at a flow-rate of 1.2 ml/min) and a UV
detector (254 nm). Single solutes dissolved in the
eluent were injected with the help of a 5-,u1 injection
valve.

HPLC-grade 10-,um Florisil was prepared in the
Institute ofInorganic Chemistry (Gliwice. Poland).

TABLE I

COMPOUNDS INVESTIGATED

M. Waksmundzka-Hajnos / J. Chromatogr. 623 (1992) 15-21

Florisil (Fluka, Buchs, Switzerland) for TLC was
milled in a Model 100 AFG counterflow-fluid mill
produced by Alpine (Augsburg, Germany). Particle
segregation of ground Florisil was carried out in a
Model 100 MZR pneumatic separator (Alpine).
The column (150 x 4 mm J.D.) was packed with
10-,um Florisil [specific surface area (BET) 340
m2/g, total porosity 46.2%] by the slurry method.
The experimental results represent the averages of
three runs. As mobile phases n-heptane solutions of
isopropanol (for HPLC, E. Merck, Darmstadt,
Germany), l,4-dioxane (for HPLC, Romil Chem
icals, Shepshed, UK) or tetrahydrofuran (for chro
matography, redistilled, International Enzymes,
Windsor, UK) were used. For further details, see
ref. 3.

The chromatographic experiments with silica
were performed using a Perkin-Elmer (Norwalk,
CT, USA) Model 1210 liquid chromatograph with
dual syringe pumps and UV detector. The column
(125 x 4 mm J.D.) was packed with 10-,um LiChro
sorb Si 60 (E. Merck). For further details, see refs. 7
and 8.

Solute

1,3-Dihydroxynaphthalene
I ,3-Dihydroxy-5-methylbenzene (orcinol)
1,4-Dihydroxybenzene (hydroquinone)
4-Aminophenol
3-Aminophenol

4-Hydroxybenzaldehyde
2,6-Dichloro-4-nitroaniline
2-Chloro-4-nitroaniJine
4-Chloro-3-nitroaniline
4-Nitroaniline
3-Nitroaniline
2-Nitroaniline
2,4-Dinitroaniline
4-Nitrophenol
5-Aminoacridine

1,2-Dinitrobenzene
1,4-Dinitroben7..ene
4-Nitrobenzaldehyde
6-Nitroquinoline
2-Chloro-3-nitropyridine
2-Chloro-5-nitropyridine

Abbreviation

13HN
13H5MB
14HB
4AP
3AP

4HBal
26C4NtAn
2C4NtAn
4C3NtAn
4NtAn
3NtAn
2NtAn
24NtAn
4NtP
5AAcr

12NtB
14NtB
4NtBai
6NtQ
2C3NtPy
2C5NtPy

Polar groups type

AB-AB
AB-AB
AB-AB
AB-AB
AB-AB

AB-B
AB-B
AB-B
AB-B
AB-B
AB-B
AB-B
AB-B-B
AB-B
AB-B

B-B
B-B
B-B
B-B
B-B
B-B
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Thermal treatment of supports for chiral stationary
phases and its influence on enantioselectivity

Rolf Straub" and Hans Arm
Institute of Organic Chemistry, University of Berne, Freiestrasse 3, CH-30I2 Berne (Switzerland)

(First received March Ist, 1992; revised manuscript received June Ist, 1992)

ABSTRACT

Thermal treatment of silica at temperatures above 800°C leads to a significant decrease in the silanol surface concentration. Chiral
modification of such thermally treated silicas gives derived stationary phases with lower specific surface areas and lower surface
concentrations of ligands. The resolution of chiral amides was in some instances better with thermally treated rr-donor chiral stationary
phases based on (R)-I-(I-naphthyl)ethylamine in comparison with the corresponding untreated phases. Correlation experiments with
two homologous series indicate that retention also depends on other hydrogen-bond acceptors such as secondary hydroxyl groups near
the chiral selector.

INTRODUCTION

Pirkle and co-workers [1-3] synthesized n-donor
chiral stationary phases (CSPs) for high-perform
ance liquid chromatography (HPLC) with a lower
surface loading of chiral ligands by using smaller
amounts of reactants. These "diluted" CSPs were
developed and tested with a view to clarifying chiral
recognition mechanisms.

Dappen et al. [4] obtained CSPs with various sur
face coverages depending on the order of connec
tion of the spacer, 3-glycidoxypropyltrimethoxysi
lane, with the chiral selector molecule and the sur
face silanol groups. A decrease in the number of
active polar sites on the silica support can increase
the enantioselectivity of the CSP for polar solutes.

When using ordinary "diluted" chiral stationary
phases for the separation of enantiomers it is neces
sary to consider that residual silanol groups can
cause disturbing polar adsorption (non-chiral inter-

Correspondence to: Professor Dr. H. Arm, Institute of Organic
Chemistry, University of Berne, Freiestrasse 3, CH-3012 Berne,
Switzerland.

