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Chanicterization of cyano bonded silica phases from solid
phase extraction columns

Correlation of surface chemistry with chromatographic
behavior

R. S. SHREEDHARA MURTHY and L. J. CRANE*

J. T. Baker Inc., 222 Red School Lane, Phillipsburg, NJ 08865 ([j.§A.l . _

and

C. E. BRONNIMANN

Regional NMR Center, Department of Chemistry, Colorado State University, Fort Collins, CO 80523
(U.S.A.)

(First received October 31st, 1990; revised manuscript received January 15th, 1991)

ABSTRACT

Cyano bonded phases from six solid-phase extraction cartridge vendors (identified as A to F) have
been characterized by elemental analysis, chromatography of probe molecules, and infrared and solid-state
nuclear magnetic resonance spectroscopy. The results indicate that cyano solid-phase extraction cartridges
from different vendors possess diverse surface properties presumably arising from differences in bonding
chemistry and manufacturing methods. For example, nuclear magnetic resonance and infrared spectra
indicate that vendors E and Fuse mono- and difunctional cyanopropyl silane, respectively, while all others
use trifunctional. A wide range of hydrophobicities (determined using the alkylarylketoneretention index
scale) was observed among these bonded phases, determined primarily by degree of cyano group loading,
whether the product has been endcapped or not and ratio of cyano functional group to endcapping
reagent. Products from vendors A and D showed the presence of carboxyl groups, possibly arising from
hydrolysis of cyano groups during silane bonding, thus imparting them with ion-exchange character. One
would expect that extraction properties of cyano cartridges from different vendors may be very different.
These results help explain the difficulty in transfer of procedures from cyano cartridges of one vendor to
another and lend insight into the possible origin of lot-to-lot variability of cyano bonded phase from a
single vendor.

INTRODUCTION

Solid-phase extraction has become an important step in the analysis of complex
biological, environmental and industrial matrices. The end user has a wide range of
surface chemistries to choose from. Although C 18 is the most often used surface
chemistry, there is an increasing trend to use less hydrophobic surfaces [1] that require
weaker solvents to elute retained analytes. The cyano bonded phase is being in
creasingly used as a short alkyl chain alternative to C 18 .

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



206 R.S. SHREEDHARA MURTHY et al.

De Smet and Massart [2] have been extending their pioneering work on the
development of expert high-performance liquid chromatography (HPLC) systems
using cyano columns to solid-phase extraction processes. Musch and Massart [3] have
chosen a cyano solid-phase extraction cartridge for the extraction of basic drugs from
plasma prior to analysis on a cyano HPLC column. They [3] have shown that the
cyano solid-phase extraction cartridge has enough hydrophobicity to retain basic
drugs with carbon number ~ II. Extension of this work has shown [4] that neutral
and acidic drugs with carbon number> 10 and < 25 can also be extracted on a
cyano solid phase extraction column. It has also been used to extract cyclosporin [5]
and/or its metabolites [6], fJ-blockers [7] and catecholamines [8] from many biological
matrices.

In spite of the many advantages, cyano solid-phase extraction columns have
not found widespread acceptance. This is perhaps because of lot-to-Iot variability in
performance often experienced by users. Experience in our laboratory indicated that
the methods used to routinely analyze our bonded phases did not reveal the lot-to-Iot
variability observed in sensitive solid-phase extraction methods. Therefore, we initi
ated a study to not only understand the basis of retention of analytes on the cyano
bonded phase but also develop methods to monitor the various surface characteristics
that affect retention.

Considerable work has been done to understand the basis of retention in nor
mal- and reversed-phase chromatography with cyanopropyl silica in HPLC columns
which can also be extended to the cyano bonded phase present in solid-phase extrac
tion columns. A number of conclusions have been reached. In the normal-phase
mode, thecyano column acts essentially as a deactivated silica surface resulting in the
interaction of analytes with residual silanols [9]. If the polarity of the solvent in the
normal phase mode is increased, the effect from the silanols is suppressed leaving the
cyano groups as the principal adsorption site [10]. In the reversed-phase mode, the
cyano column acts like a short chain alkyl silica [II]. The primary interaction of the
analyte with the bonded phase is through the cyano groups whose concentration (or
surface coverage) determines the hydrophobicity of the surface. The residual silanols
also playa key role in determining the overall adsorptive property.

Differences in silica and bonding chemistry may explain the differences in the
properties of HPLC columns with the same principal functional group from different
vendors. Smith and Miller [12] compared the performance of cyano HPLC columns
from three vendors. They obtained retention indices (based on the alkylarylketone
scale [13]) for a series of test compounds in water-methanol medium. Although the
carbon loading for the three columns prepared by using monofunctional silane were
comparable (3.5, '3.9 and 4.4% C), the retention indices for p-cresol and 2-phenyl
ethanol on the CPS-Hypersil column were considerably higher than that for the
Spherisorb CN and Ultrasphere CN columns. The retention indices for the CPS
Hypersil cyano column were comparable to those obtained for ODS-Hypersil. The
difference among brands was larger than that observed for the same test compounds
on different brands of ODS silicas [14]. This suggests that carbon loading alone
cannot be used to explain the hydrophobic nature of cyano bonded phases. Such
chromatographic evaluations oflly reveal that columns from different vendors exhibit
differences in retention behavior but does not explain why. Spectroscopic analysis of
the bonded phases should reveal the nature of the chemical species, the relative pop
ulation of primary and endcapping siloxane groups and their functionalities.



CHARACTERIZAnON OF CYANa BONDED SILICA PHASES 207

Infrared (IR) and nuclear magnetic resonance (NMR) spectroscopy have been
extensively used to characterize chemically modified silica surfaces. Diffuse reflec
tance (DR) Fourier transform (FT) infrared spectroscopy was used to study the
hydrolytic stability of cyano bonded silica samples [13]. The characteristic infrared
bands from the cyano, amide and carboxyl groups can be used to determine the
functional group purity of cyano bonded phases used in solid phase extraction col
umns from different vendors. Solid-state 13C and 29Si NMR spectroscopy is being
increasingly used to understand the nature of the alkyl chain, confirm the presence of
an endcapping agent, and also determine the functionality of the silane used to mod
ify the silica surface. Recent publications have shown that chromatographic eval
uations combined with spectroscopic data result in more complete understanding of
the modified surface. Solid-state NMR studies on a series of commercially available
CIS columns provided data regarding surface structure, silane loading and endcap
ping confirmation that agreed well with the chromatographic retention behavior
method using large polycyclic aromatic hydrocarbons as probe molecules [16]. Two
independent groups used solid-state NMR spectroscopy and extensive leaching fol
lowed by chromatography of probe molecules to show that trifunctional octyl [17]
and octadecyl [18] silanes are bound more strongly to silica than di- or monofunction
al silanes. This confirms earlier data obtained by HF-digestion followed by GC analy
sis of bonded phases [19].

This paper describes the use of elemental analysis, chromatography of probe
molecules and IR and NMR spectroscopy to characterize cyano bonded phases from
commercially available solid-phase extraction cartridges.

EXPERIMENTAL

Reagents
The cyano solid-phase extraction columns from J. T. Baker, Burdick & Jack

son, Fisher, Supelco, Analytichem and Waters were purchased. The plastic housing
of each column was cut open and the bonded phase recovered. A micro rimer was
used to obtain a representative sample. Each sample was identified by a letter code A
to F chosen at random. "Baker analyzed"-grade reagents such as potassium chloride,
salts, triethylamine, HPLC-grade solvents and water were used. Acetophenone, vale
rophenone, octanophenone and dopamine were purchased from Aldrich.

Instrumentation
The cyana bonded phase being tested was packed dry into HPLC columns (250

x 4.6 mm LD.). The column was equilibrated with methanol, water and then with
the mobile phase being used.

A Varian HPLC pump (Model 9010), variable-wavelength detector (Model
9050) and an integrator (Model 4400) were used. Absorbance was measured at 254
nm while the mobile phase was being pumped at a flow-rate of I ml/min. The back
pressure for each column was monitored.

To determine the hydrophobic nature of the cyano bonded phase, the test
compounds used were a set of alkylarylketones such as acetophenone, valerophenone
and octanophenone. They were diluted (usually 0.25-0.5 j11 in 1 ml of methanol
water, 50:50) and injected onto the cyano column (20-j11100p). The void volume of
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the column was established by injecting acetone. The average retention time for each
test compound was obtained from at least three injections from which the capacity
factors were calculated. The process was repeated for three columns packed with
cyano bonded phase B (chosen because it had the highest percent nitrogen value) to
obtain the average capacity factors which were plotted against carbon number (x
100) for each test compound. The regression equation obtained from this plot was
used to calculate the retention index for the test compounds for other cyano columns.

To determine the ion-exchange properties of the cyano phases, a 4 mM solution
of dopamine (pKa 8.8) in 0.1 M phosphate buffer at pH 6.0 was used. To overcome
severe peak tailing due to interaction of dopamine with residual silanols, 1% triethyl
amine was added to the mobile phase. To obtain reasonable retention times on all the
cyano columns by reducing hydrophobic interactions, the mobile phase used was
buffer-methanol (80:20). Capacity factors (k') were obtained from the measured re
tention time for dopamine for each column.

DR-FT-IR spectra were recorded using a Nicolet 740 spectrometer (Madison,
WI, U.S.A.). A 10% dispersion of the bonded phase in finely ground KCl was filled in
the sample cup of a Harrick diffuse reflectance accessory (Ossining, NY, U.S.A.). The
sample spectrum, recorded at 8 cm - 1 resolution, was ratioed to that of pure KCl and
converted to Kubelka-Munk units. The area of the cyano and other bands of interest
were ratioed to that of the silica reference band [20].

Solid-state NMR spectra of l3C at 37.74 MHz and of 29Si at 29.81 MHz were
obtained on a Nicolet NT 150 spectrometer that has been modified for cross polar
ization magic angle spinning (CP-MAS) experiments. Approximately 0.6-g samples
were spun at 3.5-4.0 kHz using Delrin rotors based on the design of Wind et al. [21].
In both l3C and 29Si experiments, rf field strengths were matched at 50 kHz. For 13C

cross-polarization, a contact time of 2 ms was used. A 5-ms contact time was used in
the 29Si measurements. In neither case were the observed intensities corrected for
distortions that can arise from non-uniform cross-polarization dynamics. Therefore,
the relative intensities within a spectrum are semiquantitative.

RESULTS AND DISCUSSION

Bonded phase variability has been a continuing concern throughout the devel
opment of HPLC and its companion technique, solid-phase extraction. Of the widely
used bonded phases, the cyano phase has the unenviable reputation of being the most
variable and especially prone to reproducibility problems. In spite of this, a number
of solid-phase extraction applications have been routinely performed using Baker
bond cyano solid-phase extraction columns with no apparent problems. However, a
particular production lot (A39081) that appeared normal by our routine analytical
procedures, failed to perform for some of these applications. Table I gives the ele
mental analysis data for some recent lots of cyano bonded phase along with that for
lot A39081. Clearly, from elemental analysis or C/N ratio, one cannot conclude why
this lot should behave differently from others. This prompted us to investigate various
aspects of surface structure that determine analyte retention on a cyano bonded phase
and the actual surface composition of cyano bonded phases using a number of tech
niques. As only a limited amount of the material from lot A39081 was available, we
chose to use a later lot for an in-depth analysis. We also decided to investigate cyano
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TABLE I

ELEMENTAL ANALYSIS DATA FOR SOME LOTS OF CYANO PHASES FROM J.T. BAKER

Lot No.

A39081
A48117
C04125
C07102
004106

%CHN

9.6%C, 1.8%H, 2-3%N
1O.8%C, 1.9%H, 2.4%N
9.2%C, 1.5%H, 2.5%N

10.9%C, 2.0%H, 2.6%N
9.8%C, I.7%H, 2.3%N

CjN Ratio

4.17
4.50
3.68
4.19
4.26

bonded phases from solid-phase extraction cartridges from Analytichem, Burdick &
Jackson, Fisher, Supelco and Waters to extend the study to better understand the
basis for retention differences. These vendors were thought to be representative of a
variety of cyano bonded phase types. In the discussions that follow, each sample is
identified by a letter code (A to F) chosen at random to represent each vendor. The
identity of each sample (vendor and lot number) is available to the reader upon
request.

Chemical characterization
Table II gives the chemical analysis data for the various cyano bonded phases.

Products A and B form a group with the highest carbon loading while the rest have
comparable but lower silane loading. The CjN ratio for these products vary over a
wide range.

Chromatographic characterization
The retention indices of three alkylarylketones were determined as described in

the Experimental section to establish the hydrophobic properties of the different
cyano bonded phases. Fig. I shows the average (from three columns) log k' values
obtained for acetophenone, valerophenone and octanophenone plotted against the
number of carbon atoms in these molecules (x 100) for the cyano bonded phase from
vendor B. The regression equation calculated from this data was used to determine
the retention index (calculated carbon number x 100) for all the cyano bonded
phases after determining k' values for the three alkylarylketones. The data are given
in Table III. A plot of the theoretical carbon numbers (x 100) against the experi
mentally determined values is shown in Fig. 2. If the bonded phase is more hydro
phobic in a reversed-phase mode than that from vendor B, the regression line should
fall above that of B and vice versa. It is clear that the cyano phase from E has the most
hydrophobic surface even though it has lower %C than B. Products A and B have
comparable hydrophobicity while that from vendor D is the least hydrophobic. This
behavior cannot be explained simply based on carbon and nitrogen content if cyano
groups are responsible for the hydrophobic character.

Dopamine was used as a probe molecule to determine the ion-exchange proper
ties of the cyano phases. The mobile phase pH was fixed at 6.0 to ensure that dopa
mine (pKa 8.8) was present as a positively charged species capable of interacting with
acidic groups. Severe peak tailing was observed for all the columns due to the interac
tion of dopamine with residual silanols. This was overcome by adding 1% triethyl-
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amine to the mobile phase. Under these conditions, dopamine was not expected to be
retained on the column unless the surface had ion-exchange properties. Capacity
factors given in Table III indicates that samples C, E and F did not have ion-exchange
properties. The ion-exchange capacity (based on k' for dopamine) for other phases
decreased in the order A > D > B.

The back pressure was generally 5-10 atm for all the columns during chroma
tographic evaluations, except for the sample from vendor E which gave a back pres
sure of 90--100 atm. When the bonded phase was suspended in methanol, the super
natant layer was turbid indicating the presence of fine silica particles. After decanting
this layer several times to remove most of the fine silica, the column back pressure was
8-10 atm while the k' values for the test compounds were unchanged.
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Fig. 2. Plot of theoretical carbon number (x 100) versus the number calculated from regression equation
from Fig. I for samples A to F.
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TABLE III

COMPARATIVE CHROMATOGRAPHIC DATA FOR CYANO BONDED PHASES

Vendor Retention index for Capacity factor for
code Dopamine

Aceto Valero Octano

A 799 1073 1362 0.97
B 800 1101 1400 0.15
C 738 975 1201 0.02
D 557 754 907 0.24
E 866 1196 1547 0.01
F 645 896 1138 0.01

Theoretical 800 1100 1400

Spectroscopic characterization
Fig. 3 shows the DR-FT-IR spectrum of the cyano bonded phase B. It shows

the expected cyano group stretch band at 2252 cm -] and the silica substrate Si-O-Si
combination band at 1871 cm -I. The ratio of the cyano to silica band area for each
sample was obtained. This ratio was used to compare the relative concentration of the
cyano groups. Table II lists the ratios obtained, which follows the same trend as the
%N data. Trace levels of amide groups, produced by the hydrolysis of cyano groups
in the presence of hydrochloric acid (which is a by-product of the reaction with
chlorosilanes) and water give rise to two bands at 1666 and 1624 cm -] (amide I and II
bands, respectively) shown in Fig. 3. IR spectra of samples A and D (spectra A and B
in Fig. 4) showed carboxyl carbonyl bands at 1720 cm -], presumably produced by
further hydrolysis of the amide groups, in addition to the amide and cyano bands.
Fig. 4 also shows the IR spectra of samples from (C) vendor B and (D) J .T. Baker (lot
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Fig. 3. DR-FT-IR spectrum of cyano bonded phase from vendor B. See text for band assignments.
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Fig. 4. 1R spectra ofcyano bonded phase samples from vendors (A) A, (B) D, (C) B and (D) J.T. Baker (lot
No. A39081).

No. A39081). These spectra have been normalized to the silica band area for easy
comparison of carbonyl band intensities. Spectra of samples from other vendors
showed carbonyl band intensities similar to spectrum C.

Fig. 5 shows the solid-state 13C NMR spectra of cyano bonded phases A, Band
D as spectra A, Band C, respectively. The solid-state l3C NMR spectrum of the
cyano bonded phase C was very similar to that from vendor B and hence is not
shown. A resonance located at about 0 ppm is from methyl carbon directly attached
to silicon such as the trimethyl silyl group. Resonances at 12.4 and 19.2 ppm arise
from methylene carbon while that at 121.5 ppm is from the cyano carbon. A peak at
50 ppm has been attributed [22] to methoxy carbon, presumably produced during the
washing of the bonded phase with methanol. In addition to the aliphatic, cyano and
methoxy carbon resonances, the spectrum of a sample from vendor D (C in Fig. 5)
shows a peak at 36.7 ppm which has been attributed to the carbon adjacent to an
amide carbon. The carboxyl carbonyl carbon peak should occur at 176 ppm and is
barely visible above the instrumental noise. The absence of a peak at 0 ppm indicates
that the sample does not have methyl groups directly attached to silicon as would be
expected from an endcapped product or from a monofunctional silane. The solid
state 13C NMR spectrum of the cyano bonded phase A (A in Fig. 5) shows, in
addition to the aliphatic and methoxy carbon resonances, two intense peaks at 36.7
and 176.4 ppm. They have been attributed to the amide and carboxyl carbonyl car
bons, respectively. The NMR spectrum shows virtually no cyano carbon peak, which
is confirmed by the low cyano band area ratio in the infrared spectrum and by the low
analysis for nitrogen. The peak at 0 ppm suggests that either a monofunctional silane
has been used or the product has been endcapped.

The alkyl carbon resonances of samples A to D all occur at the same position
(Table II) indicating that the silane with the same alkyl chain structure has probably
been used. Readily available silanes containing the cyano groups are the cyanopropyl
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Fig. 5. Solid-state 13C NMR spectra of cyano bonded phases (A) A, (B) Band (C) D. See text for band
assignments.

or cyanoethyl trichloro (or trimethoxy) silanes. A l3C NMR spectrum of cyanopro
pyltrichloro silane, used by J.T. Baker to make its product showed four peaks. A
resonance at 18.9 ppm was assigned to the methylene carbon adjacent to silicon while
the peaks at 19.2 and 23.2 ppm arise from the rt.- and fJ-methylene carbons, respec
tively: the cyano carbon resonance occurs at 118.5 ppm. Based on these assignments,
the peak at 12.4 ppm in the solid-state 13C NMR spectrum of the bonded phases (Fig.
5) is attributed to the methylene carbon adjacent to silicon while the peak at 19.7 ppm
is a combination of peaks from the rt.- and fJ-methylene carbons. Curves Band C in
Fig. 5 confirm the presence of cyano groups in samples Band D, respectively.

Solid-state 13C NMR spectra of samples E and F are shown as spectrum A and
B, respectively, in Fig. 6. The aliphatic carbon resonances are at 16.1 and 19.8 ppm.
Both samples have a peak at 118.9 ppm from the cyano group. The resonance at 0
ppm can arise from any siloxane surface that has one or more methyl groups attached
directly to silicon atoms. Hence, it cannot be conclusively determined from l3C NMR
spectra whether these samples have been endcapped. The relative intensity of the peak
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Fig. 6. Solid-state 13C NMR spectra of cyano bonded phases (A) E and (B) F. See text for band assign
ments.

at 0 ppm arising from == SiO-Si(CH3)xR (where x = 2 or 3) is higher for a sample
from vendor E compared to that from vendor F. This may suggest that sample E is
more thoroughly endcapped or that vendor F may have used a different silane. Table
II gives the positions of the observed resonances in the 13C NMR spectra of all the
samples.
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Fig. 7. Solid-state 29Si NMR spectra of cyano bonded phases (A) B and (B) D. See text for band assign
ments.
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TABLE IV

STRUCTURAL ELEMENTS AT THE SURFACE OF BONDED PHASES

Monofunctional Difunctional Trifunctional

CH3 CH3 OH

I I I
-0-Si-CH2R -0-Si-CH2R -0-Si-CH2R

I I I
CH3 OH OH

a

CH3 -0 CH3 -0 CH2R

I \ / \ /
-0-Si-CH3 Si Si

I / \ / \
CH3 -0 CH2R -0 X

b d f

X

I
-0-Si-CH2R g

I
-OH 0

I
-O-Si- H2R h

I
-OH 0

I
-0-Si-CH2R g

I
X

Fig. 7 shows the solid-state 29Si NMR spectra of cyano bonded phases (A) 8
and (8) D. The 29Si NMR spectrum of sample A was very similar to 8 and hence is
not shown. However, peak positions are listed in Table II for all the samples. Table
IV gives the structural elements that give rise to different peaks. The resonance at 15
ppm arises from Si atoms with two or three methyl groups directly attached (such as
the trimethylsilane) as shown by a or b in Table IV. A resonance at - 55 ppm is
assigned to the silicon atom with the environment shown as f or g, and the peak at
- 66 ppm is assigned to the silicon atom with environment shown as h. The other
resonances at - 100 and - 110 ppm arise from the silicon atoms in the silica matrix.
These data confirm that the cyano bonded phase B is made using a trifunctional
silane, as it is bound to silica with di- and trisiloxane bonds, and that it has been
endcapped.

The solid-state 29Si NMR spectrum of sample D (B in Fig. 7) has no resonance
at 15 ppm, confirming the absence of an endcapping agent. The presence of three
peaks in the - 45 to - 66 ppm region confirms the use of a trifunctional silane. The
relative intensity of the three peaks indicates that the cyano silane is bound to silica
with more disiloxane bonds than trisiloxane bonds. It even has a resonance at - 48
ppm attributed to a silicon atom with only one siloxane bond and two free silanols as
shown by e in Table IV.

The 29Si NMR spectrum of sample E has only one resonance at 15 ppm (A in
Fig. 8) arising from silicon atoms with environment shown as a + b in Table IV. As
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Fig. 8. Solid-state 29Si NMR spectra of cyano bonded phases (A) E (monofunctional), (B) F (difunctional)
and (C) C (trifunctional).
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there are no peaks in the - 45 to - 65 ppm region, it has no silicon atoms with one or
more siloxane bonds with other than methyl groups attached to them. This implies
that a monofuntional cyano silane has been used. It does not confirm whether the
sample has been endcapped or not. The 29Si NMR spectrum of sample F (B in Fig. 8)
has two peaks which can be attributed to silicon atoms with environment shown as c
(- 9.0 ppm) and d (- 15.9 ppm). This suggests the use of a difunctional cyano silane
for the primary bonding. From the intensity of the peak at 15 ppm, one can conclude
that the product has been very lightly endcapped. For comparison, curve C in Fig. 8 is
the 29Si NMR spectrum of sample C which is identical to that from vendor B. Both
samples have been made with a trifunctional silane and have been endcapped.

CONCLUSIONS

The retention of analytes (such as basic drugs) on a cyano bonded phase is
achieved by a combination of hydrophobic, hydrophilic and ion-exchange mecha
nisms. The relative contribution of each of these mechanisms is affected by the rela
tive population of cyanopropyl and endcapping silanes, presence of residual silanols
and other ionizable groups. The six cyano bonded phases compared here have widely
different hydrophobic and ion-exchange properties. They can be classified into
groups depending on the nature of the bonding chemistry. Vendors of samples A to D
all apparently use a trifunctional silane with cyanopropyl groups. The CjN ratio for
this silane is 3.4. Vendor E uses a monofunctional silane, most probably functional
ized with cyanopropyldimethyl groups. The CjN ratio for this compound is 5.1.
Vendor F apparently uses a difunctional silane. If it is cyanopropylmethylsilane, the
C/N ratio will be 4.3. The extent of deviation from the theoretical CjN ratio can be
used to determine the relative population of the cyano and endcapping silanes if it is
known that no cyano group hydrolysis has occurred. Based on the above assump-
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TABLE V

COMPARATIVE SUMMARY OF CYANO PHASES

R.S. SHREEDHARA MURTHY el al.

Vendor Cyano silane End Remarks
code functionality cap

A Tri Yes High amide/carboxyl content
B Tri Yes High cyano group content and purity
C Tri Yes High cyano group purity
D Tri No .Amide/carboxyl groups present
E Mono Yes Higher level of silica fines
F Di Yes Lightly endcapped

tions and the experimental results, the following conclusions can be drawn about each
cyano bonded phase (also summarized in Table V).

Sample A
This product has high carbon loading which is comparable to that from vendor

B. It has the lowest cyano group content and hence the highest CjN ratio. Most of the
cyano groups appear to have been hydrolyzed to amide and carboxyl groups giving
the bonded phase the highest ion-exchange properties. The alkylarylketones used to
determine the hydrophobicity are not retained by ion-exchange mechanisms and
hence are not affected by the presence of these ionizable groups. The product is made
with a trifunctional silane and has been endcapped. The silane is bound to silica with
mostly di- and trisiloxane bonds.

Sample B
This cyano product has the highest carbon loading, cyano group content and

functional group purity. It is also made with a trifunctional silane and has been
endcapped. The CjN ratio is the closest to theoretical value for a trifunctional silane,
from which it can be concluded that only 7% of the carbon loading is from the
endcapping agent. The silane is bound with only di- and trisiloxane bonds.

Sample C
This product belongs to a set of bonded phases with lower carbon content,

about 7% carbon, even though it is made with a trifunctional silane. It has been
endcapped and thoroughly cured to bond the silane with di- and trisiloxane bonds. It
has good cyano functional group purity. The CjN ratio indicates that about 29% of
the carbon loading is from the endcapping agent. The lower population of cyanopro
pyl groups on the surface makes it less hydrophobic than B but more hydrophobic
than D and F.

Sample D
Carbon loading is relatively low for a product that is made with a trifunctional

silane. Failure to endcap has left residual silanols making it the least hydrophobic
phase. Some of the cyano groups have been hydrolyzed to amide and carboxyl groups
thus increasing the CjN ratio and heterogeneity in surface characteristics.
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Sample E
This cyano phase is made with a monofunctional silane leading to only 7%

carbon loading. From the C/N ratio, one can conclude that 22% of the carbon
loading is from the endcapping agent. The relatively higher population of trimethyl
silyl groups renders this product to be the most hydrophobic in the reversed-phase
mode. However, the retention properties of this product for basic drugs may be quite
different from one that has predominantly cyanopropyl groups. It has high levels of
fine silica particles possibly restricting the flow during solid-phase extraction.

Sample F
This product is made with a difunctional silane and has been lightly endcapped.

These facts explain why the relative intensity of the peak at 0 ppm in the l3e NMR
spectrum (Fig. 6, curve B) is much lower than that for sample E (curve A). From the
C/N ratio, one can conclude that only 12% of the carbon loading arises from the
endcapping agent. However, the presence of silicon atoms with residual silanols
makes this product only slightly more hydrophobic than that from vendor D.

General
This study expands the results of earlier studies [2,3,9-12] in demonstrating that

a number of variables determine the surface properties of the cyano bonded phase.
Although chromatographic evaluations reveal differences in the overall retention
properties [12-14], chemical and spectroscopic data support and explain why these
differences arise. Failure to control particle size distribution in the final product can
result in contamination of samples with finely divided silica and prevent reproducible
flow-rates during solid-phase extraction. The functionality and functional group pu
rity of the cyano silane present on the silica surface markedly affects the hydrophobic
properties of the final bonded phase. Failure to cure or endcap leave the often unde
sirable silanols which are known to interact strongly with basic compounds. Improp
er conditions during the manufacturing process that permit the hydrolysis of cyano
groups to amide/carboxyl groups produces a surface with ion-exchange properties. It
was concluded from this study that the performance problems found with the J.T.
Baker cyano phase (lot No. A39081) apparently occurred because it had a relatively
high concentration of amide groups resulting from the first step in the hydrolysis of
cyano groups (curve D in Fig. 4). A detailed study [15] of the hydrolytic stability of
the cyano group has revealed reaction conditions that lead to hydrolysis. As a result
of these studies, cyano bonded phases now meet strict specifications for their cyano
and amide group content determined by FT-IR spectrometry.

The above study supports the perception that cyano bonded silica phases con
tained in solid phase extraction columns from different vendors possess widely vary
ing properties. It is, hence, not surprising that transfer of extraction procedures from
one vendor's product to another is often difficult. Understanding the actual surface
composition should aid both in development of and in modification of solid phase
extraction procedures if it is necessary to transfer to another vendor's product. It
should be emphasized that the results described here apply only to specific lots of
product from each vendor. Deviation from the theoretical surface structure observed
for some of the products could have occurred during aberrations in the manufactur
ing process for a particular lot.
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ABSTRACT

Chromatographic separations of enantiomers by ligand-exchange mechanisms are performed either
by using chiral stationary phases (CSPs) or chiral mobile phase additives (CMAs). The two modes differ
significantly with respect to their efficiency. It is shown that the process of chelate formation and dis
sociation at the CSP is the main source of enhanced plate height values when employing CSPs. When using
highly soluble CMAs as selector ligands, the rate-determining ligand-exchange process takes place mainly
in the mobile phase and therefore does not contribute much to the plate heights. Thesc fundamental
differences in the kinetics of the two modes of ligand-exchange chromatography are reflected in different
dependences of the plate height data on the flow-rates. It is shown that for CSPs the plate height depends
on the structure and configuration of the analyte and the composition of the mobile phase. Within a series
of homologous amino acids a pronounced positive correlation is found between the kinetic plate height
contribution and the capacity factor. However, this positive correlation is not a general dependence: on
changing the capacity factor by changing the eluent composition, a negative correlation is found.

INTRODUCTION

Ligand-exchange chromatography (LEC) is a powerful tool for the separation
of chiral analytes that form chelate complexes with heavy metals [1,2]. Many
applications have illustrated the high enantioselectivity and the great separation power
inherent in this method [1-28], The probable structures of various types of complexes
and the correlation of these structures with the observed enantioselectivities have been
the topics of extensive investigations, and the results have been reviewed several times
[1,2].

Chiral selectors in LEC are either immobilized at the surface of the packing or
are components of the mobile phase. The immobilization can be done by binding the
selectors chemically to the support material or by dynamically generating an
adsorption layer on the support surface. In the latter instance a long hydrophobic

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers BY
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group acts like an anchor in the alkyl chains of alkylsilica packings. In both instances,
chiral stationary phases (CSPs) are obtained. A chiral mobile phase is produced by
adding a highly soluble chiral additive to the mobile phase. Whether a chiral mobile
phase additive (CMA) is adsorbed or remains predominantly in the mobile phase
depends strongly on its activity coefficient in the eluent mixture.

This paper reports the first part of a broader investigation dealing with peak
dispersion in high-performance ligand-exchange chromatography (HPLEC). It fo
cuses on differences in peak dispersion found when applying different modes ofligand
exchange, either with CSPs or with CMAs. It discusses the effects of flow-rate, the
capacity factor and the structural features of the analytes.

THEORETICAL

Plate height equations
The theoretical background for the discussion of plate height data within this

paper is provided by the plate height theories for packed columns as given by Huber
[29,30] and Giddings [31] (see also a review [32]). These theoretical treatments belong
to the most rigorous types usually applied in chromatography.

According to Huber [29,30], we assume that the total reduced plate height, h, is
the sum of four different contributions, hd , he, hr and hb , originating from different
dispersion proceses as follows:

(I a)

1 + "(Dm)t
qJe du p

(I b)

(Ud)t ( k" )2
qJr D: 1 + k"

ud k"
hb = hb,mt = qJb' _P . --------=-

Dm (I + k")2

(Ic)

(Id)

where the subscripts d, c, f and b indicate dispersion due to axial diffusion, convection
(including eddy dispersion), resistance to mass exchange in the mobile zone and
resistance to mass exchange in the fixed bed, respectively, mt indicates the mass
transfer contribution in the stagnant zone, dp is the mean particle size, u the flow
velocity, k' the capacity factor and D m the diffusion coefficient in the mobile phase; k"
denotes the zone capacity factor, which is related to the phase capacity factor, k', by
k" = (Vm/ Vr)(k' + 1) - 1, Vmbeing the mobile phase volume and Vr the interparticle
volume; the parameters qJd, qJe, qJr and qJb are geometric factors depending on the
packing material and packing geometry.

Since eqn. ld accounts mainly for the resistance to mass exchange by the
stagnant mobile phase, we have added a particular kinetic term, hb,kim for systems
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involving slow adsorption-desorption processes. Following Giddings [31], we assume
that hb,kin is given by

u k'
hb,kin = 4?kin dpk

d
(I + k')2 (2)

where kd is the rate constant for the desorption of the solute from the surface and 4?kin is
a geometric factor.

Equilibria involved in ligand-exchange chromatography
We assume that various equilibrium steps are involved in ligand-exchange

chromatography, as shown in Fig.!. Some of these steps are complexation reactions,
others adsorption steps without complexation. The rate constants of these two types of
equilibrium reactions are expected to differ considerably". Fig. I contains those
equilibria which we assume to be primarily important for the two different modes of
LEC, using either CSPs or highly soluble CMAs. Other equilibria, not specified in Fig.
I by a number, are assumed either to be of minor importance or not to influence
significantly the peak dispersion. Buffer ions, counter ions and solvent molecules
involved in the complexes are omitted from Fig. 1 for the sake of clarity. Nevertheless,
they may be of great importance as ligand binding is always associated with the
dissociation of another ligand. The following equilibria are of most importance:
Equilibria in ligand exchange at CSPs:

(1) Loading of the CSP with metal ions. Usually this loading is already achieved
on equilibrating the CSP with a copper-containing eluent before starting chromato
graphy.

(2) Ligand-exchange step ofthe analyte on the adsorbed metal (we assume this to
be the essential rate-determining step).

(3) Adsorption-desorption of the pure analyte without any complexation, e.g.,
by hydrophobic adsorption (we assume this process to be decisively more rapid than
the ligand-exchange process).

(4) Adsorption of the pure analyte onto the stationary phase.
(5) Adsorption of the analyte-metal-analyte complex onto the stationary phase.

Ligand exchange employing highly soluble CMAs:
(1) Formation of the diastereomeric analyte-metal-selector complex in the

mobile phase.
(2) Formation of the analyte-metal-analyte complex in the mobile phase.
If these two processes take place almost completely in the mobile phase, the

ligand-exchange kinetics do not have much influence on the plate height.
(3) Adsorption of the diastereomeric analyte-metal-selector complex on the

stationary phase.

a Free energies of binding for hydrophobic adsorption are about 20 kllmol [33], whereas thosc for
chelate formation with amino acids are about 80-100 kllmol [34,35]. Activation energies for the desorption
from hydrophobic binding sites are estimated to be ca. 35 kllmol [36]. This value is less than the complex
binding energy itself and thus in any case much less than the activation energy of complex dissociation. Note
that activation free energies for ligand-exchange reactions at surface immobilized ligands might be higher
than those for bulk solutions.
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(a) CSP:

(b) CMA:
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1
LML(m)~ AML(m)

1~ 1(,3
LML (s)~ AML (s)

and

2
A(m)~ AM(m) ~ AMA (m)

4 1~ 1~ 1~ 5
A( s)~ AM (s) F AMA ( S )

Fig. I. Schematic representation of complex building and adsorption equilibria involved in LEC: (a) LEC
with CSPs; (b) LEC with highly soluble CMAs and metal ion additives. The most important equilibria
referred to in the text are indicated by numbers. A = Analyte; M = metal ion; L = chiral selector ligand.
Subscript i indicates immobilization; m and s denote species in mobile and stationary phase, respectively.

The three adsorption steps (3)-(5) in Fig. 1b do not involve chelate formation or
dissociation steps. They are assumed to proceed with the usual rates of reversed-phase
adsorption.

This model implies significant differences in plate heights for the two different
ligand-exchange modes (using either CSPs or CMAs). The experimental data on the
kinetics of the systems are interpreted in the light of the model described.

EXPERIMENTAL

Apparatus
The chromatographic system consisted of a high-performance liquid chromato

graphic pump (Model L-6200 intelligent pump; Merck-Hitachi, Tokyo, Japan),
a syringe-valve injector (Model 7161; Rheodyne, Cotati, CA, U.S.A.) equipped with
a 20-lll loop (in specified instances 5 Ill), a column oven (Model 655A-52; Merck
Hitachi), a UV detector (Model L-4000; Merck-Hitachi) or a spectrofluorimetric
detector (Model F-lOOO; Merck-Hitachi) equipped with a 2-1l1 detection cell and an
integrator (Model D-2000 chromato-integrator; Merck-Hitachi).



EFFICIENCY IN CHIRAL HPLEC 225

CSP I

CSP II

SP.CMA

I/V\. 7, n
-SI NH-C~/

I H

Fig. 2. Structures of the chiral stationary phases CSP I and II and the chiral mobile phase additive.

Columns
Two different CSPs (Fig. 2) were tested:
(i) CSP I: L-proline amide according to Lindner [5]; spacer, propylsilyl, 7-!lm

particles, material obtained from Loba Chemie (Austria); column dimensions, 125 mm
x 4 mm J.D.

(ii) CSP II: L-hydroxyproline according to Unger and co-workers [12,13]; spacer,
propylsilyl, 5-{lm particles; column dimensions, 125 mm x 4 mm J.D.; this column was
obtained prepacked from Macherey, Nagel & Co. (Duren, Germany).

Three different columns packed with CSP I were tested.
Non-chiral alkylsilica phases RP-2 and RP-8 (LiChrosorb; Merck) were used for

the measurements with CMAs; column dimensions, 125 mm x 4 mm LD.

Mobile phases
The organic eluent components methanol, ethanol and acetonitrile were of

LiChrosolv grade and tetrahydrofuran (THF) of analytical-reagent-grade from
Merck. Water was distilled twice from a quartz apparatus and additionally purified by
passage through an RP-8 column before eluent preparation. The eluent mixtures were
filtered and degassed by ultrasonic treatment.

The buffer salts, ammonium and sodium acetate and sodium hydrogensulphate,
and also copper acetate and copper sulphate were obtained from Merck. The pH of the
buffer solutions was adjusted by adding acetic acid or dilute sulphuric acid, and dilute
ammonia or sodium hydroxide solution.

Analytes
Mono-, bi- and tridentate ligands of the types benzoic acid, D,L-amino acids and

N-dansylated D,L-amino acids were investigated.

Chromatographic conditions
Flow-rates of I mljmin and a temperature of 30°C were applied unless indicated

otherwise. Careful thermostating was necessary in order to keep the amount of copper
adsorbed constant. Generally, UV detection was performed at 254 nm. Fluorescence
detection (excitation at 340 nm and emission measurement at 480 nm) was used for
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systems with CMAs only. An injection volume of 20 III was used for experiments
employing CSPs and 5 III for the experiments with CMAs. Void volumes of the
columns were determined from the system peaks in copper-free systems. Their values
were about 1.20 ml for the given column dimensions.

Significance of data
Plate height values were calculated from peak widths determined at 0.607 of the

peak heights and, for control purposes, from the distance between the inflection
tangents at the base line [37].