"" This paper is part of the Dissertation of R. Straub [101.

action with polar functional groups of the solute)
which lower the chiral recognition by peak broad
ening. A thermal treatment prior to a chemical
modification deactivates these surfaces so much
that such polar adsorptions are mostly suppressed.
For this treatment, temperatures up to 10000C for
several hours have been applied. Thermal treatment
reduces the surface area of the silica to an extent
dependent on the temperature applied and the puri
ty of the silica [5-9].

The aim of the first part of this study was to in
vestigate whether a thermal treatment of silica prior
to the chemical reaction decreases the surface densi
ty of chiral ligands. We also compared these ther
mally treated and lightly loaded chiral stationary
phases (TCSPs) with the CSPs previously described
[4,10,11]. The basic structure of the CSPs is given in
Fig. I. The only differences between slightly and
heavily loaded CSPs are the surface density of the
chiral ligands, the number of remaining silanol
groups and the structure of the support.

EXPERIMENTAL

Two chiral stationary phases, one with an N-piv
aloyl group, R 1 , [CSP I (PlV)] and another with an

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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CSP I (PlY)

TCSPI (PlY)

CSPII (CYH)

TCSP II (CYH)

Fig. 1. Chiral stationary phases (CSPs and TCSPs) I and II. N-Acyl derivatives of (R)-4-(N-l-alkyloylamino-l-ethyl)-I -naphthylamine.

N-cyclohexylcarbonyl group, R 2, [CSP II (CYH)]
were synthesized starting from (R)-l-(1-naphthyl)
ethylamine according to a procedure described ear
lier [4,10,11]. Similar phases, TCSP I (PIV) and
TCSP II (CYH), but from thermally treated sup
ports were also made and are discussed below.

The elemental analyses were done with a routine
analyser in the microanalytical department ofCiba
Geigy (Basle, Switzerland) and specific surface area
(SBET) measurements with a Carlo Erba Sorptomat
ic Series 1800 instrument. All samples used were
synthesized according to common laboratory meth
ods.

Materials
LiChrospher Si 100 (Merck, Darmstadt, Germa

ny) with a particle size of 5 p.ffi and a specific surface
area SBET = 264.4 ± 5.4 m2/g was dried at 150°C
and 0.01 mbar for 6 h prior to the bonding proce
dure. All chemicals were purchased from Merck or
Fluka (Buchs, Switzerland). All solvents used for
reactions or for washing were dried according to
general laboratory procedures. For liquid chroma
tography, HPLC-grade solvents from Romil Chem
icals (Shepshed, UK) were used.

Silylation of thermally treated silica
Thermal treatment. Three 0.55-g portions of silica

in covered porcelaine crucibles were heated at 600,
800 and 1000°C for 4 h in a muffle furnace. A fur
ther portion of silica was heated for the same period
in a Biichi GKR-51 Kugelrohr oven at 150°C and
0.01 mbar. The differently thermally treated solids
were cooled in a desiccator containing phosphorus
pentoxide and then moved into a dry-box; further

preparations were carried out in a dry nitrogen at
mosphere.

Silylation. Samples of 0.18-0.5 g of the thermally
treated silica were refluxed with 0.1 ml of dry pyri
dine and 0.8 mmol of n-octadecyldimethylchlorosi
lane (ODCS) per gram of silica in 6 ml of dry tolu
ene for 137 h. The derived silicas were filtered and
washed successively with toluene, methanol, metha
nol-water (1:1), water, methanol and diethyl ether
and dried for 6 h at 150°C and 0.01 mbar. No.1
(150°C): weight increase 16.7%. Analysis: found, C
13.98, H 2.56, CI <0.1%. No.2 (600°C): weight
increase 9.5%. Analysis: found, C 13.83, H 2.70, CI
<0.2%. No.3 (800°C): weight increase 10.5%.
Analysis: found, C 13.76, H 2.83, Cl <0.2%. No.4
(1000°C): weight increase 6.08%. Analysis: found,
C 10.42, H 1.89, Cl <0.1 %. Data on surface cov
erages calculated from elemental analysis are given
in Table I.

CSPs I and II
CSP I (PIV). Weight increase 9.0%. Analysis:

found, C 6.99, H 1.51, N 0.69%. Calculated: 0.25
mmol of (R)-ligand/g stationary phase (based on N)
and 0.23 mmol of (R)-ligand/g stationary phase
(based on C).

CSP II (CYH). Weight increase 7.8%. Analysis:
found, C 6.43, H 1.34, N 0.83%. Calculated: 0.22
mmol of (R)-ligand/g stationary phase (based on N)
and 0.20 mmol of (R)-ligand/g stationary phase
(based on C).