The precision [relative standard deviation (R.S.D.)] of the capacity factor
determination was about 3%. The precison (R.S.D.) of plate height determinations
was about 10% in LEC systems with bonded selectors and about 7% in reversed-phase
systems with CMAs.

The precision and accuracy of plate height determinations in LEC systems with
bonded selectors are generally inferior to those in common reversed-phase systems.
This is caused by three main factors: (i) with many LEC stationary phases, peak tailing
occurs down to low concentrations of analytes, and often one has to balance between
systematic errors caused by tailing peaks and statistical errors caused by the scatter of
the baseline; (ii) mobile phases in LEC usually contain several components which give
rise to several system peaks not all ofwhich are detectable, and system peaks may affect
the peak width of the analytes [38], even if the system peaks are undetected; (iii) when
detection is performed at a wavelength where mobile phase components absorb,
UV-monitored system peaks sometimes interfere with the analyte peaks or disturb the
baseline (for this reason some entries in the data tables are blank).

RESULTS AND DISCUSSION

Plate heights in LEC as a function offlow-rate
The dependence of the plate height on the flow-rate is shown for ligand

exchange chromatography with chemically bonded selectors (CSPs) in Fig. 3 and for
a system employing a highly soluble chiral selector as CMA in Fig. 4. The curves show
significant differences between these two LEC modes.

Plate height curve for the CSP mode. With bonded selector ligands (CSP), the
plate heights of most analytes decrease strongly and fairly linearly with the flow-rate,
w. The plate height minimum is located at very low values ofw. Flow-rate is thus one of
the most important and practical parameters for improving the resolution in
ligand-exchange chromatography with CSPs.

The strong flow-rate dependence of h supports the assumption that enhanced
peak dispersion in LEC with CSPs results primarily from kinetic sources and does not
originate from energetic inhomogeneity of adsorption sites and the resulting
non-linear adsorption isotherm [39].

The data in Fig. 3 indicate the following pattern:
The plate height is most strongly determined by the dentation number: the

monodentate ligand benzoic acid has lower plate height values than the bidentate
ligands alanine, valine and leucine. Histidine often acts as a tridentate ligand [6]. The
effect ofdentation is observed to be predominant over the influence ofcapacity factors
(cr, benzoic acid, o-alanine, D-histidine).
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Fig. 3. Influence of flow-rate on the plate height in systems with bonded selectors. Chromatographic
conditions: stationary phase, CSP II; mobile phase, aqueous buffer solution [4' 10-4 M copper(II)
acetate-5' 10-2 M ammonium acetate, pH 5.5]; temperature, 30°C.
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Fig. 4. Influence of flow-rate on the plate height in systems with chiral mobile phase additives.
Chromatographic conditions: RP-2 column; mobile phase, aqueous buffer solution [5' 10-3 M L-proline
2.5' 10-3 M copper(II) sulphate-I' 10-3 M ammonium acetate, pH 7]-acetonitrile (75:25, v/v); temperature,
30°C; mobile phase for TFAE, aqueous buffer (10-3 M ammonium acetate, pH 7)-acetonitrile (60:40, v/v);
injection volume,S l/l.
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For the series of bidentate amino acids, the plate heights seem to increase with
increasing capacity factors. More detailed investigations concerning the influence of
/(', however, revealed that the influence of /(' is not simple. This point is discussed
below.

In all instances investigated, the enantiomer eluted later shows a larger value
of h.

Systems employing chiralligands as CMA. In ligand-exchange systems working
with highly soluble chiral mobile phase additives, the dependences of the plate height
on the flow-rate are very similar to those usually observed in simple reversed-phase
chromatography (Fig. 4). In our experiments, trifluoranthrylethanol (TFAE) was
selected as a reference compound in copper-free systems to account for the simple
reversed-phase adsorption mode (dansylamino acids have very small capacity factors
under these conditions). In comparison with Fig. 3, the slope of the h vs. IV plot is much
smaller, the dependence ofh on the capacity factor is marginala and one can only detect
a very small, probably insignificant, influence of the optical configuration on h.

The data in Figs. 3 and 4 are the main source for our conclusion that in the CMA
mode employing highly soluble chiral additives, and under the chosen conditions, the
ligand-exchange equilibrium (equilibrium I in Fig. lb) is not rate determining. It is
likely that complexation takes place in both phases, but mainly in the mobile phase,
and that the diastereomeric complexes are adsorbed and desorbed from the alkylsilica
surface (equilibrium 3 in Fig. lb) with the rapid kinetics typical of reversed-phase
chromatography. Under these conditions slow ligand-exchange kinetics should not
have much effect on h, in contrast to the case where the ligand is bound at the surface.
Moreover, it is likely that ligand exchange is even more rapid if performed in the
mobile phase, owing to fewer steric constraints.

Influence of capacity factor on plate height in the CSP mode
Capacity factors influence the plate height in the CSP mode by a number of

mechanisms, which are reflected both in theory (eqns. I and 2) and in experimental
data.

Experimental data. Within the series of the homologous amino acids investigated
and under constant phase system conditions, the plate heights increase from alanine,
serine, methionine to valine, leucine and phenylalanine parallel to the increase in the /('
values (Table I and the broken lines in the Figs. 5 and 6).

When changing the capacity factors by varying the content of organic modifier
in the mobile phase, the h values for a given analyte decrease with increasing /(' (full
lines in Fig. 5). However, within the series of amino acids, the previously mentioned
correlation is maintained (broken lines).

When changing the capacity factors by varying the pH of the eluent, the h values
either increase (CSP I) or decrease (CSP II) with increasing /(' (Fig. 6 and Table II). In
all instances, however, the increase within the series of homologous amino acids is
maintained (broken line).

Within the series of free amino acids investigated, the h vs. /(' correlations are
found to be similar in type for the two differing CSPs (Figs. 5 and 6). Within the series

a The slight decrease in h observed with increasing capacity factors might originate at least partly
from extra-column contributions.
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TABLE I

CAPACITY FACTORS, k', AND REDUCED PLATE HEIGHTS, h, AS A FUNCTION OF THE
ANALYTE STRUCTURE AND THE VOLUME FRACTION OF ETHANOL IN THE MOBILE
PHASE

Stationary phase, CSP II; mobile phase, aqueous buffer [0.05 M sodium acetate-5' 10-4 M copper(II)
acetate, pH 5.5]-ethanol as indicated; temperature, 30°C; flow-rate, 1 ml/min.

Amino acid Ethanol (%, v/v)

0 20 40 70

k' h k' h k' h k' h

Non-derivatized
Benzoic acid 0.70 15 0.38 12
Ala I 0.75 31 1.66 28

II 0.95 38 2.20 31
Met I 1.82 38 3.09 38

II 2.52 47 3.79 44
Val I 1.36 50 2.39 43

II 2.86 58 4.70 47
Leu 1 1.85 50 2.64 46

II 2.98 61 3.94 55
Phe I 3.44 53 4.65 50

II 4.88 60 5.80 58

Dansylated
Dns-Val I 1.76 32 1.53 42 1.98 46

II 3.61 41 3.18 52 4.25 61
Dns-Leu I 1.78 29 1.06 25 1.51 38

II 2.71 37 1.85 35 2.33 41
Dns-Ser I 3.12 38 3.72 56 5.50 80

II 5.82 50 5.65 96
Dns-Phe I 4.15 51 4.14 62 4.30 53

II 8.09 76 10.42 130 12.80 110

of dansylated amino acids these h vs. k' correlations are different between esp rand
esp II (Fig. 7).

For esp II, the plate heights of dansyl amino acids increase strongly with
increasing k' (like free amino acids), but for esp I, h is nearly independent ofk' (unlike
free amino acids). This independence is also seen from the data in Table III, where the
influence of different types of organic modifiers in the eluent is reported.

This difference between the two esps is of interest for investigations concerning
differences in the predominant adsorption mechanisms in LEe phases. A more
detailed discussion of the influence oforganic modifiers and pH on the plate height will
be given in a future paper in the broader context of a study on mixed adsorption
mechanisms. With regard to the influence of the capacity factor, which is the primary
concern here, the experimental finding is that no simple dependence of h on k' can be
observed.

Theoretical expectations. From eqns. I and 2 we expect an increase in h with
increasing capacity factors via the contribution hr. a decrease in h via the contribution
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Fig. 5. Plate height VS. capacity factor correlation: influence of analyte structure and ethanol concentration
in the mobile phase. Stationary phase, CSP II; mobile phase, aqueous buffer solution [4' 10-4 M copper(ll)
acetate~5' 10-2 M ammonium acetate, pH 5.5] with various concentrations of ethanol; temperature, 30°C;
flow-rate, I ml/min. Circles, free amino acids; squares, dansylated amino acids; open symbols, no ethanol
present; full symbols, 20% (v/v) ethanol. Analyte symbols: A = alanine; V = valine; L = leucine;
S = serine; M = methionine; F = phenylalanine; W = tryptophan; T = threonine; Ba = benzoic acid;
Al = first-eluted enantiomer of alanine, A2 = second-eluted enantiomer, etc.; dA = dansylalanine;
dV = dansylvaline, etc. Triangle: data point obtained for Dns-Phe in a phase system without copper ions;
the dot-dashed line indicates plate height values without kinetic contributions, h - h

b
k ' obtained by

extrapolation. ' on

hb,mt and, depending on the values of the dissociation rate constant, kd , and of k', an
increase or a decrease via the kinetic contribution hb,kin' Typical values for the
k'-related factors in these terms in the investigated k' range are given in Table IV. An
approximate evaluation of the relative contributions of the mentioned plate height
terms gives the following:

For hb,mt we know from previous investigations that this term is small [40-42]. In
a reasonable approximation one can therefore neglect this term in this discussion.

hr might be important. Between k' = I and 10 this contribution increases by
about 60% (ef, Table IV). From data for copper-free systems we are able to calculate
approximate h values for the case of insignificant kinetic contributions (in this instance
the dependence on k' is mainly due to the hrterm). For CSP I experimental h vs. k' data
in copper-free systems are available between k' = 3 and 14 and are given in Fig. 8.
These data are plotted as the h - hb,kin curve at the bottom of Fig. 6b. For CSP II fewer
experimental h data in copper-free systems are available. The extrapolated h - hb,kin

curve at the bottom of Fig. 5 is obtained by assuming that under the given conditions at
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Fig. 6. Plate height vs. capacity factor correlation: influence of analyte structure and pH of the mobile phase.
(a) Stationary phase, CSP II; mobile phase, aqueous buffer solution [4' W·-4 M copper(lI) acetate-5' 10-2

M ammonium acetate, pH as indicated) with no organic modifier. (b) Stationary phase, CSP I; mobile phase,
aqueous buffer solution [4' 10-4 M copper(lI) acetate-5' 10-2 M ammonium acetate, pH as specified]
methanol (70:30, v/v); temperature, 30°C; flow-rate, I ml/min. Abbreviations of analytes as in Fig. 5. The
dot-dashed line indicates the extrapolated total plate height curve without kinetic contributions, h - hb.k;n'

obtained by use of the data in Fig. 8.
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TABLE II

CAPACITY FACTORS, k', AND REDUCED PLATE HEIGHTS, h, AS A FUNCTION OF THE
ANALYTE STRUCTURE AND THE pH OF THE ELUENT

(A) Stationary phase, CSP I; mobile phase, aqueous buffer [0.05 M ammonium acetate--4' 10-4
M copper(lI) acetate, pH values as indicated]-methanol (70:30, v/v); temperature, 30°C; flow-rate, I mll
min. (B) Stationary phase, CSP II; mobile phase, aqueous buffer [0.05 M ammonium acetate-5' 10-4
M copper(II) acetate, pH values as indicated] with no organic modifier; temperature, 30°C; flow-rate
I ml/min.

B

Conditions Analyte

A L-Ser
L-Met
L-Val
L-Leu
L-Phe
Dns-L-Val
Dns-o-Val
Dns-L-Leu
Dns-o-Leu
Dns-L-Ser
Dns-o-Ser

oL-Met

oL-Val

oL-Leu

oL-Phe

I
II
I
II
I
II
I
II

pH

5.5 6.5 7.5 8.5

k' h k' h k' h k' h

2.98 25 6.04 37 10.01 49 10.97 25
3.42 30 7.09 47 10.04 49 II.l6 29
3.10 33 6.72 52 11.98 57 12.18 29
3.04 34 6.50 55 8.74 52 9.78 32
6.08 36 10.30 11.94 66 11.86 41
6.47 25 16.18 56 13.71 82 5.00 103
9.89 28 29.30 54 23.73 79 8.02
6.56 23 13.30 52 12.42 67 6.15 94

10.74 25 28.00 23.74 55 10.06 93
17.58 29 25.87 26.40 66 7.98
33.06 24 47.80 42.46 56 10.54

1.6 43 9.5 25
2.3 51 11.9 31
1.2 50 8.5 44
2.6 76 14.2 56
1.3 58 7.7 37
2.2 79 12.6
3.1 60 11.6 60
4.8 71 16.9 78

k' = 1 about half of the total plate height value originates from he (which is not
dependent on k'), and about half from hr, which can be extrapolated by means of eqn.
Ie. On the basis of this rough approximation, the h - hb,kin curve can serve in this
instance as a semi-quantitative guide only.

hb,kin is influenced by k' in two ways (ef, eqn. 2): by the factor k'((k' + 1)2 and by
the dissociation rate constant kd . The k'-containing factor has its maximum value at
k' = 1 and decreases to half of this value when k' increases from 1 to 6. In this capacity
factor range, this is a negative dependence.

Considering the dissociation rate constant, it should be noted that kd is
determined by the activation free energy of complex dissociation and not by the
binding energy of the complex, which determines k'. We expect, however, that under
certain conditions (e.g., considering a series ofhomologous compounds) the activation
energy for this "reaction" and the binding energy are correlated to a certain extent. In
these instances h will be positively correlated with k' via kd , and this correlation may
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Fig. 7. Plate height V.I. capacity factor correlation: influence of analyte structure of dansylated amino acids,
pH and type of stationary phase. Stationary phases, CSP I and II; mobile phases, aqueous buffer solution
[4' 10-4 M copper(II) acetate-5' 10-2 M ammonium acetate, pH as indicated]-methanol (70:30, v/v) for
CSP I and aqueous buffer solution-ethanol (80:20, v/v) for CSP 11; temperature, 30°C; flow-rate, I ml/min.
Abbreviations of analytes as in Fig. 5.

TABLE III

CAPACITY FACTORS, k', AND REDUCED PLATE HEIGHTS, h, AS A FUNCTION OF THE
TYPE OF ORGANIC MODIFIER IN THE ELUENT

Stationary phase, CSP I; mobile phase, aqueous buffer [0.05 M ammonium aeetate-5' 10-4 M copper(II)
acetate, pH 5.5]-organie modifier (30:70, v/v); temperature, 30°C; flow-rate, I ml/min.

Compound

Phe
Ile
Dns-Nval I

II
Dns-Leu I

II
Dns-Met I

Modifier

Acetonitrile Methanol Ethanol THF

k' h k' h k' h k' h

2.27 13 2.61 14 2.00 15 1.33 14
2.12 II 3.32 17 2.57 17 1.58 17
1.50 5.1 8.58 6.6 4.80 6.5
2.05 5.8 11.74 7.6 6.00 6.0
1.40 6.3 7.74 5.6 4.54 6.7 2.37 7.4
1.95 6.2 10.12 6.1 5.54 6.5 2.60 6.1
2.30 5.4 12.0 6.7 6.63 8.1 0.50 6.7
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TABLE IV

NUMERICAL VALUES FOR THE CAPACITY FACTOR-RELATED FACTORS IN THE EQNS. Ic,
Id AND 2

k' k" [k"I(k" + I)F k"/(k" + 1)2 k'/(k' + 1)2
in h, in hb,ffit in hb,kin

0.1 1.2 0.30 0.24 0.08
0.5 2.0 0.44 0.22 0.22
1.0 3.0 0.56 0.19 0.25
3.0 7.0 0.77 0.11 0.19
5.0 11.0 0.84 0.08 0.14

10.0 21.0 0.91 0.04 0.08
20.0 41.0 0.95 0.02 0.05

mimic a strict and direct dependence of k d (and thus h) on k ', although a strict
dependence is neither implied by theory nor found generally in the experiments (cl,
Table 7 in ref. 35). This positive correlation can be so significant that it far
overcompensates for the negative correlation via the factor k'(k' + 1)2.

h

15

14

.~
~

13

12
()i% 0 0 dV

11
~/~<> • dS

10
l:1 dF

1ft • dW

9 <> dL

0 ~ dT

B / • dM

0 BOC-F

7 • FMOC-F

6

5

0 2 4 6 B 10 12 14 16 18 k'

Fig. 8. Plate height liS. capacity factor correlation in copper-free systems. Stationary phase, CSP I; mobile
phase, aqueous buffer solution (5' 10-2 M ammonium acetate, pH 5.5) with various concentrations of
acetonitrile; temperature, 30DC; flow-rate, I ml/min. Abbreviations of analytes as in Fig. 5. BOC
butyloxycarbonyl-; FMOC = fluorenyloxycarbonyl-.
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From the data reported above, the following conclusions can be drawn:
In systems where ligand-exchange processes are operative at the surface, we

found that plate heights for the bi- or tridentate analytes investigated are significantly
higher than in systems without ligand-exchange processes (ef, the h - hb,kin lines in
Figs. 5 and 6 and the data in Fig. 8 obtained in the absence of metal ions). We attribute
this effect to the slow ligand-exchange rates for a ligand-exchange step taking place at
the surface of the stationary phase.

LEC systems using CMAs generally have better efficiencies than systems with
CSPs. No significant difference in plate heights is observed between ligand-exchange
and the usual reversed-phase adsorption chromatography. We conclude that in this
mode the dominant mechanism is the adsorption of the diastereomeric complexes,
which are formed in the mobile phase, by a simple reversed-phase adsorption
mechanism. In this instance, slow ligand-exchange kinetics do not have much effect
on h.

The plate height dependences on the flow-rate have different strengths for the
two LEC modes. This is in agreement with the given model. As the ligand-exchange
specific contribution to h is high with CSPs, the plate height minimum is situated at
very low flow velocities. Using LEC with CSPs, there is great potential for improving
the resolution by reducing the flow velocity.

When using immobilized selector ligands, the kinetic contribution, hb,kin,

depends on several parameters:
The most important influence originates from the dentation number of the

analyte ligands. This is in accord with the fact that binding energy and the resulting
activation energy for dissociation increase strongly with increase in the number of
ligand-metal bonds involved.

The influence of the capacity factor on h is not simple. Within a series of amino
acids we observe a certain positive correlation between the plate heights and the
capacity factors, although there is a fairly reproducible fine structure of systematic
deviations from this correlation. Plate heights, however, may also decrease with
increasing k', e.g., when varying the eluent composition. However, the positive
correlation within the amino acid series mentioned is always maintained, and to a great
extent even the "fine structure" of deviations (Figs. 5 and 6). The conservation of these
fine structure on variation of the mobile phase precludes its origination from
a statistical scatter of data.

From these observations, we conclude that h is not simply determined by the
capacity factor itself", but rather by a parameter that is related to the length, shape,
steric size and bulkiness of the side-chains and to the configuration at the chiral carbon
atom of the amino acids, all of which affect the reaction rate constant and thus h b.kinvia
the free energy ofactivation. This conclusion is supported by the fact that in general an
increase in h with increasing "bulkiness" of the side-chains has been found in all
experiments (which measure for "bulkiness" will be most appropriate in this context is
not yet clear). It is likely that bulkiness plays an even more important role for the

a Note in addition that the experimental h values are not really linearly correlated with the formation
constants of the amino acid-eopper complexes [35].
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chelating reactions at surface-immobilized complexes than for those in a bulk phase.
For the amino acids investigated, the increasing steric size of the side-chains is

also correlated with enhanced k' values. We therefore conclude that the observed
positive correlation between hand k' within the series of amino acids basically
originates from this correlation between binding energy and free energy of activation.
It is in good agreement with this explanation that a different dependence of h on k' is
detected when k' is increased not by varying the length of the side-chain but by varying
the eluent composition.

Similar explanations may hold for the dependence of the reaction rate on the
optical configuration. This influences k' and, in the way mentioned before, the energy
of the transition state for the complexation reaction.

The different patterns in the h vs. k' curves observed for the dansylated amino
acids at the two chiral stationary phases probably originate from a mixed mechanism
of adsorption on at least one of these phases (CSP I). We have seen from capacity
factor data in copper-free systems (triangle symbol in Fig. 5 and data in Fig. 8) that the
hydrophobic adsorption of dansylamino acids without complexation is significant
with CSP I, unlike the situation with CSP n. We argue that the approximate invariance
of h with k', shown for CSP I in Fig. 7, might result from the reduced contributions of
complexation for these analytes under the given conditions. This problem is the subject
of a broader investigation to be presented in a subsequent paper.

We conclude that the predominant plate height-determining parameters are the
dentation number of the analyte and the steric size and the optical configuration of the
interacting groups in the chelate complex, all of which influence the dissociation rate
constant, kd . The plate height is not primarily determined by the value of the capacity
factor itself. Capacity factors are often correlated with k d , especially within a
homologous series of analytes, but not necessarily.
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ABSTRACT

A recently described vesicular chromatographic packing material (YP), consisting of purified plant
cell walls with vesicular and cellular morphology, was characterized with respect to the minimum Stokes'
diameter necessary for complete exclusion (size limit of exclusion = SLE) and the maximum Stokes'
diameter permitting permeation into the whole stationary liquid volume (size limit of permeation = SLP).
Using vesicle chromatography, the size fractionation of a polydisperse dextran preparation with a defined
size distribution was carried out to determine the percentages of completely excluded (Pe,) and completely
permeable (Ppe,m) dextran molecules. SLE may be derived from Pox and SLP from Pp"m taking into
account the molecular size range of the fractionated polydisperse dextran sample. Yalues determined for
the size limits of the vesicle membrane with the help of dextran 35 (calibrated on Sephadex G-200) were
nearly equal to those determined with the help of dextran 15 (calibrated on Sephadex G-75). The SLP of
the standard YP is 5.6 nm. However, negatively charged proteins with a Stokes' diameter slightly below the
SLP (pepsin and ovalbumin) are excluded from the YP. The method may be applied in controlling the
separation limits of YPs with altered ultrafiltration properties.

INTRODUCTION

The solid structure of the vesicular packing material (VP) [1] commercially
available as Permselekt or Vesipor is the purified cell wall framework developed by
cell clusters grown in a higher plant suspension culture. It consists of a cellulose
pectin (cellin) matrix [2] with a mechanically and chemically unaltered structure. The
separation mechanism in vesicle chromatography (VC) is membrane permeation
(dialysis) between the mobile phase and the stationary liquid phase which is kept in
vesicles (cells, microcapsules). The cell walls act as dialysis membranes with a sharp
separation limit. Chromatography with the VP permits a rapid separation of two size
groups of macromolecules on short columns. The absence of an extended fraction
ation range in VC, which is the main difference from gel permeation chromatography
(GPC), is an advantage for size fractionations in a narrow molecular size range. VP
consisting of unaltered cellin walls separates excluded macromolecules (e.g., proteins
of > 50000 dalton) from slightly smaller molecules and other permeable molecules
[1]. We have found (unpublished work) that the separation limits of the cel1in mem
branes may be increased by dep01ymerization of the protopectin matrix with different
methods.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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In this paper, we describe a procedure for determining the the size limits of
separation by Vc. Such a method is necessary for controlling the preparation ofVPs
with different separation properties.

PRINCIPLE OF METHOD

In VC, a mixture of macromolecules with a continuous and broad distribution
of molecular size, e.g., polydisperse dextran, may be separated into two main frac
tions, a permeable and an unpermeable (excluded) fraction [1]. The method is based
on such a separation using a dextran standard of defined molecular size distribution.

A polydisperse dextran standard is fractionated by GPC on a suitable gel, the
bed having been calibrated by proteins of defined Stokes' diameter. GPC results in a
broad, continuous elution profile of the fractionated dextran. Using a calibrated gel
column, the dependence of dextran concentration in the eluate on the elution volume,
Ve , is transformed into a calibration graph giving the dependence of the Stokes'
diameter on the percentage of dextran eluted, Pe. Both the excluded percentage, Pm
obtained from VC of the standard dextran and the percentage Pe obtained from GPC
are related to the sum of monodisperse fractions with Stokes' diameter, ds, larger than
a certain size. If Pe = Pm then d., coordinated to Pe, is also the Stokes' diameter of
the smallest dextran molecules excluded by the VP. Therefore, once Pex has been
determined experimentally, ds may be read off the calibration graph. The value deter
mined in this way is designated as the size limit of exclusion (SLE) of the VP. Simi
larly, the permeable percentage Pperm obtained from VC and the non-eluted percent
age (100 - Pe) obtained from GPC refer to the sum of dextran fractions with
molecular size smaller than a certain value. If Pperm is equated to 100- Pe, the Stokes'
diameter allied to Pe is the diameter of the largest permeable dextran molecules in the
permeable fraction obtained by VC. This Stokes' diameter is designated as the size
limit of permeation (SLP) of the VP. The interval between these two limits is the size
range of dextran molecules eluted after the excluded fraction and before the perme
able fraction (fractionation range).

EXPERIMENTAL

Dextran 15 and 35 were supplied by Serva (Germany). Both preparations were
used from the same package for all experiments. Blue Dextran 2000, Dextran T 250
and Sephadex G-75 and G-200 were supplied by Pharmacia (Sweden).

The chromatographic system consisted of a peristaltic pump from Unipan (Po
land) and a Perkin-Elmer Model 141M recording polarimeter (volume ofmicrocuvette
1 ml, light path 10 cm) for recording dextran concentration. Peaks of polyethylene
glycol and proteins were recorded by means of an RIDK differential refractometer
(Czechoslovakia). Permselekt vesicular packing material as ethanol-moist or dry ma
terial was washed with distilled water and dispersed in the elution buffer.

Glass columns of 2.9 cm J.D. with end frits (polyamide cloth, mesh width 80
Jim, supported by a polyethylene sieve plate) were packed using a slurry containing
about 10 mg/ml of dry packing material. After the liquid above the sedimented mate
rial had been absorbed, the chromatographic bed was allowed to shrink to about
80% of its original sedimentation volume by slow draining with mild suction (2-3
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kPa). The chromatographic bed was covered with a polyamide cloth and a poly
ethylene sieve plate, which was fixed by a tight-fitting rubber ring. Column contained
23 to 27 mg of the dry packing material per millilitre of bed volume. Between chroma
tographic experiments, the columns were equilibrated with a stabilizing medium
(0.5% KHzPOc O.05% NaN3). Before use they were saturated with the elution buffer
(0.05 M phosphate buffer containing 0.05% NaN3)' Glass columns for GPC were
packed by the usual procedure.

Planimetry of the chromatograms was carried out gravimetrically using suitable
transparent paper. The excluded percentage was determined as twice the percentage
of the dextran sample that was eluted up to the maximum of the first (excluded) peak
and the permeable percentage as twice the dextran percentage after the second peak
maximum. Elution volumes and Kav values (the fraction of the gel volume that is
available for the sample) were determined as described by Laurent and Killander [3].

RESULTS AND DISCUSSION

For the investigation of the molecular size distribution, dextran elution profiles
representing more than 2000 theoretical plates were considered. Ranges of the elution
volume, Ve, which are characterized by small variations in concentration within the
peak variance of a monodisperse molecule were selected for use in calibration graphs
(region a-b in Fig. 1). With respect to calibration of the Sephadex beds (G-75 and

100 Pe (%)
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Fig. l. GPC of dextran 35. Lower curve: trace for dextran 35 obtained by means of a Sephadex G-200
column (bed length 27.0 em, bed volume 263 ml, particle size 40-120 Ilm, exclusion volume 84 ml). Sample
(dissolved in 2 ml of eluent buffer), 40 mg; a-b, section of the elution curve with an approximately
symmectrical influence of monodisperse neighbour fractions on the recorded dextran concentration. Trace
recorded with a Perkin-Elmer Model 141 M polarimeter; wavelength = 436 nm. Upper curve: percentage
of eluted dextran 35 derived by integration of the lower trace.
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G-200) used for dextran fractionation, we did not find significant deviations of pro
tein Kav values from the originally published curves [3]. Fig. 2 shows the correspond
ing curve from ref. 3, respresented by the line, together with the positions of the
standard proteins determined with the applied column. In consequence, the cali
bration graphs (dependence of Stokes' diameter on eluted dextran percentage, Fig. 3)
were derived from the dextran elution profile (Fig. 1) and the data in ref. 3. The
investigation was carried out using two polydisperse dextrans (dextran 15 and 35)
which were calibrated on different Sephadex gels. The size group fractionation of the
two dextrans on the VP demonstrates the sharpness of separation ((Fig. 4).

Columns much larger than necessary for complete separation of the permeable
from the excluded fraction were used in order to consider the possible influence of bed
length and separation time. We have argued in a preceeding paper [1] that the small
but significant share of a polydisperse sample eluting between the peaks may be an
expression of non-uniformity of the cells (vesicles) with respect to their individual
separation limit. If every cell in the chromatographic bed of the VP had an ultrafiltra
tion membrane (cell wall) with a sharp transition from the highly permeable to the
completely impermeable state at a certain molecular size (separation limit) but the
cells varied to some extent with respect to the value of this limit, then molecules of a
size within the statistical variance of cellular separation limits would have an interme
diate elution volume between the exclusion volume and the total bed volume (statisti
cal explanation of the fractionation range). Alternatively, permeable molecules with a
size near the separation limit might be eluted before the second peak as their perme
ability is too low to reach the diffusional equilibrium (kinetic explanation). The re
sults shown in Fig. 4 and Table I favour the statistical explanation, as both SLE and
SLP were not clearly dependent on column length and separation time. As shown

REV[%]
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Fig. 2. Dependence of Stokes' diameter on Kav and relative elution volume (REV) as determined by
chromatography of proteins on the Sephadex G-200 column used for fractionation of dextran 35. The
positions of proteins used for calibration [(a) yeast alcohol dehydrogenase; (b) human serum albumin; (c)
ovalbumin; (d) bovine cytochrome c; (e) sucrose] fit the original curve published for Sephadex G-200 [3].
Column as in Fig. 1.

Fig. 3. Calibration graphs used for the determination of the separation limits SLE and SLP from the
percentage of excluded and permeable dextran. The curves represent the dependence of the molecular
Stokes' diameter of the dextran fraction eluted from the GPC column at a certain volume V, on the
percentage of the sample eluted up to this volume. The curve for dextran 15 results from its fractionation
by Sephadex G-75 and that for dextran 35 is based on fractionation by Sephadex G-200.
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Fig. 4. Size group fractionation of two polydisperse dextran materials by VC on Permsclekt. A 50-mg
amount of dextran 35 or [5, dissolved in 2 ml of eluent solution, was fractionated on a column packed with
the VP Permselekt (unaltered material). Beds of different lengths and volumes (as indicated) were eluted
with 0.05 M PBS (pH 6.5). Column 1.D., 29 mm. Detection as in Fig. I.

previously [1], the elution volume of monodisperse samples (proteins) tested so far is
either in the range 40-50% or 90-100% of the bed volume. It is interesting, however,
that proteins with Stokes' diameters below the SLP determined for dextran may be
excluded, presumably because of the increase in their apparent hydrodynamic molec
ular size by electrical interaction with the negatively charged matrix [4] (Fig. 5).

Although the cellin walls carry negative charges in high concentration (about
0.7 mequiv./g dry material), F ex and F perm for the neutral dextran molecules were
found to be almost independent of the buffer pH (Table II).

Advantages of the described method for the determination of SLP and SLE are
its simplicity and rapidity. As the size distribution of suitable polydisperse dextran

TABLE I

SIZE LIMITS OF EXCLUSION AND PERMEATION DETERMINED WITH THE HELP OF TWO
CALIBRATED DEXTRAN MATERIALS

Details as described in the legend of Fig. I.

Fractionated Column Elution Ppcrm Pc,¥, SLE SLP
material length time (%) (%) (nm) (nm)

(em) (h)

Dextran 35 9.5 2.5 39.7 49.3 6.8 5.7
18 5 36.7 49.7 6.8 5.5

Dextran 15 9.5 2.5 67.4 22.3 6.0 5.5
[8 5 70.9 [5.1 6.4 5.6
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Fig. 5. Relative elution volumes (REV) of different proteins and polyethylene glycol preparations deter
mined by VC with Permselekt columns as a function of their Stokes' diameter. I = Myoglobin; 2 =

ribonuclease A; 3 = trypsin; 4 = chymotrypsinogen; 5 = polyethylene glycol 4000; 6 = polyethylene
glycol 6000; 7 = pepsin; 8 = ovalbumin; 9 = peroxidase; 10 = human serum albumin; II = phycocyanin.
Stokes' diameters of proteins were taken from ref. 3. Polyethylene glycol fractions of narrow size dispersion
(Merck-Schuchardt) were analyzed by GPC on calibrated Sephadex G-75 for their mean Stokes' diameter.

samples is known (Fig. 2), only one size fractionation of such a sample by VC is
sufficient for the determination of SLE and SLP. The SLE and SLP define the com
pletely excluded and completely permeable fractions of a neutral hydrocolloid in
terms of the minimum and maximum Stokes' diameter, respectively. Both dextran 15
and 35 are suitable materials for the determination of these limits if the VP has not
been strongly altered in comparison with that consisting of the native cellin wall.

The reliability of the method is demonstrated by the nearly identical results on
separation limits obtained with two dextran samples, the molecular size range of
which was determined independently on different Sephadex gels (Table I). Dextran 15
is especially suitable for the size range of Stokes' diameter between 4 and 6 nm (Fig.
3). Dextran 35 (and other dextran materials with even larger mean molecular sizes)

TABLE II

EXCLUDED AND PERMEABLE PERCENTAGES OF DEXTRAN 35 AT DIFFERENT pH VAL
UES

The dextran was fractionated on the same bed with the pH of the elution buffer varied. Column length 9
cm; for other details, see legend of Fig. I.

pH Pp"m (%) Po> (%)

5.5 38.1 50.0
6.5 41.9 48.5
7.0 40.9 51.8
5.5 41.8 51.6
6.5 42.3 49.0
7.0 41.3 48.3
5.5 40.3 52.1
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Fig. 6. Size group fractionation of dextran 35 on a column (29 mm 1.0., bed length 116 nm) packed with
VP Permselekt that had been treated before use with 2% sodium carbonate (3 days at room temperature).
Details as in Fig. 4. The determined SLP and SLE are 8.1 and 11.5 nm, respectively.

would be preferred if the separation limits of the vesicle membrane have been in
creased.

As an example of application, the method was used to determine the separation
limits of an alkali-treated VP. It is possible to increase the separation limits of the VP
without changing the character of the fractionation (Fig. 6). The preparation of VPs
with different but defined separation limits is important for their application in the
preparative size fractionation of proteins, nucleic acids and other polymers. Papers
on the variability and stability of the separation limits and the application ofVPs with
increased separation limits are in preparation.
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ABSTRACT

A new approach to multi-channel chromatographic data processing is introduced, based on the
treatment of a chromatogram as a curve in multi-dimensional space. Each coordinate in this space is the
signal-to-noise ratio for one detector. Every point in the space represents one spectrum-set of detector
responses. Multi-dimensional space mathematics applied to the analysis of the chromatogram allows one
to obtain individual substance detection profiles for overlapped peaks in the case of known spectra of each
component, analyse peaks for homogeneity and determine the number of substances in overlapped peaks
and their elution profiles without a prior knowledge of their spectra. All these tasks are solved with
maximum accuracy owing to the principles of space coordinates construction. Theoretical considerations
are illustrated by the results obtained for multi-wavelength chromatograms measured with a Milichrom
chromatograph.

INTRODUCTION

The development of a wide range of ultraviolet (UV) spectral detection devices
for chromatography probably started with the OB-4 chromatograph designed in the
late 1970s in Novosibirsk [1]. This device is equipped with a rapid scanning UV
detector with a forward optics double-beam measurement scheme. It has a IS-bit
measurement accuracy and covers the absorbance range up to 12,8 (1.56 mm
optical path cuvette). It was also the first microbore system with a column tD. of2 mm
and a syringe pump volume of 2.5 m!.

We have been developing software for this device since 1983 and gained some
experienc~ in multi-wavelength data processing (e.g., ref. 2) that may be useful when
applied to other multi-wavelength or multi-channel chromatographic systems.

In particular, we succeeded in the analysis of unresolved peaks by spectral

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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criteria. Two types of such an analysis are distinguished. The first is applied to peak
analysis in the case when the spectra of all components are known. In this instance
a least-squares method allows individual elution profiles and good estimates of the
amounts of each component to be obtained. The second type helps in analysis when
none of the component spectra are known in advance. In this instance multiple
regression and factor analysis methods allows estimates of substance spectra, elution
profiles and amounts to be obtained, but the results may be less accurate than in the
first type of analysis.

THEORY

We use the term "spectrochromatography" for all kinds of chromatographic
systems where the result of measurement is a set of values instead of one detector
response as in traditional chromatography. This may be UV-VIS spectrum measure
ment (SM) systems, mass spectrometer (MS) systems or just a set ofdifferent detectors
measuring different characteristics of the single gas or liquid chromatographic flow.
From the very beginning of problem formulation we stress that different detector
outputs may be mixed, thus changing the view from uniform chromatographic systems
where all of the channels have the same physical units of measurement.

Detector response space
Apart from the three-dimensional view of a chromatogram offered by many

photodiode-array detection software systems, we use a different approach. We
consider a spectrochromatogram to be a curve in multi-dimensional space, where each
coordinate represents an individual detector response, e.g., the response of one diode
of an array (SM) or one mass (MS). One point in the detector response (DR) space
represents one spectrum. In this DR space the chromatogram looks like a curve where
successive measurements are connected by the line. In the case of a "spectrum"
consisting of only two wavelengths, this will be a curve on the plane where one axis
represents the absorbance for one wavelength and the other axis the absorbance at the
other wavelength. If we subtract the baseline in such a chromatogram, the curve will
become tightly grouped around zero with peaks looking like curve fragments starting
from zero and returning back to zero. The analysis of curves in this space is not
convenient, as the value ofa signal given by each coordinate depends on, e.g., the units
of measurements.

Noise-normalized detector response space
The main reason why curve analysis in DR space is complicated is that many

curve analysis techniques use the root-mean-square (RMS) approach. This approach
minimizes the sum of squares ofdistances for each coordinate. Therefore, if we wish to
use this approach, the expected errors should be comparable for all axes, otherwise the
result will not be accurate. Even more. DR space coordinates may have different
physical units of measurement and we may add square absorbance units to square
millivolts.

There is one natural way to find unified space coordinates suitable for all kinds
of curve analysis, viz., we can use units of measurement equal to the noise (or the
expected measurement error). In this instance each coordinate axis will represent the
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signal-to-noise ratio (SIN) for one channel. Let us call this space a noise-normalized
detector response (NNDR) space. NNDR and DR spaces may be transformed into
one another by linear transformation:

D = RW (I)

where D = normalized spectrum from NNDR space (detection vector), W = weight
matrix with Wij = 0 (i #'j) and Wi; = liE;, E; = expected error for the channel i,
R = (R t , .... RN) = detector response vector and N = number ofchannels (detectors).

NNDR space is very useful, as with its help one can analyse in a unified way
physically different signals, e.g., conductivity and radioactivity. One point in the
NNDR space represents the normalized spectrum.