TCSPs I and II
Thermal treatment. In a covered porcelain cruci

ble, 2.3-2.4 g of silica were heated at 1000°Cfor 6 h
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TABLE IV

RESOLUTION OF SAMPLES 1--6ON STATIONARY PHASES I AND II

27

Conditions: mobile phase, n-hexane-tetrahydrofuran (3:1); flow-rate, I ml/min; column, 25 crnx 3:2 mm J.D., 5 J.lm; detection, UV at
254 nm. k', = Capacity factor of the first-elute enantiomer; IX = separation factor.

Stationary

CSP I
TCSP I
CSP II
TCSP II

Sample

1 2 3 4 5 6

k' IX k' IX k' IX k' IX k'. IX k'. IX1 1 1 1 1 j

4.92 2.17 2.82 1.01 6.66 1.05 2.86 1.10 10.30 1.05 0.50 1.06
5.63 2.14 2.23 1.03 6.95 1.17 2.48 1.18 4.30 1.08 0.75 1.13
4.14 2.15 3.56 n.r." 6.19 1.12 3.24 1.09 8.18 1.04 0.51 n.r.°
7.11 2.26 3.01 1.08 8.44 1.16 2.33 1.10 5.28 1.07 0.75 1.25

a No resolution.

Samples
The phases were tested with aromatic amides de

rived with N-acyl groups of different z-acidity and
bulkiness. Table III shows the structures and Table
IV gives the chromatographic results for six sam
ples.

The thermally treated chiral stationary phases
separate virtually all test enantiomers better than
the corresponding heavily loaded phases; the sep
aration factors, a, are about 0.1 unit higher. The
capacity factors, k'«, follow no distinct tendency. In
fact, for the amides 1,3 and 6 longer retention times
were measured on TCSPs I and II than on the corre
sponding CSPs without thermal treatment of the
support. Mauss and Engelhardt [8] examined the
influence of thermal treatment on chromatographic
selectivity and reported similar effects for aromatic
molecules which can act as hydrogen-bond accept
ors. They also claimed that the retention of solutes
with hydrogen-bond acceptors is not affected by the
removal of vicinal silanols.

listed in Tables V and VI and in Figs. 3-6.
For the separation of Ia-I, all four CSPs show

similar selectivity depending on the chain length
(Fig. 3). The separation factors. a. are without ex
ception higher tor the type II phases. TCSP I (PIV)
has better separation properties than the heavily
loaded CSP I and the type II phases show just the
opposite behaviour. Apart from this difference in
selectivity, all the tested phases point to the same
chiral recognition mechanism. recently described
for correlation experiments with heavily loaded
phases [11].

The plots of k'i versus carbon number n in the
Fig. 4 indicate differences in the retention beha
viour. The thermally treated and lightly loaded
TCSPs I and II show a large decrease in capacity
factors with increasing hydrophobicity (solutes 1
with longer n-alkyl chains) than the CSPs I and H.
Only after n-propyl (TCSP I) or n-pentyl (TCSP IT)

Fig. 2. N-3,5-Dinitrobenzoyl (DNB)-derived homologous series
la-I and 7a-j. For carbon numbers n see Tables V and VI and
Figs. 3-6.

Correlation methods
To compare the phases and to obtain more in

formation on the recognition mechanisms involved,
two homologous series with different alkyl chain
lenghts were used for chromatographic correlation
experiments; the racemic 1-phenylalkyl amines 1a-1
and 1-phenylglycine derivatives 7a-j, both derived
as 3,5-dinitrobenzoyl (DNB) amides, were eluted
with n-hexane-2-propanol (78:22). Fig. 2 shows the
structures of the test homologues. The results are

la-I 7a-j
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o hour
0% D

L
12 hours
1. 4% D

24' hours L
4.7% D

48 hours L

22%D

(A)

20 o 20

«:

o 20 min

10 min

Fig. 6. Change of enantiomeric ratio of thiaproline during the
racemization reaction (see Experimental). Eluent: acetonitrile
triethylamine-acetic acid (1000:6:4). Flow-rate: I ml/min.

for determinations of racemic mixtures. However, as
has recently been reported [44], the requirement for
trace analysis are more rigorous. Resolution factors
greater than 2 for the racemic mixture is an appro
priate criterion for quantitative trace analysis appli
cations.

The elution order was checked by the injection of
pure enantiomers or mixtures with different enan
tiomeric ratios. Since for thiaproline and trans-A
hydroxyproline, only L enantiomers were available,
the enantiomers were prepared via racemization and
epimerization reactions, respectively, according to
the procedure described in the Experimental section.
The degree of racemization was checked by HPLC.
Fig. 6 shows the change of ratio of thiaproline
enantiomers during the racemization reaction.