Hence NNDR space is just such a space where one coordinate represents one
channel and expected errors for all coordinates are equal.

Total SIN ratio profile
The NNDR space chromatogram presentation contains additional information

that can be easily extracted and successfully used.
Before the baseline subtraction, we need to find the peak beginning and end.

However, in a multi-detector system it is very difficult to use anyone channel for this
purpose. An effective and consistent way is to use a "summary report" of
a chromatogram, i.e., the profile of the total SIN for all detectors (see Fig. I). The SIN
profile gives a good visual representation of the chromatographic curve end eliminates
the question of "which channel is better".

3000.00 sin

1 2 3 4
10.00 o.u.

12 13 14

2 3 4 5 6 7 8 9 10 11 12 13 14

Fig. I. Multi-channel chromatogram (bottom) and signal-to-noise ratio profile for this chromatogram (top).
Abscissa in microlitres; ordinates are different and labelled at the top left corners. Output of Chrom&Spec
software.
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Peak shape in NNDR space
Hereafter, unless specially noted, we shall consider a chromatogram with

a subtracted baseline, i.e., each detector response will be substituted with the difference
between the actual detector response value and the estimated baseline value at that
point. The method of baseline estimation implemented in our program is described
under Discussion.

In the case of a homogeneous peak and fulfillment of a detector response
proportionality law (the detector response is proportional to substance concentra
tion), all points belonging to the same peak should be positioned along the straight line
with an average distance from the line close to 1:

D = cQ + e (2)

where D = detection vector, c = concentration of substance, Q = SW = substance
spectrum S transformed into NNDR space and e = normalized error of measurement.
Eqn. 2 is valid for all peak spectra with different concentration c and error vector
e values.

A multi-component peak in NNDR space will- be a linear combination of several
detection vectors, one for each pure component:

(3)

where Ck = concentration of the kth component and

(4)

is transformed to the NNDR space kth pure component spectrum Sk. As before, eqn.
3 can be written for every point within a peak.

Substance quantification
In the case when pure spectra for all substances within an overlapped peak are

known in advance, one can use the RMS approach to decompose every measured
spectrum of the peak into spectra of this pre-defined basis. In the case of known
spectra, eqn. 3 represents a set ofN equations with K unknowns, where K is the number
of individual components and N, as before, is the number ofchannels. In the case when
K ::::; N we can apply the RMS approach (see, e.g., ref. 3) which will give solution of
eqn. 3 in the form

(5)

where C = (Cl' CZ, .•. , CK) is a concentration vector, D = detection vector and
Q = (NK) matrix composed ofK detection vectors made from pure component spectra
by eqn. 4.

Of course, the spectra of pure components should be linearly independent (not
too similar), otherwise matrix inversion in eqn. 5 cannot be applied. If these conditions
are fulfilled, decomposition is allowed and gives a unique concentration vector C.

By making a spectrum decomposition for every peak point, we can obtain
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a concentration profile for each component. To present results it is usually more
convenient to use an absorbance profile instead of a concentration profile. The
absorbance profile may be reconstructed as

(6)

where Ak(t) = evaluated absorption (DR space!) vector of the kth component, Ck(t) =

concentration profile of the kth component obtained by eqn. 5 and Sk = kth
component spectrum. Eqn. 6 should be evaluated at every peak point. To stress this
fact, we introduced a time dependence into eqn. 6. Note that no peak shape
considerations were used!

In the case when K = N,eqn. 5 will give an exact solution of N equations with
N unknowns instead of the RMS approach, and this exact solution can be found for
any N linearly independent basis spectra, no matter whether correct ones or taken as an
arbitrary choice! To obtain reliable results the number of channels should be at least
twice the number of detected substances, so that the residual error could help in the
validation of results.

Use of NNDR space angle
To help in visual NNDR space chromatogram analysis, we can use angles

between time-adjacent vectors in NNDR space, i.e., we can associate additional
characteristics with each peak point: an angle between NNDR vectors for that and the
preceding point. These angles can be plotted as an angle profile of the peak. In the case
of a homogeneous peak, NNDR space points are located along the line and angles
inside the peak should be close to zero. At the very beginning and at the end of the peak
the signal value is low, and the predicted angles are large in comparison with those
inside the peak. Non-homogeneous peaks will show more complex structures (see Figs.
5-7).

In some instances we can also use the NNDR space inter-vector angle as
a measure in comparisons of spectra. Comparisons of spectra should be performed
taking into account the measurement error for each channel. Hence we can use the
NNDR space angle as a measure of spectral similarity in the case of a spectral library
search and other cases of spectral comparisons.

Many useful criteria may be introduced using angles. For example, in the case of
spectrum decomposition for two known spectra, the angle between basis vectors
should be much greater than the expected inter-vector angle caused by noise.

One argument for or against correct basic spectra selection is the residual error
of spectrum decomposition. The problem is that the decomposed spectrum may differ
from the sum of basis spectra with coefficients obtained by the RMS approach and an
angle between initial and resynthesized vectors may be calculated. To obtain
a numerical value of the angle we can use the tangent, i.e., the ratio of the length of the
residual vector to the length of initial vector (see Fig. 4, residual error value).

We shall mention one of the reasons why the angle is so attractive and why we
consider it as an alternative to the correlation coefficient in spectra comparison: the
angle is a natural measure, easily understandable by most people, and psychologically
it is much easier to imagine an angle than a correlation coefficient.
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Further chromatogram analysis
As a chromatogram is considered as a curve in a multi-dimensional space, we can

try to analyse a curve without any a priori knowledge such as substance spectra. To do
so we have to apply multi-dimensional space mathematics, i.e., principal component
and factor analysis. The theory and a detailed description of the algorithms for this
type of analysis will be published elsewhere; here we shall only present an overview of
the calculations made by our program. At this stage of curve analysis we apply the
following.

(a) We obtain a subspace with a minimum number of dimensions that contain
the entire peak curve within admissible error by principal component analysis. The
number of subspace dimensions will represent the number of components in the peak
and pure spectra should be linear combinations of subspace basis vectors (eigen
vectors).

(b) We filter noise by placing the whole curve for the peak into subspace.
(c) We find the best candidates for the role of "pure spectrum" for each

component among all of the vectors in the peak. That is, we assume that there exists
some point within the peak where the first component is "pure" and assume the
spectrum at this point to be a true pure first-component spectrum, and so on.

(d) We obtain elution profiles of each component within the peak and their
amounts.

To apply this type of curve analysis, one should note the propositions made: (a)
eluted substances have linearly independent (different) spectra; and (b) the elution
profiles are shifted with respect to each other so that for each component there is
a point within an analysed chromatogram region where only this component is
present. The spectrum at this point will be taken as a pure spectrum of this component.

EXPERIMENTAL

Equipment and software
All measurements were performed using a Milichrom chromatograph (Nautch

pribor, Orel, U.S.S.R.), which is an industrial version of the OB-4 chromatograph [1].
Two software systems were used. The first was developed at the Institute of

Molecular Genetics of the Academy of Sciences of the U.S.S.R. for the ISKRA-226
computer (U.S.S.R.) with a special interface unit. The system was written in BASIC
and Assembly languages. The second chromatographic data processor, Chrom&Spec,
is a product of the "Ampersand" Cooperative (Moscow, U.S.S.R.) for IBM
PC-compatible computers. With the Milichrom chromatograph data acquisition is
performed by a special interface board, otherwise several analog-to-digital converting
(ADC) devices are supported. Data import from LKB WaveScan primary data files
and ASCII text files is also possible. The system is written in C and Assembly
languages.

RESULTS

Peak analysis in the case of known pure spectra
One of the applications of this possibility was the evaluation of the amount of

protein (RNA polymerase) crosslinked to DNA [2]. In this case the chromatographic
column was used for the partial separation of the DNA-protein complex from
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Fig. 2. Gel chromatogram of DNA-protein complex monitored at 230 nm and profiles of individual
component elution: (l) DNA; (2) protein. Abscissa shows volume in microlitres, ordinate the absorption in
o.u. Individual elution profiles were evaluated by eqn. 6. Output of ISKRA-226 software.

unbound protein (Fig. 2) by gel chromatography. We analysed the first part of the
peak corresponding to the complex. The results of the spectrum decomposition are
shown in Fig. 3, and associated numerical information in Fig. 4. Individual substance
spectra were measured in advance and for the purpose of analysis they were loaded
from disk files.

Factor analysis: what is visible to the user?
We have tried to provide a simple and convenient user interface in our software.

We shall therefore try to illustrate how peak factor analysis is implemented to show
that even an inexperienced user may extract some new information from the
chromatogram.

••I,.\,\\
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Fig. 3. Illustration of spectrum decomposition. Abscissa shows wavelength in nanometres, ordinate the
absorption. The higher curve shows the chromatogram region spectrum and the lower curves (.) DNA and
( x) protein library spectra. Associated textual program output is shown in Fig. 4. Output of ISKRA-226
software.
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Chromatogram:

Date 18.05.85; 9 wavelengths; flow 10 mel/min; User Burova;

Sample: pA03 plasmid DNA: RNA polymerase complex;

Column: TSK-gel HW65, volume 300 mel;

Eluent: 10mM TEA, 10 mM MgC12, 100 mM KCl in water;

Wavelengths: 220 230 240 250 260 270 280 290 330 nm;

Section: volume 110-145 mel.

Volume 35.8 mel; Integral 8.29*10- 4 o.u.*ml;

Mean absorption at 260 nm 0.41 o.u.

a) Spectrum:

Wavelength Weight Ratio

nm

220 0.31 1. 23

230 0.43 0.78

240 0.53 0.70

250 0.42 0.93

260 0.60 1.00

270 0.49 0.83

280 0.49 0.57

290 0.46 0.28

330 0.51 0.04

b) Spectral decomposition:

Substance name Signal Concentration Amount Molecular mass

pA03 DNA 79.1%

RNA polymerase 19.4%

Residual RMS error 3.1%

mcg/ml

20.6

31.7

M/l

1.96*10- 8

7.05*10- 8

meg

0.74

1.13

Dalton

1050000

450000

Fig. 4. Spectral analysis of a chromatogram region. Weight column in the spectrum printout (a) stands for
the reverse of the baseline noise. The weight equals I if the baseline noise is absent and hence the expected
error equals the discretization error, 0.0004 o.u. in the case of the Milichrom device. Hence in the above
example the baseline noise equals approximately 3 discretes for 220 nm (where discrete stands for the
smallest voltage change that can be measured by the device) and is less than 2 discretes for 260 nm. The
spectrum is normalized for the response at one wavelength (260 nm in this instance), called the reference
wavelength. Spectrum decomposition is made by eqn. 5 with weights for DR-NNDR space transformation
listed in Table (a). Molar ratio of DNA to protein amounts shows that 3--4 RNA polymerase molecules are
bound to DNA, which was confirmed by electron microscopy [2]. Output of "ISKRA-226" software.

The option that performs peak factor analysis is called "Analyse". Before its
activation it is necessary to mark a region of interest with the help of a vertical bar
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Fig. 5. Factor analysis of a chromatogram region. Here and in Figs. 6 and 7 the abscissa is in minutes. and the
ordinate in absorbance units with full-scale labelled at the top left corner. Chromatogram at 200 nm and
individual elution profiles for each component (curves 1,2 and 3) are shown. Angle curve (a) is shown in
arbitrary ordinate units. Output of Chrom&Spec software.

cursor. After the activation of the option the program performs some calculations and
shows sets of numbers (NNDR space covariation matrix eigenvalues) to the user (an
experienced user can use this set of numbers to select a number of substances in the,
region). Subsequently the program asks for the number of components and offers
some value. The user can accept this value or enter his or her own. For the case of
Milichrom data usually there is no need to change the value.

As the value is entered or confirmed, the program asks for the "pure spectrum"

16.00 O.u.

4 5 6 8 9 10

Fig. 6. Factor analysis of a chromatogram region. All notations as in Fig. 5.
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a

3

7 9 10

Fig. 7. Factor analysis of a chromatogram region. All notations as in Fig. 5.

selection mode (automatic or manual). In the case of the manual "pure spectrum"
selection mode, one has to set the cursor to the position of the first "pure component"
and press the Enter key and so on for every "pure component" position. In the case of
the automatic mode the program selects these positions itself. Our experience shows
that the spectrum selection algorithm works quite well and even if the user sees an angle
function for the peak on the screen he or she usually cannot select better "pure
spectrum" positions than those selected by the program.

After the end of the spectrum selection dialogue the program shows elution
profiles for each component for the first wavelength (Figs. 5-7). Then it asks for the
next wavelength to show. The sum of elution profiles is approximately equal to the
peak profile for the channel shown on the screen (with subtracted baseline, of course).
At this moment the scale factor can be changed so that peaks with different signal levels
can be investigated and more details examined.

If the user presses the Escape key to quite the elution profile display loop, the
program lists (in numerical form) each substance spectrum normalized for the
reference wavelength (selected previously by the user) and the area for the peak
normalized for the total area of the selected region (Fig. 8).

The final question is whether it is necessary to adjust peaks boundaries in
accordance with the results of factor analysis. If the user replies positively, peak
boundaries are shifted so that the number of peaks in the region equals the number of
pure components and the resulting area ofeach peak at the reference wavelength is the
same as that calculated by factor analysis. After this procedure, area estimates
obtained by the "Analyse" option are permanently stored in the peak pattern.
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Chromatogram: test1-i.ODS

Data: 31/07/1989 13:05:10

Operator: Nagaev I.

File: 97311306.CHM

Flow rate: 50.0 mel/min

Column: LiChrospher C18, 5 urn

Eluent: 80% MeOH: 20% water

Sample: mixture of methyl esters of benzoic acid, benzene,

toluene, etc.

8 channel(s)

Reference channel: 200nm

No 200nm 210nm 220nm 230nm 240nm 250nm 260nm 270nm Q-ty Conc.%

1 1.000 0.560 0.347 0.250 0.417 0.794 0.870 0.564 26.03 34.83

2 1.000 2.527 4.568 0.162 0.078 0.149 0.239 0.285 18.03 24.12

3 1.000 0.720 0.544 0.015 0.004 0.014 0.037 0.046 30.68 41.05

257

Fig. 8. Table produced as a result of peak factor analysis. It includes estimated spectrum for each component
(ratio ofabsorption at a given wavelength to absorption at the reference wavelength), amount (amount units
are the same as quantity (area in arbitrary units) and not shown here) and relative amount. The relative
amount is calculated as an area percentage with respect to the total area of the region for the reference
wavelength.

Results of peak deconvolution
In some instances, as for peaks 10, 11 and 12, a regional structure is evident and

the user gains only a better quantitative estimate ofeach peak area, as can be seen from
Figs. 5 and 8. Curves 1, 2 and 3 show elution profiles for each component at a
wavelength of 200 nm, curve a-angle profile. The angle profile shows three distinct
minima that correspond to fairly pure component regions where one component is
changed by the other and the spectra at adjacent points differ significantly or at the
peak boundaries. where SfN is low.

In other instances, as with peaks 8 and 9, a regional structure is not so evident
and only an experienced user can "find" more than one peak in peak 8. Evidence for
the complex peak structure is the slightly shifted position of the peak 8 maximum at
different wavelengths and the peak shape at a wavelength of 210 nm (Fig. 1). In fact,
when we start to analyse this region we find three separate peaks as shown at Fig. 6.

The most impressive example of peak analysis is the group of peaks 5-7. Three
peaks can be distinguished in this region and operator reflected this when marking the
peak boundaries in the manual mode. Bes~des, factor analysis of the region detects four
substances with different spectra. Their estimated elution profiles are shown in Fig. 7,
curves 1-4. In fact, if we consider the angle curve [see Fig. 7, curve (a)], two distinct
local minima within peak 6 are found. These minima show that the peak structure is
complex, and at least two components are present. Of course, as these minima do not
reach zero, there is no point where an appropriate substance is pure and the spectrum
at the minimum of the angle function reflects the real substance spectrum with a
significant error, but nevertheless it can be used to prove the presence of extra
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components and to estimate the elution profile and the amount of the component by
the order of magnitude.

DISCUSSION

None of the methods described under Theory is new and they have been applied
to multi-channel chromatographic data previously [4-10]. What is new in our
approach is that we introduced normalization of data for the expected error prior to
data analysis (NNDR space), which allowed us (a) to perform all calculations with
maximum accuracy, (b) to introduce and use the total signal-to-noise profile and (c) to
introduce and use the angle profile of the chromatogram.

Although the methods used have long been known, they have not received the
attention they deserve, and we hope that in the future their contribution will increase.
We shall now discuss some of the advantages the user may gain from a wider
application of these methods.

User gain
The user of a multi-channel chromatographic system gains the following from

spectral detection: first, an estimate of peak purity; if the peak fits along a straight line
within admissible error, then the peak can be considered pure; second, peak
deconvolution for the known spectra; this task may be performed manually or in an
automated mode depending on user needs; and third, analysis of a peak with unknown
composition. These attributes lead to simpler method development, faster solvent
optimization procedures, quantification of chromatographically unresolved peaks,
additional information on the number of substances in the unknown peak, etc.

Another application direction is in the routine determination of amounts of
components in repetitive chromatographic analyses of the same mixture. In this
instance a simpler chromatographic system may be used, as the spectra are known in
advance and spectrum decomposition partially replaces chromatographic separation.
Individual elution profiles may also be useful in preparative chromatography. Many
other areas of application are possible.

Sources of error
Usually no benefit can be gained without drawbacks. In this instance, the

drawback is a potential error caused by improper use of the software. We shall outline
here some of the problem areas.

An estimate of peak purity may be wrong because (a) spectral analysis cannot
distinguish substances with identical spectra and (b) different errors of spectrum
evaluation discussed below may be treated as spectral impurities.

Spectrum decomposition for the known spectra may be wrong because of (a)
wrong basis spectra, (b) identical or almost identical basis spectra, (c) too many
substances in a region and (d) errors in spectra evaluation.

Analysis of an unknown chromatographic peak may be wrong because (a)
spectral analysis cannot distinguish substances with identical or very similar spectra,
(b) there are too many substances in a region, (c) chromatographic separation ofpeaks
is poor and (d) errors in spectra evaluation.
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Estimate of expected error
There are several potential error sources in spectral measurement. Strictly we do

not measure the spectrum of the substance that elutes within a peak. We try to evaluate
this spectrum based on measured chromatographic data. This evaluation produces
errors, and here we try to list and discuss some of them which are important from our
point of view. We deal with evaluation and measurement errors only, ignoring other
error sources, such as substance spectrum changes in different solvents.

To obtain NNDR space spectrum coordinates, one should know the expected
error for each channel. At present we use high-frequency baseline noise instead of
expected error throughout the program. Errors from other sources in many instances
seem to be proportional to the baseline noise, so we consider normalization for the
baseline noise to be the first greatest step in the direction of equal measurement errors
by each channel. Further steps are possible, but they will not provide such an increase
in accuracy as the first step did.

Spectrum correction for measurement timing
This is one type of error that in some instances can be precisely corrected. Its

source is that measurements at different wavelengths of the same spectrum are made at
different moments in time. The first wavelength response is measured first, and by the
time of measurement of the last wavelength the absorption of the first may have
changed significantly. This error source is important for PDA detectors but with the
Milichrom device it is especially important because ofthe long minimum measurement
time per wavelength (0.15 s). We solve this problem by data interpolation. That is, we
substitute measured values for new ones, calculated for the time that corresponds to
the middle of the spectrum measurement cycle. This is done once when the
chromatogram finishes, as we use three-point quadratic interpolation and need
previous and subsequent measurements at the same wavelength. We found that this
type of interpolation gives adequate results and more complex interpolation methods
are not required.

With multiple detectors in series, when measurements are separated not only by
time but also in space, this error may be the greatest error source, because in addition
to time adjustment difficulties the peaks change their shape from detector to detector.

Baseline subtraction
Correct baseline detection is one of the most important conditions of precise

spectrum measurement. There is no sense in measuring an absolute absorbance value,
as different solvent and gradient absorbance profiles may change the spectrum
considerably. Therefore, absorbances should be measured with respect to the baseline
and the spectrum should be constructed from these difference absorbances. In our
system there are baseline points on the chromatogram and the baseline itself is linear
under the peaks. Baseline points are considered to belong to the baseline on all
channels/wavelengths. Hence the baseline for each channel is determined in the
traditional way for chromatography, but the time positions of baseline points are
common for all channels. To provide the best choice of baseline points we use for peak
detection purposes our synthetic "total" channel (Fig. I) by default.

The baseline subtraction error is theoretically always greater than or equal to the
baseline noise error. To decrease its value, visual investigation ofpeak detection results
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can be recommended and in some instances baseline noise filtration by a noise
filtration algorithm may help. In all instances non-linear baseline changes cannot be
accounted for and we consider this error as one of the greatest error sources.

Measurement error
From the very beginning we estimate the minimum measurement error. This

error is equal to one discrete of signal conversion or baseline noise for the channel,
whichever is greater. The expected error of the measured detector response at any point
within a chromatogram cannot be less than this value. Also, with high absorbances
another error source is important: the small amount oflight passed through the cuvette
increases the expected error owing to statistical fluctuations in the number of light
quanta. The error increases to infinity in the case of signal overflow.

Because of different error sources, pure peak fits along the straight line not
within baseline noise accuracy, but slightly worse. Most of the errors mentioned
increase as the baseline noise increases and therefore the use of baseline noise for
calculations at least makes the expected errors for each channel comparable and allows
the RMS approach to be used adequately.

Spectral slit width and accuracy
The spectral slit width is a very important system characteristic: the wider the

spectral slit, the lower is the noise. On the other hand, a change in spectral slit width
will cause a change in the spectral ratio for most wavelengths and will require
recalculation or measurement of another copy of a library spectrum. Further, a wide
spectral slit gives undesirable effects. Thus, it is possible to show that with a wide
rectangular spectral slit and a narrow absorption band the measured spectral ratio on
the upslope and downslope of the absorption band will depend on the substance
concentration, i.e., the Lambert-Beer law will be violated. This effect is due to the fact
that the physically measured value is not the absorbance, but the amount of light
passed through the cuvette, and absorbance is obtained after non-linear conversion of
that value. The error in absorption measurement caused by the spectral slit width in the
case of a constant spectral intensity of the light source and a rectangular spectral slit
may be evaluated as

(7)

where Aapp = measured (apparent) absorption, A = real absorption, I = optical path
length, dAjdL = first derivative ofabsorption for the wavelength and w = spectral slit
width. More discussion of this equation will be published elsewhere. Note that eqn.
7 shows that the measured spectrum depends on substance concentration.

The effect of the spectral slit width is more pronounced with visible light
detection than with UV detection because of narrow bands and hence higher values of
dAjdL (unpublished data). Thus a wider spectral slit may cause a change in the library
spectrum and an additional risk of treatment of homogeneous peaks as non-homo
geneous because of violation of the Lambert-Beer law.

To minimize the effect of the spectral slit width it is possible to select wavelengths
.for detection and calculations near the absorption band maxima and minima. Another
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possibility is to use a narrow spectral slit width detector and a short optical path
cuvette.

Rapid scanning vs. diode-array detectors
There are some additional considerations on different measurement schemes

implemented in different SM detector types. A comparison of forward and reverse
optics schemes shows that the high total SINlevel obtained with PDA reverse optics, in
addition to its advantages, also has some drawbacks: (a) lower SIN characteristics per
channel and (b) very high light intensity inside the cuvette. The former effect makes our
type ofdata analysis less informative but may be partially compensated for by a greater
number of channels. The latter may playa critical role in some instances, producing,
e.g., depurinization of DNA or some other kind of degradation of analyte substances.
It is also necessary to understand that 512 signals from an array in the case of a UV
spectrum are not independent and ca. 20 channels are more than sufficient to
reconstruct the full UV spectrum ofa substance with high accuracy. In many instances
the number of channels needed for spectrum reconstruction may be significantly
smaller.

On the other hand, the PDA detector may provide an optimum selection of
wavelengths for correct data analysis.

The benefits of rapid scanning detectors such as the Milikhrom are that they
provide a better SIN per channel, they provide almost all the information that diode
arrays do, they produce less substance degradation and they save disk storage space.

Use of different hardware
Our software allows different hardware configurations to be used for data

acquisition owing to the support of several ADC types. We are only starting to gain
experience in the field of multi-detector systems. Two of the most obvious problems
are adjustment of data from different detectors and peak shape changes.
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ABSTRACT

The liquid products derived from biomass (fir wood) pyrolysis were separated by silica gel open
column chromatography. A fraction rich in ortho- and non-ortho-substituted alkylarylphenols was isolat
ed. This fraction was characterized by thin-layer chromatography and gas chromatography and was identi
fied by IR, lH and l3C NMR spectroscopy and was subjected to gas chromatographic-mass spectrometric
analysis. About 12-17% (w/w) of the pyrolysis liquid products consisted of phenols, and the fraction rich
in phenols contained phenol and other substituted phenols (85-95%, w/w). Aryl ethers can be produced by
catalytic alkylation of the phenolic compounds.

INTRODUCTION

Phenols found in coal and biomass pyrolysis liquids are important compounds
of increasing interest [1-5]. Phenols can be used as pure substances, as food antiox
idants and gasoline additives or as precursors for the production of other chemicals,
such as colorants, pesticides and aromatic ethers. Phenols are among the main con
stituents of biomass pyrolysis liquids [6].

Several methods have been used for separating and obtaining phenol-rich frac
tions. The most important are liquid-liquid extraction [7], ion-exchange chromato
graphy [8] and silica gel column chromatography [9]. For the chemical character
ization and identification of the phenolic components, chromatographic techniques
[thin-layer chromatography (TLC), gas chromatography with flame ionization detec
tion (GC-FID), high-performance liquid chromatography (HPLC)] [10-13] and
spectroscopic methods (IR, 1Hand 13C NMR, Fourier transform IR) have been
applied [6,14,15]. Also analysis with gas chromatography-mass spectrometers (GC
MS) have also proved very versatile for this purpose [16,17].

In this work, a modified method was applied for separating the phenolic frac
tion from biomass pyrolysis liquids by silica gel open-column chromatography. Ow
ing to the small amounts of pyrolytic liquids obtained, a phenol-rich fraction was
isolated and not individual phenols. Alkaline extraction of the phenol-rich fraction
was applied. Analysis and characterization of the phenolic fraction obtained were
performed by TLC, GC-FID, IR, lH and l3C NMR spectroscopy and GC-MS. For
the first time, the phenolic compound 2,6-bis( 1, 1-dimethylethyl)-4-methylphenol was
identified among the alkylphenols present in fir wood pyrolysis phenolic liquids.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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Materials
All solvents used were Merck LiChrosolv products. The biomass pyrolysis

liquids were obtained by the reported procedure [IS]. Phenol standards were obtained
commercially (Merck, Supelco) and were used without further purification.

Silica gel open-column chromatography
A slurry column packed with 20 g of silica gel (70~140 mesh) in n-hexane

toluene (96:4) was prepared according to the method described by Schabron et al. [9].
This was carried out under a nitrogen atmosphere, with a silica-to-biomass pyrolysis
liquids ratio of 20:0.1 [IS]. As shown in Fig. I a procedure involving successive
elutions with solvents of increasing polarity was followed. The first fraction was
extracted with 10 ml of S% sodium hydroxide solution. After phase separation and
solvent removal, a yellow residue remained, which was weighed to an accuracy of
0.0001 g and was defined as "hydrocarbons". This residue was not characterized. The
other three fractions were combined and extracted three times with 10 ml of S%
sodium hydroxide solution. This procedure was followed by acidification with con
centrated hydrochloric acid. Extraction with diethyl ether gave a brown liquid rich in
phenols, which was weighed and defined as the "phenolic fraction". This technique
was first tested with model mixtures that contained representative phenolic compo
nents. The recovery of phenols was over 95% [19].

Instrumentation
A LECO CHN-800 microanalyser was used for elemental analysis of the phe

nolic fraction.
lH NMR spectra were recorded on a Varian T-60 NMR spectrometer in

deuterochloroform (C2HCI3)-tetramethylsilane (TMS) as internal standard, and l3C
NMR spectra were obtained on a Bruker WP-SO NMR spectrometer in C2 HClr
TMS.

The phenolic fraction was spot tested on plastic TLC sheets with silica gel 60
F254 and observed under long-wavelength ultraviolet light [10]. In addition, TLC was
applied to the product of the characteristic reaction of diazotized p-nitroaniline with
phenols, performed according to Crump's method [11]. The same method was applied
using pure alkylphenols.

IR spectra of the biomass pyrolysis liquid samples were recorded on a Beckman
IR lS-A spectrophotometer in C2HCI 3 and tetrahydrofuran (THF). IR spectra (KBr)
of the phenolic fraction were measured on a Model 1430 ratio recording IR spectrom
eter.

GC of the pyrolysis liquids was carried out on a Hewlett-Packard Model 5710A
gas chromatograph equipped with a flame ionization detector and an Autolab com
puting integrator. A stainless-steel 6 ft. x i in. I.D. column was used with 0.1 %
SP-IOOO on So-100-mesh Carbopack C. The carrier gas was helium at a flow-rate of
20 ml/min. The temperature programme was 1700C for 16 min, increased to 220°C at
2°C/min and maintained at that temperature for the remainder of the run.

GC-MS was performed on a QMD 1000 GC-MS system (Carlo Erba)
equipped with a J&W DB-WAX fused-silica capillary column (60 m x 0.32 mm I.D.)
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with a film thickness of 0.5 J.lm. The temperature was programmed as follows: 66°C
for I min, 66-200T at 20°C/min, for 10 min and 200-300°C at lOoC/min. For MS the
scan rate was 1 s per scan with electron impact ionization at 70 eV, 200 J.lA. GC-MS
as also performed on an ITD system (Finnigan MAT), equipped with a 25-m SE-54
capillary column directly coupled to the ITD.

RESULTS AND DISCUSSION

Analysis of the biomass pyrolysis liquids
Table I lists the average composition of typical biomass (fir wood) liquids [20],

obtained from pyrolysis reactors described recently [18].
The IR spectra of the soluble portion from the biomass pyrolysis liquids,

C2HCI3 (3380--3880 cm -1) and THF (1500-1800 cm -1), revealed strong absorptions.
At 3690 cm -1 water absorption was observed, whereas at 3600 cm -1 free phenolic
OH was indicated. Also, the peak at 3470 em -1 showed the presence of pyrrolic NH.
Three carbonyl bands were observed in THF solutions, similar to those reported by
Dooley et al. [14]. These carbonyl bands are believed to show the presence of carbox
ylic acids (1735 em -1), associated acids or ketones (1700 em - 1) and aromatic amides
(1680 cm- 1).

The 1H NMR spectra contained two major regions of signals around 15 1-5 ppm
and 15 6-9 ppm, due to aromatic and aliphatic protons, indicating concentrations of
methoxyl or other alkyl and aryl ethers. The same region of signals was observed by
Boocock et al. [7] in oil fractions derived from hydrogenation of aspen wood.

Analysis of the phenolic fraction
Elemental analysis of the phenolic fraction gave the results shown in Table II.

The oxygen content appeared to be very high, possibly owing to phenols and other
oxygen-containing compounds (keto acids, esters, alkyl aryl ethers, etc.).

TLC gave for this fraction 4-7 populations that can be observed under long
wavelength UV light and can be detected with a spray reagent, e.g., Folin's reagent.

Reaction of the phenolic fraction with diazotized 4-nitroaniline according to
the method proposed by Crump [II] produced a mixture of 2- and 3-coupled stable
dyes of yellow-orange colour. This reaction forms the basis of many well known
quantitative methods for the determination of phenols.

The mobile phase used was benzene-cyclohexane-dipropylene glycol (30:70:3,
v/v/v) and the papers were impregnated with formamide (Fig. 2). TLC single spots

TABLE I

AVERAGE COMPOSITION OF PYROLYSIS LIQUIDS

Compound

Hydrocarbons
Phenols
Unidentified (by difference)

Concentration
(%, w/w)

14 ± 3
15 ± 2
71 ± 6
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TABLE II

ELEMENTAL ANALYSIS OF THE PHENOLIC FRACTION
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Element

C
H
o
N

Concentration (%, w(w)

72.3
8.3

18.8
0.6

SOLVENT FRONT

o 0 00 Q 0
o 00 0

000008
°0 0 0000
o 0000
o 00000
o 0000o 0000
t234567

Fig. 2. Thin-layer chromatography. I = Mixture of phenol and methyl- and ethylphenols; 2 = mixture of
dimethylphenols; 3 = mixture of trimethylphenols; 4 = mixture of pure phenols; 5 = sample A; 6 =
sample B; 7 = sample C.

TABLE III

TLC RF VALUES AND IDENTIFICAnON OF PURE ALKYLPHENOLS (SINGLE SPOTS)

Phenol 2-Nitrophenylazo dyes 3-Nitrophenylazo dyes

Phenol 0.15
2-Methylphenol 0.35
3-Methylphenol 0.30
4-Methylphenol 0.98
2-Ethylphenol 0.61
3-Ethylphenol 0.50
4-Ethylphenol 1.00
2,3-Dimethylphenol 0.57
2,5-Dimethylphenol 0.64
2,6-Dimethylphenol 0.90
3.5-Dimethylphenol 0.46
2,3,6-Trimephenol 0.60
2,4,6-Trimephenol 0.36
2,3,5-Trimephenol 0.85

Colour RF Colour

Before After Before After
ammonia ammonia ammonia ammonia
treatment treatment treatment treatment

Orange-yellow Yellow 0.14 Yellow Rose
Orange-yellow Rose 0.34 Yellow Mauve
Orange-yellow Orange 0.28 Yellow Magenta
Orange-yellow Red 0.99 Orange Purple
Orange-yellow Orange 0.57 Yellow Mauve
Orange-yellow Yellow 0.48 Yellow Magenta
Orange-yellow Red 1.00 Orange Purple
Orange-yellow Rose 0.47 Yellow Lilac
Orange-yellow Red 0.50 Yellow Lilac
Orange-yellow Rose 0.74 Yellow Lilac
Orange-yellow Orange 0.42 Yellow Brown
Orange-yellow Red 0.61 Yellow Red
Orange-yellow Orange 0.38 Yellow Mauve
Orange-yellow Rose 0.84 Orange Purple
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TABLE IV

MAIN BANDS OF THE IR SPECTRA OF THE PHENOLIC FRACTION

G. E. ACHLADAS

Wavenumber (cm- 1)

3600-3200
2920-2940
1710
1595-1497
1359
1220

Origin

O-H stretching vibration
C-H substituted on aromatic ring stretching vibration
Carbonyl stretching, unconjugated
Common benzene skeletal vibration
O-H bending vibration
Characteristic C-OH stretching vibration of phenolics

following ammonia treatment gave a variety of colours including purple, rose, lilac
and red-brown due to the reaction of 2- and 3-nitrophenylazo dyes with ammonia
(Table III).

The main bands of the IR spectra of the phenolic fraction are given in Table IV.
Integration of the peaks in the 13C NMR (b, C 2HCI 3- TMS) spectra showed

carbons attached to the phenolic hydroxyls. On the basis of these observations, the
carbons appearing in the region b 150-155 ppm indicate the presence of monophe
nols, whereas those in the region b 140-146 ppm show the presence of heavy phenols.
These observations are in good agreement with the literature [7].

In addition to the qualitative spectroscopic techniques applied to the phenolic
fraction, GC analysis was also carried out using anisole and eugenol as internal
standards. Identification and determination of phenolic components was based on
matching relative response factors (RRF) of pure phenol standards. The results
shown in Table V correspond to the phenolic fraction, the phenol separation of which
appears in Fig. 3. There are some unidentified peaks because it was not possible to

TABLE V

CHEMICAL COMPOSITION OF THE PHENOLIC FRACTION DERIVED FROM GC ANALYSIS

Compound Absolute amount RRF Weight%
(g) (av.)

Phenol 0.00561 0.3637 3.4657
2-Methylphenol 0.00228 2.3800 1.4096
3-Methylphenol 0.00199 0.5163 1.2271
4-Methylphenol 0.00193 0.4836 1.1925
2-Ethylphenol 0.00005 0.5469 0.0291
3-Ethylphenol 0.00020 0.6272 0.1217
4-Ethylphenol 0.00013 0.6634 0.0810
2,6-Dimethylphenol 0.00017 0.5141 0.1037
2,4- and 2,5-Dimethylphenol 0.00117 0.5371 0.7231
2,3- and 3,5-Dimethylphenol 0.00076 0.6075 0.4679
3,4-Dimethylphenol 0.00028 0.6796 0.1736
2,4,6-Trimethylphenol 0.00023 0.5872 0.1426
2,3,6-Trimethylphenol 0.00022 0.6138 0.1377
2,3,5-Trimethylphenol 0.00025 0.7857 0.15i2
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Fig. 3. Phenol separation on 6 ft. x 1/8 in. I.D. stainless-steel GC column of 0.1 % SP-IOOO on Carbopack
C. Carrier gas, helium at a flow-rate of 20 ml/min. Temperature programme: 170°C for 16 min, 17o-220°C
at 2OC/min. Peaks: I = phenol; 2 = 2-methylphenol; 3 = 3-methylphenol; 4 = 4-methylphenol; 5 =
2-ethylphenol; 6 = 3-ethylphenol; 7 = 4-ethylphenol; 8 = 2,6-dimethylphenol; 9 = 2,4- and 2,5-dimethyl
phenol; 10.= 2,3- and 3,5-dimethylphenol; II = 3,4-dimethylphenol; 12 = 2,4,6-trimethylphenol; 13 =
2,3,6-trimethylphenol; 14 = 2,3,5-trimethylphenol; 15 = eugenol (internal standard).

find other commercially available phenol standards. The total proportion of light
alkylphenols listed in Table V was calculated to be 9% (wjw) of the phenolic fraction
[21].

The impossibility of finding more phenol standards for GC led to more sophis
ticated methods of analysis. Samples of phenolic fractions were also subjected to
GC-MS. Figs. 4 and 5 show the total ion currents (TIC) for the same selected sample.

100 %
4 18

2

14

8
TOT

9

(scan)
(min)

800
13:21

IiOO
6:41

1200 1600
2~m ~:~

Fig. 4. Total ion current GC-MS (Carlo Erba) of the phenolic fraction of biomass pyrolysis liquids. For
peak identification see Table VI.
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Fig. 5. Total ion current GC-MS (Finnigan Mat) of the phenolic fraction of biomass pyrolysis liquids. For
peak identification see Table VII.