The D enantiomer was eluted prior to the L
enantiomer for all the FMOC-imino acids exam
ined, which is an advantage because the L enantio
mer is the dominant component in most biological
samples. It has been shown that when traces are
eluted before the major enantiomer the quantitative
determination of chiral composition becomes more
accurate and precise [45,46], and trace detectability
can be improved tremendously [47].

The detection limits were calculated using a
signal-to-noise ratio of2. The detection limits for all
enantiomers investigated are in the low femtomole
range. It was found that the sensitivity of the method
depends on eluent composition. The detection limit

Fig. 7. Comparison of detectability of L-proline in (A) aque
ous eluent: [water-acetonitrile-triethylamine-acetic acid
(530:470:6:4)] and (B, C) nonaqueous eluent: [acetonitrile-tri
ethylamine-acetic acid (1000:6:4)]. Column: RN-f3-CD. Flow
rate: I ml/min. Injected amount: (A) 7.4 fmol, (B) 7.4 fmol and
(C) 1.4 fmol.

for FMOC L-proline, estimated in the nonaqueous
system, was 5 times lower than was found for the
system with a mobile phase containing 53% of water
(see Fig. 7). This is probably due to the fact that for
many aromatic and/or heteroaromatic compounds
water has a quenching effect on the fluorescence [48].
In addition, as shown in Fig. 7, the noise and base
line shifting is more prevalent in a water-rich system.

Practical applications
This method was used for determination of enan

tiomeric contamination in a number of commercial
imino acid standards. The results are collected in
Table II. The chromatographic conditions are given
in Table I. Some level of enanuomeric contamina
tion was found in all commercial amino acid sam
ples. As can be seen from the results in Table II the
method enables trace and ultra-trace determination
of optical purity for both Land D enantiomers.

Quantitative analysis of contaminating D enan
tiomers in L-amino acids at 1, 0.1 and 0.01% gave
very high precision (R.S.D. for 4 measurements) of
0.3% (pyroglutamic acid), 2.6% (eis-4-hydroxy
proline) and 4.5% (FMOC-L-proline), respectively.

For the Lenantiomer, as the trace component, the
situation is more complicated. The problem associ
ated with tailing from the enantiomerically rich
component results in quantitative determinations
with lower precision. This is shown in Fig. 8B. The
precision in quantitative analysis for optical purity
of proline enantiomers at the 0.1% level is 1.2% and
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TABLE II

OPTICAL PURITY OF COMMERCIAL SAMPLES OF L- AND o-AMINO ACIDS

Chromatographic conditions as in Table I.

Name Source Concentration Eluent" Standard
of opposite deviation"
enantiomer (%)

o-Proline ICN 0.7 A 0.08
L-Proline Aldrich 0.5 0.006

FMOC-L-proline Fluka 0.02 A 0.0008

trans-4-Hydroxy-L-prolineb Sigma 0 A
0.09b 0.008

cis-4-Hydroxy-o-proline Sigma 0.4 B 0.009
cis-4-HydroxY-L-proline Sigma 1.5 B 0.007

n-Pyroglutamic acid' Sigma 2.5 A 0.04
L-Pyroglutamic acid' Sigma 1.3 A 0.004

L-Thiaproline Sigma 0.3 A 0.009

L-Penicillamine acetone adduct Sigma 0.3 B 0.01

3,4-Dehydro-L-proline Aldrich 0.4 A 0.04

L-Pipecolic acid Aldrich 0.3 C 0.007

a Eluent: acetonitrile-triethylamine-acetic acid: A = 1000:6:4; B = 1000:3:2; C = 1000:1.5:1.
b cis-4-Hydroxy-o-proline; according to (43), trans-4-hydroxY-L-proline epimerizes to cis-4-hydroxy-o-proline.
c Although this is an amide it is known to react with a variety ofacid chlorides [49,50). In this work, we found that it reacts with FMOC-CI

as well.
d n = 5.

(B)

10 20 o 10

D"
L

20

(A) (B)

30 min

TIM E, MIN

Fig. 8. Chromatograms used to evaluate the enantiomeric purity
of: (A) L-proline (a purified mixture) and (B) n-proline (lCN).
Eluent: acetonitrile-triethylamine-acetic acid (1000:6:4). Col
umn: RN-p-CD. Flow-rate: 1 ml/min,

Fig. 9. Chromatograms used to evaluate the enantiorneric purity
of: (A) i.-pipecolic acid (Aldrich). Eluent: acetonitrile-triethyl
amine-acetic acid (1000:1.5:I); (B) cis-4-hydroxY-L-proline (Sig
ma). Eluent: acetonitrile-triethylamine-acetic acid (1000:3:2).
The other conditions as in Fig. 8.
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Fig. I. Typical high-pH AEC trace of a CM-cellulose hydroly
sate separated on a CarboPac PA-I anion-exchange column (250
x 9 mm 1.0.) using a gradient of sodium acetate (NaOAc) (dot
ted line) in 0.1 M NaOH at a flow-rate of 4 mljmin and PAD.
Peaks: I = D-glucose; 2 = 6-0-CM-D-glucose; 3 = 2-0-CM-D
glucose; 4 = 3-0-CM-D-glucose; 5 = 2,6-di-O-CM-D-glucose;
6 = 3,6-di-O-CM-D-glucose; 7 = 2,3-di-O-CM-D-glucose;
8 = 2,3,6-tri-O-CM-D-glucose.

HCl04 (16 h, 100°C) without browning of the hy
drolysate. Then, most of the HCl04 was removed
as KCl04 after precipitation with KOH. This pro
cedure gave samples that could be analysed directly
by high-pH AEC-PAD.

A typical high-pH AEC-PAD trace for a hydro
lysate separated on CarboPac PA-1 is shown in Fig.
1. For identification purposes fractions 1-8 were
collected, neutralized, desalted on Bio-Gel P-2, per
trimethylsilylated and identified by GLC-EI-MS.
Fraction 1 was found to correspond to D-glucose.
Fractions 2, 3 and 4 contained 6-, 2- and 3-0-CM
D-glucose, respectively. Fractions 5, 6 and 7 corre
sponded to 2,6-, 3,6- and 2,3-di-0-CM-D-glucose,
respectively, whereas fraction 8 contained 2,3,6-tri
O-CM-D-glucose. Apart from some minor differ
ences in relative peak intensities, the mass spectra
were in agreement with reference mass spectra of
these derivatives [4,12]. It is evident that the com
pounds elute in groups according to the number of
substituents, indicating that the interaction with the

anion-exchange resin is dominated by the carboxy
methyl groups. Completely resolved peaks were ob
tained for the positional isomers within each group,
with the exception of 2-0- and 3-0-CM-D-glucose.
However, the fractionation was sufficient to allow
accurate integration (Fig. 1). The order of elution of
the carboxymethylated glucose residues on Carbo
Pac PA-1 was identical with that of the correspond
ing sulphoethylated glucose residues, separated on
the same resin [13]. This suggests that the type of
interactions of these compounds with the anion-ex
change beads is similar, irrespective of the character
of the anionic substituent. However, compared with
the sulphoethylated glucose residues, a lower con
centration of sodium acetate is sufficient for the elu
tion of the carboxymethylated glucose residues,
probably reflecting the weaker binding of the less
acidic carboxymethyl group to the anion-exchange
beads.

The high-pH AEC-PAD trace shows no addi
tional peaks, suggesting that the formation of 0
CM-glucoselactones (ca. 3 mol%) [5], which oc
curred during hydrolysis (6 M HCl, 2 h, room tem
perature, and subsequently 2 M HCl, 30 min,
120°C)or sample concentration, does not take place
in the present procedure. In the method presented
here the hydrolysis conditions are milder. However,
when a higher concentration of HCl04 (2 M) or a
longer treatment (30 min) with 70% HCl04 was
supplied, minor additional peaks were observed on
the high-pH AEC-PAD trace, which probably orig
inate from O-CM-glucoselactones. This suggests
that lactonization takes place only when carboxy
methylated glucoses are exposed to strongly acidic
conditions for a prolonged period of time.

For the determination of the substituent distribu
tion in CM-cellulose from the peaks on the high-pH
AEC-PAD trace, the molar response of each
monomer to the pulsed amperometric detector was
obtained from 300-MHz lH NMR spectra, record
ed without resolution enhancement, of solutions
containing one of the monomers and a defined
amount ofmethyl fJ-cellobioside as an internal stan
dard. In each instance the molar ratio of monomer
to methyl fJ-cellobioside was determined by integra
tion of the signals for the respective anomeric pro
tons in the lH NMR spectra [14]. Then, each of the
mixtures of monomer and methyl fJ-cellobioside
was lyophilized, dissolved in doubly distilled water
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Fig. 4. Effect of acetate buffer concentration on retention and
detection response of HAs. Chromatographic conditions as in
Fig. 2 except 0.5 mM Cu(II) and buffer concentration at pH 5.6.
Lines as in Fig. 2.

retention of HAs at lower concentrations of hexa
nesulphonate can be regulated by the controlled ad
dition of the latter.

Fig. 3 shows that the R values of polybasic HAs
increase sharply as the concentration of hexanesul
phonate increases from 0 to 5 mM, and then de
crease with further increase in from 5 to IO mM. No
significant effect of hexanesulphonate on the R val
ues of monobasic HAs is observed, as could be ex
pected owing to their lower capacity to form ter
nary complexes and their smaller absorbances.