TABLE VI

COMPOUNDS IDENTIFIED BY GC-MS OF PHENOLIC FRACTION OF BIOMASS PYROLYSIS LIQUIDS
(CARLO ERBA INSTRUMENT)

Peak Scan Compound m/z Formula Fragment Confirmation
No." ionsb by comparison

with standards'

I 187 2,3-Dimethyl-2-pentanol 78 C7H 6O 59,101,83 x
2 282 Phenol 94 C6H 6O 94,66,65 x
3 345 2-Methylphenol 108 C 7H sO 108,107,79 x
4 362 4-Methylphenol 108 C 7H sO 107,108,79 x
5 385 2,4-Dimethylphenol 122 CsH,oO 107,122,121 x
6 390 3-Methylphenol 108- C 7H sO 107,108,77 x
7 429 2,3-Dimethylphenol 122 CsH,oO 107,122,121 x
8 446 2-Ethylphenol 122 CsH,oO 107,122,77 x
9 455 3,5-Dimethylphenol 122 CsH,oO 107,122,77 x

10 482 Ethenyloxybenzene 120 CsHsO 91,120,65 x
II 487 I-Octanol 130 CsH,sO 41,56,43 x
12 546 2,6-Dimethylphenol 122 CsH,oO 107,122,77 x
13 573 Methyl octanoate I 158 CgH,sO 74,87,43 x
14 741 2,6-Bis(l, l-dimethylethyl)-4-methylphenol 220 C 15H 24O 205,115,57 x
15 750 2-Naphthol 144 C,oHsO 115,144,117
16 823 2-Methyl-I-naphthol 158 CIlH,oO 158,129,115
17 887 (1,I-Biphenyl)-3-o1 170 C 12H'OO2 170,141,115 x
18 1400 2,3,6-Trimethylphenol 136 COH ,2O 45,121,136 x

19 1780 3-(2-Hydroxyphenyl)-2-propenoic acid 164 CqHgO, 120,91,65
20 1840 1-(2-Hydroxyphenyl)ethanone 148 CSH S0 2 121,136,93

" Peak numbers refer to the chromatogram in Fig. 4.
b The three most intense fragment ions from each 70-eV ele~tron impact (EI) mass spectrum are given in order of

decreasing intensity.
, Intensities were confirmed by comparing the retention indices and EI fragmentation patterns with those of

standard compounds. Agreement between retention indices of the standard and sample species was typically within I
unit.
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Peak identification was performed partly by GC-MS and partly by the use of appro
priate GC standards (Tables VI and VII). Twenty compounds were identified in the
phenolic fraction. Good agreement of the two separate GC-MS analyses was ob
served (Tables VI and VII). It is important to mention here that 2,3-bis(I,1-dimethyl
ethyl)-4-methylphenol was identified in both GC-MS analyses.

Of these twenty compounds the characteristic mass spectra of two representa
tive phenols are considered here. The computer library matches of the mass spectra in
many instances appeared fairly good (Figs. 6b, 7b and 8b). Fig. 6a displays the mass
spectra of an unknown compound of the phenolic fraction. The fragment of m/z 94 is
very stable and characteristic of the phenol parent ion [M] +. In addition, the frag
ments of m/z 66, 65 and 39 derived from [M - COr, [M - CHO] + and [M - C3 H 3] +

are also characteristic ion fragments of this pheno1. The computer library search (Fig.
6b) shows that phenol was the unknown compound. Phenol was also identified by
TLC (Fig. 2) and GC (Fig. 3).

Similarly, in Figs. 7 and 8, the fragments of m/z 205, 220, 177, 119 and 57
indicate the presence of 2,6-bis(1, l-dimethylethyl)-4-methylpheno1. In addition to the

TABLE VlI

COMPOUNDS IDENTIFIED BY GC-MS ANALYSIS OF A PHENOLIC FRACTION OF BIOMASS PYROL-
YSIS LIQUIDS (FINNIGAN MAT INSTRUMENT)

Peak Scan Compound m/z Formula Fragment Confirmation
No." ionsb by comparison

wi th standards'

I 870 Phenol 94 C6H 6O 94,66,65 x
2 885 2-Methylphenol 108 C7HsO 108,107,79 x
3 974 4-Methylphenol 108 C7HsO 108,107,79 x
4 1100 3-Methylphenol 108 C 7HsO 108,107,79 x
5 1180 2-Ethylphenol 122 CSH,OO 107,122,77 x
6 1212 2,4-Dimethylphenol 122 CSHIOO 107,122,77 x
7 1250 2,3-Dimethylphenol 122 CSH,OO 107,122,77 x
8 1311 3,5-Dimethylphenol 122 CSH,OO 107,122,77 x
9 1358 2,6-Dimethylphenol 122 CSH,OO 107,122,77 x

10 1420 I-Octanol 130 CSH,SO 41,56,43 x
II 1465 Methyl octanoate 158 C9H,SO 74,87,43 x
12 1484 2-Naphthol 144 C,oHsO 115,144,177 x
13 1536 2-Methyl-I-naphthol 158 CllH,OO 158,129,115 x
14 1770 2,6-Bis( I, l-dimethylethyl)-4-methylphenol 220 C ,sH24O 205,115,57 x
15 1800 2,3,6-Trimethylphenol 136 CgH 120 45,121,136 x
16 1826 (I,I-biphenyl)-3-o1 170 CI2H,002 170,141,115
17 2014 2,4,6-Trimethylphenol 136 C9H ,2O 45,121,136
18 2712 1-(2-Hydroxyphenyl)ethanone 148 CSH S0 2 121,136,93
19 3113 3-(2-Hydroxyphenyl)-2-propenoic acid 164 C9 H S0 3 121,136,93
20 3180 1-(3-Hydroxyphenyl)ethanone 148 CSHS0 2 121,136,93

" Peak numbers refer to the chromatogram in Fig. 5.
b The three most intense fragment ions are given in order of decreasing intensity.
, Intensities were confirmed by comparing the retention indices and EI fragmentation patterns with those of

standard compounds. Agreement between retention indices of the standard and the phenolic sample was the same as
with the Carlo Erba instrument.
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Fig. 8. (a) Mass spectrum of unknown compound in scan 1770 and (b) its computer library search.

two separate computer library searches of the phenolic fraction, the mass spectrum of
the pure phenol in question was measured. It appeared that the pure phenol gave
exactly the same fragments as those shown in the GC-MS analyses of the phenolic
sample. It is important to mention that the aforementioned phenol was identified for
the first time in fir wood pyrolysis liquids. In the same way, other phenolic com
pounds characterized and found to be present in decreasing abundance were 2-, 3
and 4-methylphenols, ethenylphenol, ethenyloxybenzene, dimethylphenols, 2-naph
thol, 1-(2-hydroxyphenyl)ethanone, (l, I-biphenyl)-3-01, 3-(2-hydroxyphenyl)-2-pro
penoic acid and 2,3,6- and 2,4,6-trimethylphenols. The methylphenols, dimethylphe
nols, ethylphenols and trimethylphenols were also identified by TLC and GC (Figs. 2
and 3). These compounds have also been reported by other workers [1-5].

Lack of high-field NMR equipment restricted our analysis to the techniques
mentioned above. However, high-field NMR analysis is desirable in future work.

It was estimated qualitatively that non-artha- and artha-substituted alkylphe
nols comprise 70% and 30% of the phenolic fraction, respectively. The amount of
non-removable solvents, from the pyrolysis liquids and from the phenolic fraction in
the different separation techniques was about 4% as determined by GC.
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The recovery of phenols using acidified silica gel column chromatography was
over 95% (wjw). Good separation and characterization of the phenolic fraction was
achieved after combining open-column chromatography with alkaline extraction.

The phenol content in biomass pyrolysis liquids was found to be 12-17% (wjw).
The phenolic fraction of biomass pyrolysis liquids consisted mainly (85-95%, wjw) of
light and heavy non-ortho- and ortho~substitutedalkylphenols, with a non-ortho-to
ortho ratio of 2:3. The light alkylphenol content was calculated to be about 9% (wjw)
of the phenolic fraction. 2,6-Bis(1, I-dimethylethyl)-4-methylphenol was identified in
the phenolic fraction.
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ABSTRACT

The reversed-phase high-performance liquid chromatographic separation of major carboxylic acids
in wine was optimized. The separation was carried out by isocratic elution, and the optimization of the
mobile phase composition with a constant solvent strength was studied. The optimization was carried out
by using the overlapping resolution mapping approach employing previously developed software. The best
mobile phase consisted of tetrahydrofuran, methanol and acetonitrile as organic modifiers and water as a
carrier solvent to maintain a constant solvent strength.

INTRODUCTION

The determination of carboxylic acids in wine has considerable importance in
enology as these compounds are used to control the vinification process. Carboxylic
acids also have a great influence on the biological stability and organoleptic proper
ties of wines, and are therefore determined routinely in many enologicallaboratories.

Various chromatographic methods offer alternatives to the time-consuming
traditional methods of analysis, especially high-performance liquid chromatography
(HPLC) employing either reversed-phase partition equilibria or ion-exchange equilib
ria [1-3]. Of the methods based on reversed-phase chromatography, the direct meth
od, without derivatization and detection by UV spectrophotometry at about 210 nm,
and the derivatization method, using different reagents such as phenacyl [4,5], naph
thacyl [6], p-nitrophenyl [7] or p-nitrobenzyl [8] bromides and detection at 254 nm, are
commonly used. The method using derivatized compounds is preferred to the direct
method owing to the higher sensitivity achieved.

Good resolution between the different peaks is usually obtained when using a
gradient of solvent strength, but isocratic elution has two basic advantages in routine
analysis, viz., the equipment is simpler and the overall time of analysis for a series of
samples is shorter. In this paper, an optimized isocratic method for determining
carboxylic acids in wine with precolumn derivatization with phenacyl bromide is
reported.

Two factors that depend on the mobile phase composition, the capacity factor
k' and the separation factor (x, influence the resolution in isocratic systems. The

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers BY
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separation factor is influenced by solvent composition and, for a constant solvent
strength, different resolutions are obtained when different solvents are used. Three
solvents (methanol, acetonitrile and tetrahydrofuran) as organic modifiers and water
as the carrier to maintain a constant solvent strength have been used to find the
optimum solvent composition by using the overlapping resolution mapping (aRM)
[9,10] technique, which gives the best overall separation for a chosen resolution level.

Although some software implementing overlapping resolution mapping has
been reported [11], in this work we used our own program that includes high-quality
graphics for this application. The program runs on an IBM PC or compatible com
puter and is available from the authors.

EXPERIMENTAL

Equipment
A Hewlett-Packard Model 1050 modular chromatograph with a Hewlett-Pack

ard Series 1050 variable-wavelength detector and a workstation with a Model 35900
interface was used. The chromatographic separation was carried out with a Spheri
sorb ODS-2 column (250 x 4.6 mm J.D.) of 5-llm particle size and a precolumn (30
x 3.9 mm J.D.) filled with Bondapak C18/Corasil (37-50-llm particle size).

Reagents and standards
Phenacyl bromide (Fluka), 18-crown-6 (Fluka) and phosphate buffer solution

(pH 6.8) were used in the derivatization reaction. All solvents in the derivatization
process (acetone) and in the chromatographic separation (methanol, acetonitrile and
tetrahydrofuran) were of HPLC quality from Merck and water was purified in a
Milli-Q apparatus (Millipore).

The study was carried out with the most frequent carboxylic acids found in
wine, i.e. tartaric, malic, acetic, lactic, succinic and citric acid (Aldrich). Methylma
Ionic acid was used as an internal standard.

Chromatographic conditions
The derivatization procedure has been optimized elsewhere [12] and the chro

matographic conditions (flow-rate, 1 ml/min; detection, UV absorption at 254 nm;
volume injected, 5 Ill; and temperature, 30T) were chosen on the basis of previous
work [12].

RESULTS AND DISCUSSION

The first step in the optimization of the solvent composition for isocratic elution
consists in determining a suitable solvent strength that gives acceptable values of k'
for all the carboxylic acids considered. Among different approaches developed for
determining an adequate solvent strength [13-15], one based on an initial gradient
separation was chosen [13]. From the chromatogram obtained by using a binary
water-methanol linear gradient, sufficient information can be extracted to calculate
the percentage of methanol in the mobile phase that gives acceptable values of k' and,
from this value, three different mixtures of acetonitrile, methanol and
tetrahydrofuran with water were derived that define the three vertices of an optimiza
tion triangle [16].
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Taking into account the experience from previous work in our laboratory on
the optimization of a linear gradient separation of carboxylic acids present in wine
[12], a linear gradient from 30 to 90% methanol in 20 min allowed good resolution to
be obtained for all the peaks studied (Fig. 1). The sample injected consisted of a white
wine to which pure carboxylic acids had been added because some of them were not
present naturally in the actual wine sample analysed. The injected sample was obtain
ed by mixing 1 ml of the white wine sample with 1 ml of a 0.5 gil standard solution of
carboxylic acids.

In the optimization process, peaks 1 (system peak), 2 (lactic acid), 3 (acetic
acid), 4 (reagent peak, phenacyl bromide), 5 (tartaric acid), 6 (malic acid), 7 (succinic
acid), 8 (internal standard, metylmalonic acid) and 9 (citric acid) were considered.
The first peak appearing in Fig. 1 corresponds to acetone, the solvent used in the
derivatization solution, and as its retention time is shorter than those of the system
peaks, it was not considered.

From the chromatographic data, the program calculates the percentage of the
first isocratic solution derived from the gradient elution which determines the solvent
strength from the expression [13]

where Ci is the solvent composition at which each solute i leaves the column, calculat
ed from the following equation [13]

Ci = initial concentration of selectivity-adjusting solvent + (time of elution for
each peak - distance between gradient generator and column inlet in time units) x
(gradient rate in % of selectivity-adjusting solvent per minute)

i
5

:3

i

10

7' 8 9

I i

15 20

min

Fig. I. Chromatogram of the carboxylic acids obtained with linear gradient elution from 30 to 90% of
methanol in 20 min.
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TABLE I

EXPERIMENTAL CONDITIONS FOR THE DIFFERENT EXPERIMENTS TO BE CARRIED
OUT TO DEFINE THE RESPONSE SURFACE

Experiment Methanol (%) Acetonitrile (%) Tetrahydrofuran (%) Water (%)

I 52.75 0.00 0.00 47.25
2 0.00 42.86 0.00 57.14
3 0.00 0.00 30.48 69.52
4 26.38 21.43 0.00 52.19
5 0.00 21.43 15.24 63.33
6 26.38 0.00 15.24 58.38
7 17.58 14.29 10.16 57.97
8 35.17 7.14 5.08 52.61 Validation"
9 8.79 28.57 5.08 57.55 Validation"

10 8.79 7.14 20.32 63.74 Validation"

" These experimental conditions were used on the validation of the mathematical expression found.

However, as poor retention of solutes is sometimes found with this value, it is mul
tiplied by a correction factor [13]. The Co value found using the software developed
was 63.3% of methanol, which was multiplied by a factor of 5/6 [13], resulting a
mobile phase constituted by 52.8% methanol and 47.2% water.

The compositions of all other experimental points were computed by the pro
gram (Table I) by using the expression

1

Fig. 2. Simplex lattice experimental design used. Point I (52.8% methanol, 47.2% water), point 2 (42.9%
acetonitrile, 57.1 % water) and point 3 (30.5% tetrahydrofuran, 69.5% water).
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where S is the solvent strength of the mobile phase, Si is the solvent strength weighting
factor of each solvent i (2.6, 3.2 and 4.5 for methanol, acetonitrile and
tetrahydrofuran, respectively) and ({Ji is the solvent fraction.

Fig. 2 shows the parameter space defined in which the optimization will take
place. The three binary mobile phases derived are the vertices of a simplex lattice
experimental design and points 4, 5 and 6 define the compositions of the ternary
mobile phase and point 7 defines the quaternary mobile phase. Points 1-7 were used
to calculate the response surface and points 8-10 to check the lack of fit between the
modeland the experimental results. All mobile phase compositions involved will give
rise to approximately the same solvent strength, although specific retention times and
therefore orders of elution and selectivities will change.

The different chromatograms obtained for each experiment are shown in Fig. 3.
Peaks 1,2,3,7,8 and 9 do not change their elution orders in any of the experiments
carried out, whereas peaks 4, 5 and 6 change their position when the composition of
the mobile phase varies.

The seven chromatograms were evaluated by using the overlapping resolution
mapping approach by using the SMRa program. The program models the resolution
between each pair of peaks as a function of the percentages of methanol, acetonitrile
and tetrahydrofuran along the parameter space defined by the experimental design
used. The following equation has been considered:

Rm •n = a + bx + cy + dz + ex2 + f y 2 + gz2 + hxy + ixz + jyz

where x, y and z are the percentages of methanol, acetonitrile and tetrahydrofuran,
respectively, m and n refer to the pairs of peaks 1-2,2-3,3--4,4-5,5-6,6-7, 7-8, 8-9,
3-5,4-6 and 4-7 and a, b, c, ...J are the coefficients of the model.

First, the different peaks of each pair are tracked by the software by comparing
the different retention times. Prior to the introduction of the retention time and
width, each peak of the chromatogram is assigned to a compound. The order with the
first composition is considered to be the initial order and the elution order obtained
for the other compositions are compared with this one. When the elution order
obtained changes in a composition, a crossover is considered.

Taking into account the seven experiments carried out, the computer program
calculates the coefficients of the model by a non-linear multivariate regression algo-
rithm. .

Once a minimum threshold value for the resolution between all peaks has been
defined, the SMR program allows the visualization of those areas (unshaded zones) in
which the mobile phase compositions give rise to chromatograms in which the resolu
tion is higher than the fixed resolution value. In Fig. 4 the different response surfaces
obtained for a resolution higher than 1.5 for each pair of peaks can be observed. It
can be seen that the pairs of peaks 3--4, 5-6, 6-7, 7-8, 8-9, 3-5 and 4-7 have a
resolution higher than the minimum established value of 1.5 for all possible composi
tions at the solvent strength considered. At this resolution value, the pairs of peaks
1-2,2-3,4-5 and 4-6 have a resolution lower than 1.5 for some mobile phase compo-

aSMR is the name of the program used. They are the initials of the Catalan translation of ORM
(overlapping resolution map).
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Fig. 4. Peak-pair resolution map for a resolution higher than 1.5. Here and in subsequent figures, MeOH =
methanol, ACN = acetonitrile and THF = tetrahydrofuran.

sitions. The pair of peaks 2-3 and 4-5 have a resolution lower than 1.5 when the
percentage of methanol in the mobile phase is higher and the pairs of peaks 1-2 and
4-6 have only a small zone where the resolution is higher than 1.5. These two zones
are localized when a high percentage of tetrahydrofuran is present in the mobile phase
and when the mobile phase is composed of a mixture of methanol and acetonitrile.

By superposing all the computed response surfaces, a unique overlapping reso
lution map is obtained in which the unshaded zones indicate the mobile phase compo-

Rs min = -1.61
Peaks 4 - 6

Rs >
MeOH
ACN
THF

!HI'

1.50
7. 75
0.00

26.02

Fig. 5. Overlapping resolution map for a resolution of 1.5.
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TABLE II

THEORETICAL RESOLUTION VALUES OBTAINED UNDER THE OPTIMUM CONDITIONS

Mobile phase: methanol-tetrahydrofuran (7.75:26.02).

Resolution, R, Peaks

2.0661 1-2
2.8516 2-3
6.7576 3-4

- 3.8675 4-5
2.7942 5-6
6.0116 6-7

Resolution, R, Peaks

5.1407 7-8
7.4442 8-9
4.0742 3~5

1.6138 4-6
3.2587 4-7

sitions which give rise to resolutions higher than 1.5 for all pairs of peaks considered
(Fig. 5). This zone is located in the present instance at a high concentration of
tetrahydrofuran and low concentrations of both acetonitrile and methanol. The opti
mum conditions for the isocratic analysis can be deduced from the graph obtained.
The program allows the identification by means of an arrow of the optimum zone and
it calculates the concentrations of each solvent in the mobile phase at each considered
point, and the pair of peaks with the lowest resolution which is indicated at the top
left of the figure. The optimum conditions considered for isocratic elution are 26% of
tetrahydrofuran, 7.8% of methanol and 66.2% of water. Under these conditions the
lowest resolution of 1.6 is obtained for peaks 4-6. The program allows one to see all
other resolution values obtained under these conditions for the remainder of the
peaks. The values obtained can be seen in Table II. Under these conditions all other
peaks show a resolution higher than 2.7. The chromatogram obtained under these
conditions is shown in Fig. 6.

4

a

a

9

,
10

,
15

.
20 min 25

,
30

Fig. 6. Chromatogram obtained under the optimum conditions.
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Rs > 1.40
MeOH 18.44
ACN 27.89
THF 0.00

Rs min = 1.49
Peaks 4 - 6
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Fig. 7. Overlapping resolution map for a resolution of 1.4 without tetrahydrofuran in the mobile phase.