Influence of buffer concentration
The concentration of acetate buffer has an impor

tant effect on the retention and detection response
under conditions of constant pH and copper ion
concentration, as shown in Fig. 4. The retention of
polybasic HAs increases initially as the acetate buff
er concentration increases from I to 4 mM, and
then decreases slowly with further increase in con
centration. For monobasic HAs the retention al
ways decreases with increase in acetate concentra
tion from I to 50 mM. The increase in the retention
may be explained by the simultaneous formation of
mixed complexes with acetate radical ion as a sec-

Influence ofpH
It is possible to change the complexation equilib

ria by varying the pH and therefore to influence the
hydrophobicity and UV absorbance of the solutes.
The changes in k' and R values of the HAs with
variation of pH in the mobile phase containing cop
per ion and hexanesulphonate are demonstrated in
Fig. 5. The retention of polybasic HAs increases
slowly in the pH range 3.5-5 and increase sharply at
pH > 5. It is obvious that the formation of the
complexes as the dissociation of the HAs increases
enhances the hydrophobicity of the solutes. The de
crease in k' values of monobasic HAs with increase
in pH may be caused by a lower hydrophobicity of

ondary ligand or solvation of HA-Cu(II) complex
es by acetate buffer, therefore leading to the in
crease in the hydrophobicity of the solutes. Presum
ably, the decrease in k' is produced by an increase in
the solvent strength, which is a function of acetate
content in the mobile phase, and by a decrease in
the tendency of the solutes to interact by ion ex
change with residual Si-OH groups on the surface
of the packing [I I]. Experiments have shown that
phosphate buffer is unusable when copper ion is
present in the mobile phase. The check valves of the
reciprocating pump often became blocked by cop
per ion when phosphate buffer was used because of
precipitation of copper ion by the anion of the
phosphate buffer.

Comparing the variations in R values in Figs. 3
and 4, it can be seen that acetate has a similar effect
to hexanesulphonate on the detection response. The
increase and decrease in response can probably be
explained by the solvation of the complexes and the
background absorptyion of copper(II) acetate. Fig.
4 shows that the optimum buffer concentration for
the detection of the HAs is between 2 and 8 mM. It
is unnecessary to use concentrations above 10 mM
with regard to either the separation selectivity or
the detection response. An important factor is that
when the acetate concentration is above IO mM, the
system peak produced by acetate is so large that it
will interfere seriously in the determination of the
sample peaks. It was found that the system peak
due to acetate almost disappears if the acetate con
centration is below 5 mM. In addition, the column
lifetime will decrease as the buffer concentration in

.creases.
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derivatives

Zbigniew Mielniczuk", Srinivas Alugupalli, Eugenia Mielniczuk and Lennart Larsson
Department of Medical Microbiology, University 0/ Lund, Solvegatan 23, 223 62 Lund (Sweden)
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ABSTRACT

3-Hydroxytetradecanoic and 3-hydroxyhexadecanoic acids were used as chemical markers for the determination of lipopolysaccha
rides by gas chromatography-mass spectrometry of their pentafluorobenzoyl and trimethylsilyl methyl ester derivatives. The latter
derivatives were simpler to prepare than the former, although both were chemically stable. Analysis of pentafluoro benzoyl derivatives
(chemical ionization mode with negative ion detection) provided somewhat better sensitivity than analysis of trimethylsilyl derivatives
(electron impact mode): I pg (injected amount) of pentafluoro benzoyl derivatives was detectable under routine conditions. Both types
of derivative gave similar values when used to measure lipopolysaccharides in a bacteria-contaminated pharmacological product. The
described methods are useful for the determination and characterization of lipopolysaccharides in various environments.

INTRODUCTION

Lipopolysaccharides (LPSs, endotoxins) are
characteristic, toxic outer-membrane constituents
of gram-negative bacteria [I], and they can induce
several pathophysiological reactions in humans [2].
Airborne LPSs are considered to be a major occu
pational health problem and have been associated
with, for example, development of respiratory dis
eases, headache, fever, and irritation of the eye
[3-6].

The main method for the determination of endo
toxins is the Limulus amebocyte lysate (LAL) test,
which is very sensitive and, in the chromogenic ver-

Correspondence to: Dr. L. Larsson, Department of Medical Mi
crobiology, University of Lund, Solvegatan 23, 223 62 Lund,
Sweden.

" Permanent address: Child Health Centre, Warszawa-Mied
zylesie, Al, Dzieci Polskich 20, Poland.

sion, provides quantitative results. Unfortunately,
the specificity of the LAL test is limited since it can
be activated by many chemical structures other
than LPSs [7,8]. Hence, in several laboratories, ours
among them, the possibility of using gas chroma
tography-mass spectrometry (GC-MS) for endo
toxin determination has been considered. Analytes
used with GC-MS are LPS-specific 3-hydroxylated
fatty acids. Both methyl-trimethylsilyl (Me/TMS)
derivatives (analysed by electron impact ionization
(El) [9,10]), and methyl-pentafluorobenzoyl (Mel
PFBO) derivatives (analysed by chemical ionization
with negative ion detection (NICI) [11,12]) have
been used. However, no data comparing the GC
MS characteristics of these derivatives have been
reported. Notably, most modern bench-top GC
MS instruments lack facilities for NICL

This paper compares the Me/TMS and Mel
PFBO derivatives of LPS-specific 3-hydroxy fatty
acids with respect to their ease of preparation,
chemical stability, and GC-MS characteristics.

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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USA) to separate the methyl esters of hydroxylated
acids from those of non-hydroxylated acids. Prior
to use the column was washed with I ml of diethyl
ether followed by I ml of hexane-dichloromethane
(1:1, v/v). After the methyl ester preparations had
been applied to the column, 0.6 ml of hexane-di
chloromethane (1:1, v/v) was added. The hydroxy
fatty acid methyl esters were eluted with 1.5 ml of
diethyl ether, and the solvent was evaporated.
Thereafter, PFBO or TMS derivatization was per
formed as described above.

A calibration curve for the Me/PFBO derivative
was constructed by plotting the ratios of mlz 452
(LPS acid 3-0H 14:0) peak areas to m]z 382 (in
ternal standard 3-0H 9:0) peak areas against the
amounts of endotoxin added. Analysis was per
formed in selected-ion monitoring (SIM) NICI
mode. Similarly, for the Me/TMS derivative, the
ions m]z 315 (LPS acid 3-0H 14:0) and m]z 301
(internal standard 3-0H 13:0) were used. Analysis
was performed in SIM EI mode. The final prep
arations were brought to a volume of 100 /11 with
n-hexane, 1 /11 of which was analysed by GC-MS.

Before each set of SIM analyses, a standard solu
tion (containing ca. 500 pg of each derivatized acid)
was injected and analysed in scan mode for determi
nation of retention time and m]z values for mon
itoring. Injection (after the entire analytical proce
dure) of blanks of solvents and reagents was per
formed regularly to detect possible interfering com
pounds.

Application
Internal standards (3-0H 9:0 and 3-0H 13:0, 100

ng of each) and 1 ml of 3.6 M methanolic HCI were
added to a dry pharmacological product suspected
(by the LAL test) to contain LPSs; the sample was
then heated at 100°C for 18 h. After this treatment
the preparation was purified using the Bond Elut
column (see above) and divided into two equal
parts, one for TMS derivatization and one for
PFBO derivatization (see above). These two parts
were then analysed by GC-MS in the EI and the
NICI mode, respectively.

Gas chromatography
A Varian Model 3500 (Los Altos, CA, USA) gas

chromatograph was used, equipped with a split/
splitless injector, a flame ionization detector, and a

117

fused-silica capillary column (25 m x 0.25 mm
1.0.) coated with OV-I (SGE, Ringwood, Austra
lia). The column temperature was programmed to
rise at 8°C/min from 120°C to 260°C. The nitrogen
carrier gas flow-rate through the column was 2 ml/
min. The temperature of the injector was 250°C and
that of the detector 270°C. The data were evaluated
by using a Chrompack control and integration sys
tem with an IBM PS/2 Model 30 and a Chrompack
BD 70 printer/plotter.

Gas chromatography-mass spectrometry
A VG Trio-I S GC-MS system (Manchester,

UK) was used. The gas chromatograph was a Hew
lett-Packard Model 5890 (Avondale, PA, USA)
equipped with a fused-silica capillary column (25 m
x 0.25 mm 1.0) containing cross-linked OV-I as
the stationary phase. Injections were made using a
Hewlett-Packard Model 7673 autosampler in the
splitless mode; the split valve was opened I min af
ter the injection. Helium was used as the carrier gas,
at an inlet pressure of 7 p.s.i., and the temperature
of the column was programmed from 120°C to
260T at 20°C/min. Both the injector and the in
terface (between GC and MS) were kept at 260°C.
The Me/TMS derivatives were analysed in the EI
mode (ion source temperature 220°C) and the Me/
PFBO derivatives in the NICI mode (ion source
temperature 150°C), using both scanning and SIM.
Isobutane at a pressure of 10 p.s.i. was used as re
agent gas. Ionization was performed at 70 eV.

RESULTS

Derivatization of hydroxy acids
The influence of reaction temperature on the

yield of the PFBO and TMS derivatives of the hy
droxy acid methyl esters was studied by Gc. TMS
derivatives were formed quantitatively after 15 min
at 80°C, therefore longer heating did not improve
the reaction yield. PFBO derivatization was com
plete after heating at 80°C for I h (Fig. 1). At a
reaction temperature of 150°C, considerable de
composition of the Me/PFBO derivative was ob
served in the GC profile (Fig. 2); the same phenom
enon was observed on GC-MS analysis (data not
shown). Both the Me/TMS and MejPFBO deriv
atives were chemically stable, as no decomposition
was observed after several weeks of storage at 4°C.
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Fig. 3. Mass spectra of TMS (upper) and PFBO (lower) derivatized 3-0H 14:0 methyl ester analysed in the EI and the NICI mode,
respectively.

those of the internal standards. The number of
moles of the LPS-3-hydroxy acid derivatives was
then calculated and subsequently divided by four,
since one mole of lipid A generally contains four
moles of 3-hydroxy acids. The value obtained in
this manner was multiplied by an arbitrarily chosen
LPS molecular mass, in this case 8000, and the
amount of LPSs was thereby estimated to be 576
ng, using the Me/PFBO derivative, and 776 ng, us
ing the Me/TMS derivative (Table I).

DISCUSSION

GC-MS analysis of3-hydroxylated fatty acids al
lows accurate quantitative measurement of endo
toxins, even in complex environments. These acids

are present in lipid A, the part of the LPS molecule
that is responsible for endotoxic effects [13]. In ad
dition, as the distribution of the 3-hydroxylated fat
ty acids varies between different Gram-negative
bacteria, GC-MS analysis can also supply informa
tion on the origin of LPS. For example, 3-0H 14:0
is the predominant 3-hydroxy acid in Enterobacte
riaceaea, whereas 3-0H 10:0, 3-0H 12:0 and 3-0H
16:0 are indicative of Pseudomonadaceae, and sever
al odd-numbered 3-hydroxy acids have been identi
fied in a variety of bacterial species [14]. This in
formation can, for instance, be useful for determin
ing the origin of contamination caused by Gram
negative bacteria.

In the present work, we compared TMS and
PFBO derivatization of 3-hydroxy fatty methyl es-
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ABSTRACT

The performance of a simple and reliable extraction method for the analysis of chlorinated solvents in soil was evaluated. The gas
chromatographic analysis of the final extracts dissolved in acetone showed that the tested compounds (tetrachloroethylene, trichlo
roethylene, I, I, I-trichloroethane and I ,2-dichloroethane) can be recovered with an efficiencyranging between 70 and 90% over a wide
concentration range in the sample. The method can be used for in situ analysis of polluted areas, dumping sites, sediments and sands.

INTRODUCTION

The contamination of the environment by halo
genated methanes, ethanes and ethenes has been
widely investigated owing to the mutagenic effect of
some of these compounds [1-4]. The methods used
for the determination of these compounds in water
samples can be grouped into three different classes:
liquid-liquid extraction [5-7], static headspace [8
11]and purge and trap [12.13]. The final concentrat
ed extracts are analysed by gas chromatography
(GC) with specific electron-capture and Hall detec
tors that exibit a very high sensitivity to these com
pounds.

The extraction of halogenated compounds from
soil samples is carried out with water when their
expected concentration is below 1 mg/kg and with
methanol (followed by dilution of the extract with
water) when the expected concentration is higher
[14]. The aqueous solution is then analysed using
the methods mentioned above.

The use the headspace methods with solid sam
ples has also been reported [15-19]. They require

Correspondence to: Dr. T. C. Gerbino, Laboratorio Chimico,
Castalia SpA, Via Borzoli 79Ajr, 1-16161 Genoa, Italy.

dedicated instruments and a series of replicate sam
plings in order to apply the so-called multiple head
space extraction. The procedures can therefore
hardly be applied in field analyses. A large number
of analyses carried out during the decontamination
of a site polluted by tetrachloroethylene showed
that the application of the described methods is
complicated by the wide range of concentrations ex
isting in the samples, which makes it difficult to pre
dict the dilution needed to maintain the injected
sample within the linearity range of the detector
used. Further, the use of concentration methods for
the preparation of liquid extracts that must be
strongly diluted for GC analysis is time consuming
and may result in unacceptable errors.

The purpose of this paper is to present a simple
and reliable method for the analysis of contaminat
ed soil for chlorinated industrial solvents.

EXPERIMENTAL

Soil samples were obtained from a site (Alessan
dria, Italy) contaminated by tetrachloroethylene
discharged from metal-plating and degreasing oper
ations. The soil samples were drilled and collected
from various depths in the contaminated area and
were transferred into amber-glass jars which were

0021-9673j92j$05.00 © 1992 Elsevier Science Publishers B.Y. All rights reserved
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