An alternative mobile phase composition can be found by slightly reducing the
minimum value of the resolution between peaks. If the threshold value is set to 1.4,
the response surface depicted in Fig. 7 is obtained. As indicated by the arrow, a
solvent composition which does not include tetrahydrofuran can be used in an iso
cratic elution (18.4% methanol, 27.9% acetonitrile and 53.7% water), giving rise to
the chromatogram shown in Fig. 8. Clearly, peaks 1and 2 and 5 and 4 are coeluted to

1:3 4

a B

9

,
10

,
20

,
30

,
40

min

,
50

Fig. 8. Chromatogram obtained with the conditions in Fig. 7.
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TABLE III

EXPERIMENTAL AND THEORETICAL RESOLUTION VALUES AND RESIDUAL VALUES
FOR THE PAIR OF PEAKS 1-2 FOUND WITH THE FIRST SEVEN EXPERIMENTS

Experiment

1
2
3
4
5
6
7

Exptl. response,
Rcxp.

0.966
1.560
2.188
1.683
1.514
0.800
1.297

Calc. response,
Reale.

0.963
1.557
2.184
1.695
1.526
0.812
1.270

R -Rcalc. expo

0.0030
0.0030
0.0030
0.0120
0.0120
0.0120
0.0271
'j}R""-R,,pY = 0.0012

a greater extent than in the previous zone and the retention time of citric acid (peak 9)
has greatly increased.

When the first seven experimental points are used to check the lack of fit, the
values of the residuals obtained for each pair of peaks by subtracting the experimental
from the theoretical values are very similar and the error calculated, the sum of
squared residuals, is acceptable for the method used. An example of the residuals
obtained for the pair of peaks 1-2 can be seen in Table III. When replications of the
three points corresponding to experiments 8, 9 and 10 are considered in the analysis
of lack of fit of the computed model, the sum of squared residuals obtained increases
but its value is acceptable for the method used. Different values obtained in the
statistical analysis are given in Table IV.

CONCLUSIONS

The optimum mobile phase composition for determining carboxylic acids in
wine by reversed-phase HPLC using precolumn derivatization with phenacyl bro
mide and isocratic elution has been found. A resolution greater than 1.5 between all

TABLE IV

VALIDATION OF THE RESPONSE SURFACE FOR THE PAIR OF PEAKS 1-2 WITH EXPERI
MENTS 8, 9 and 10.

Each experimental value is the mean of three determinations.

Experiment Exptl. response, Calc. response,
Rcxp. Reale.

8 1.306 1.320
9 1.392 1.224

10 1.531 1.489

R -R
calc. expo

0.014
0.[68
0.042

I(R"". - R"pY = 0.0302
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pairs of peaks was considered as the optimization criterion. The mobile phase found
consIsts of tetrahydrofuran (26%), methanol (7.8%) and water (66.2%) and the re
tention time for the last peak is 26 min.

An alternative mobile phase which avoids the use of tetrahydrofuran is com
posed of acetonitrile (27.9%), methanol (18.4%) and water (53.7%) and the resolu
tion for all the peaks is greater than 1.4, but the retention time of the last peak
increases to 52 min.

When the developed method is compared with that employing gradient elution,
a shorter time for elution of all compounds is observed for the latter, but it must be
taken into account that the overall analysis time can increase considerably because of
the time to adapt the column between to determinations.

The SMR program has been used to determine the optimum mobile phase
composition which gives a minimum resolution for all the peaks of interest and allows
one to visualize the overlapping resolution maps with satisfactory results.
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ABSTRACT

Luminarin 4 is a labelling reagent with a quinolizinocoumarin structure, which reacts with carboxylic
acids after their activation by N-hydroxysuccinimide for 12 h at 20'C and dicyclohexylcarbodiimide for 60
min at 70'C. Small fatty acids were derivatized and separated by reversed-phase liquid chromatography.
The fluorescence detection threshold was 300 fmol injected. The limit of chemiluminescence detection,
which required a post-column reaction with an oxalic ester and hydrogen peroxide, was 50 fmol injected.
The reaction was llsed to measure prostaglandin E2 , whose detection limit was 32 fmol injected, but the
derivatization limit was 60 pmo!. Linearity was observed in the range 0.1-10 nmol of prostaglandin E2 .

INTRODUCTION

Peroxyoxalate chemiluminescence (CL) detection was first used in liquid chro
matography by Kobayashi and Imai [I] and further investigated by a number of
others [2-11]. An oxalic ester reacts with hydrogen peroxide to form a proposed
energetic intermediate, peroxyoxalate, which transfers its energy to a f1uorescer, re
sulting in the emission of a photon. This mechanism has been applied to polycyclic
and aminopolycyclic aromatic hydrocarbons [2,3], f1uorescamine-Iabelled catechol
amines [4], dansylated amino acids [5] and steroid [6], rhodamine-labelled chlorophe
nols [7] and coumarinic derivatives [8]. The main reason for the interest in this tech
nique is that, for certain f1uorophores, the CL detection limits are lower than those
obtained with photoexcitation, but only a few f1uorophores are better detected by
chemiexcitation. In previous studies [9-11], we showed that, among various amino
coumarins, the chemiluminescent intensity of the quinolizinocoumarin moiety was
stronger [10], and the molecule was suitable for both normal and reversed-phase
liquid chromatography with CL detection [II], affording femtomole detection limits.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Quinolizinocoumarin served as the basis for the development of a series of
chemiluminescent labels, called luminarins. In this study, luminarin 4 was investigat
ed as a derivatizing reagent for carboxylic acids.

Many kinds of precolumn fluorescent derivatization reagents have been devel
oped for the determination of carboxylic acids [12-25] by high-performance liquid
chromatography (HPLC). They can be subdivided into two classes: those involving
direct reaction between the acid and the labelling reagent, and those requiring the
activation of the carboxylic acid before reaction with the fluorescer. To the first
category belong halogenomethyl aromatics such as 4-bromomethyl-7-methoxycou
marin [12] and related compounds. These compounds had high limits of derivatiza
tion (L.D.) (about 200 pmol) and lacked selectivity, because they reacted with phe
nols, thiols and imides [16]. Aryldiazoalkanes were highly reactive (L.D. = 1 pmol)
but were usually unstable when exposed to heat and light, with the exception of
I-pyrenyldiazomethane [14]. Derivatization with o-diamines, e.g. 9,IO-diaminophen
anthrene, to form 2-substituted phenanthrimidazoles [15] afforded a favourable L.D.
(10 pmol) but necessitated the preparation of methylpolyphosphate as the solvent and
the derivatives were quenched by dissolved oxygen.

To the second category belong the carboxylic acids activated by l-methyl-2
halogenopyridinium iodide [16], N,N'-carbonyldiimidazole [16] and carbodiimides
[17,18]. The activated acid was then condensed with an alcohol, e.g., hydroxymethyl
anthracene (16), or ahydrazine, 2-nitrophenylhydrazine [17]. Among these methods,
activation by I-methyl-2-bromopyridinium iodide proved to be useful, with an L.D.
in the subpicomole range. On the other hand, although activation by carbodiimides
has been widely used in synthesis [19], application to the derivatization of amounts of
carboxylic acids smaller than 1 nmol has not been reported. Owing to the attractive
features of this activation reaction, including mild derivatization conditions and sta
bility of the reagent and the derivatives, its application to fatty acids was investigated
using luminarin 4 (Fig. 1) as a luminophore.

EXPERIMENTAL

Reagents
Isovaleric and nonanoic acid were purchased from Prolabo (Paris, France).

Prostaglandin E2 was a gift from Upjohn (Kalamazoo, MI, U.S.A.). N-Hydroxysuc
cinimide (NOHS) and bis-(2,4,6-trichlorophenyl) oxalate (TCPO) were bought from
Fluka (Buchs, Switzerland). Dicyclohexylcarbodiimide (DCC), tetrahydrofuran
(THF), imidazole, methyl acetate, dimethylformamide (DMF) and dimethyl sulphox
ide (DMSO) were purchased from Merck (Darmstadt, Germany). Coumarin 102,
laser grade, was obtained from Eastman-Kodak (Rochester, NY, U.S.A.) and lumi
narin 4 from Eurobio (Les Ulis, France). Hydrogen peroxide (30% aqueous solution)
was supplied by Janssen (Beerse, Belgium).

All reagents and solvents were of analytical-reagent grade, unless stated other
wise, and were used as supplied. N-Succinimidoxyisovalerate was synthesized by dis
solving 57.5 mg ofNOHS and 123.6 mg ofDCC in 2 ml ofDMF and mixing with 55
pI of pure isovaleric acid. The solution was left for I h at 4T and then for 1 h at room
temperature. Precipitated dicyclohexylurea was removed by centrifugation and the
solution was used diluted 1:100 in DMF.
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Fig. l. Derivatization of carboxylic acids by luminarin 4.

Instrumentation
The liquid chromatograph consisted of a Chromatem 380 pump (Touzart et

Matignon, Vitry, France), a Rheodyne Model 7125 injector with a 20-,u1 sample loop,
a Kratos FS970 fluorescence detector (Applied Biosystems, Rungis, France) and a
Shimadzu CR3A integrator (Touzart et Matignon). For chemiluminescence mea
surements, a Shimadzu CTO-6A column oven (Touzart et Matignon) and a Kratos
URS051 post-column reactor (Applied Biosystems) were added, with a 292-,u1 capil
lary placed in the oven for mixing TCPO and hydrogen peroxide, and a 60-,u1 capil
lary for mixing these reagents with the eluent before entering the detector.

For on-line absorbance measurements, a Shimadzu diode-array SPD-M6A de
tector was used. Excitation, emission and synchronous excitation spectra were re
corded on a Model LS-5 spectrofluorimeter (Perkin-Elmer, Norwalk, CT, U.S.A.),
with the slits adjusted to 2.5 nm. All spectra were fully corrected.

For the determination of the relative fluorescence quantum yield, a Shimadzu
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SPD2A absorbance detector was connected to the outlet of the fluorescence detector.
The signal from each detector was recorded on a double-trace integrator.

Chromatographic conditions
Four sets of conditions were used, as follows. System I consisted of an UI

trasphere ODS-2 (5 11m) column (250 x 4.6 mm LD.) (Beckman, Les Ulis, France)
and the mobile phase was acetonitrile-DMSO-5 mM imidazole nitrate buffer (pH
6.5) (60:10:30, v/v/v) pumped at I ml/min. In system 2, a Spherisorb ODS-2 (5 11m)
column (150 x 4.6 mm) [Societe Fran<;aise de Chromatographie sur Colonne (SFCC),
Neuille-Plaisance, France] was used with a mobile phase of acetonitrile-DMSO-5
mM imidazole nitrate buffer (pH 7) (45:5:50, v/v/v) at a flow-rate of 1.5 ml/min.
System 3 was identical with system 2 except that the buffer concentration was 10 mM.
System 4 used a Spherisorb ODS-2 (5 11m) column (250 x 4.6 mm LD.) (SFCC) with
a mobile phase of acetonitrile-IO mM imidazole nitrate buffer (pH 7.7) (45:55, v/v)
pumped at 1.2 ml/min.

For all systems, f1uorimetric detection was performed with the excitation wave
length set at 390 nm and a 470-nm emission cut-off filter. When chemiluminescence
detection was used, the lamp was turned off. The reagent solutions (1 mg/ml TCPO in
methyl acetate and 0.4 M hydrogen peroxide in THF) were each pumped by the
post-column system at a flow-rate of 0.25 ml/min and the oven was set at 40T. The
conditions were optimized as described previously [11].

The fluorescence quantum yield was calculated as the ratio of the total fluo
rescence intensity to the absorbance of the corresponding peak, in arbitrary units [20].
The two detectors were set at 360 nm for excitation and absorbance, respectively,
whereas a 419-nm cut-off filter was used to collect all the emission bands of the
f1uorescers.

Derivatization procedure
Luminarin 4 derivatives were prepared by mixing 0.1 ml of 62.5 mM NOHS in

DMF, 0.1 m) of75 mMDCC in DMF and 0.05 ml ofa solution of the carboxylic acid
to be tested in DMF. The activation reaction was complete after 12 hat 20°e. Then
0.05 ml of a 2 mM coumarin 102 solution (internal standard) in DMSO and 0.5 ml of
a 1 mM luminarin 4 solution in DMSO were added. After 60 min at 70°C, the
derivatives were diluted I: 10 or more in OMSO before injection, so that the amount
of derivative injected ranged from 0.5 to 20 pmol.

RESULTS AND DISCUSSION

Lwninarin 4 isomerism
The first attempts to optimize the chromatographic conditions for luminarin 4

revealed an unusual feature of this product compared with other quinolizinocouma
rins: the injection of luminarin 4 solutions, even when freshly prepared, resulted in
several peaks of unequal heights when assessed by fluorescence detection. Various
treatments of the luminarin 4 powder (recrystallization, acid-alkali extraction) yield
ed no modifications, and the luminarin 4 structure was confirmed by mass, 1H NMR
and IR spectrometry and C, H, 0, Nand S determinations [21]. Before trying puri
fication by preparative chromatography, it was necessary to ensure that no peak was
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retained on the column (i.e., that recovery was complete), and that the fractions were
stable. To achieve these goals, three chromatographic systems (1-3) were optimized
and five peaks were detected as reported in Table I. Peaks 2 and 5 were the major
components, representing 80% of the total area of the five peaks. A "recovery test"
was made using system I, by comparing the total areas of the absorbance signal with
and without a column. The absorbance of the five peaks of luminarin 4 was not
significantly different from that of the luminarin 4 solution when the mean areas of
five injections were compared: 109 ± II vs. 127 ± 13 (p > 0.05), in arbitrary units.

TABLE I

RETENTION TIMES OF LUMINARIN 4 ISOMERS IN THREE CHROMATOGRAPHIC SYS
TEMS

System Retention time (min)

Peak I Peak 2 Peak 3 Peak 4 Peak 5

I 2.8 6.9 6.3 ND" 8.8
2 3.0 4.8 5.4 97 12.8
3 2.0 2.8 5.8 ND" 7.0

" Not deteetable.

The stability of the fractions was then determined using system 2. Luminarin 4
(10- 5 M) in DMSO was injected repeatedly and the five peaks were collected. Imme
diate reinjection of the fractions allowed the verification of their chromatographic
purity and after 24 h of convervation at room temperature, each of them gave the
same five peaks. This demonstrated the establishment of an equilibrium between the
five components of luminarin 4 which are isomers and eliminated the possibility of
preparing a "single peak" of luminarin 4.

Before applying Iuminarin 4 to carboxylic acid derivatization, it was necessary
to ensure that its isomerism would not complicate the procedure unnecessarily. Three
questions had to be answered: which of the isomers can derivatize the acids, do the
isomers have similar excitation and emission spectra and does the derivatization lead
to a single derivative? The first point was examined by looking for the isomers reac
ting with acetic anhydride, i.e., containing a terminal amino group. The equimolar
reaction of luminarin 4 with acetic anhydride for 60 min at 70°C in DMSO showed
that peaks I, 2 and 5 disappeared completely whereas peak 3 remained unchanged.
No conclusion could be drawn regarding peak 4, which was too small. It follows that
the two major components of luminarin 4 (peaks 2 and 5) are able to react with
activated acids.

It was important to determine the excitation and emission spectra of the iso
mers because their positions are related to the singlet excitation energy, which is a
major factor governing the chemiluminescent intensity [22]. Owing to the rapid in
terconversion of the isomers, these data could not be obtained in the usual way by
spectrofl uorimetry.

The absorbance spectra, determined using a diode-array detector, for the three
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TABLE II

ABSORPTION SPECTRA" OF THREE LUMINARIN 4 ISOMERS AND COUMARIN 102

Parameter Peak I

Am., (nm) 254 and 445
Peak-height ratiob 0.42

Peak 2

254 and 400
0.55

Peak 5

254 and 400
0.50

Coumarin 102

254 and 400
0.45

" In the mobile phase of system 2.
b Ratio of absorbance at 254 nm to absorbance at 400 (or 445 nm).

peaks giving sufficiently high absorbance (I, 2 and 5) and that of coumarin 102 are
shown in Table II. It could be concluded that the two major components (peaks 2 and
5) probably contain the intact quinolizinocoumarin moiety, whereas peak I does not
because its band at 400 nm is shifted to 445 nm. The occurence of distinct emission
bands was then investigated using synchronous fluorescence spectrometry, with
wavelength intervals between monochromators equal to those of the known intervals
between excitation and emission bands of coumarin 102, i.e., 80, 100, 125, 218 and
236 nm. The spectra of luminarin 4 and coumarin 102 showed no differences, and
consisted of a single band in each instance. Hence the emission of the major compo
nents was similar to that of coumarin 102, with an emission maximum at 490 nm in
the mobile phase of system 2. Finally, relative fluorescence quantum yields (another
major factor controlling the chemiluminescence intensity) were similar for peaks 1,2
and 5 and coumarin 102, whereas the yield of peak 3 was three times lower (Table
III). Thus, in answer to the second question, the major components of luminarin 4
have similar fluorescence properties.

The third point concerned the derivatization of luminarin 4 isomers. With all
the carboxylic acids labelled to date (fatty acids and prostaglandin £2), a single peak
of a derivative was obtained. It seems that the amidification of the terminal amino
group supresses the interconversion between the isomers. Finally, 1H NMR studies in
several solvents gave an insight into the probable structure of four out of five isomers
(Fig. 2) [21]. The structure of "peak 3" remains controversial, but the absence of
reaction with acetic anhydride and the low fluorescence quantum yield could be
explained by an interaction between the terminal amino group and the lactone ring.
In conclusion, luminarin 4 isomerism is not a major obstacle to its use as a deriv
atization reagent.

TABLE III

RELATIVE FLUORESCENCE YIELDS OF LUMINARIN 4 ISOMERS AND COUMARIN 102

Parameter Peak I Peak 2 Peak 3 Peak 5 Coumarin 102

Absorbance" 7 25 7 32 31
Fluorescence" 14 43 4.5 58 58
Ratio 2.00 1.72 0.64 1.81 1.87

" In arbitrary units. See text for details.
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Peak 5

Peak 4 Peak 2

Peak 1

Fig. 2. Probable structures of luminarin 4 isomers. The quinolizine ring has been omitted for convenience.

HPLC analysis
Isovaleric acid, nonanoic acid and prostaglandin Ez (PGEz) were labelled ac

cording to the procedure described above, and were fractioned in different chroma
tographic systems, as shown in Table IV and Fig. 3. Derivatives of homologous fatty
acids could be easily separated by varying the acetonitrile-to-buffer ratio.

Suprisingly, the isovaleric derivative was retained less than luminarin 4 itself,
even though it is less polar. This was attributed to a strong interaction uetween the
free silanol groups of the stationary phase and the terminal amino group ofluminarin
4, by electrostatic attraction and/or hydrogen bonding. This hypothesis is supported
by the strong effect of ionic strength on retention, as demonstrated by the comparison
of the retention times in systems 2 and 3.

The mobile phase components (acetonitrile, imidazole nitrate buffer) were cho
sen according to their ability to promote a high chemiluminescence intensity and their
miscibility with the excitation reagent solution.

Time and temperature of reaction
The kinetics of the first phase of the reaction were determined at - 20,4,20 and

30°C. Carboxylic acids have often been activated by NOHS and DCC, or DCC alone,
at low temperature [19], because the dicyclohexylurea thus formed is insoluble and
precipitates, displacing the equilibrium to the right. However, when used for analyt
ical purposes, dicyclohexylurea precipitation is not likely, because the reagent con
centrations are low. In contrast, a higher temperature will promote a faster reaction.
For these reasons, the reactions were carried out at the four temperatures mentioned
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TABLE IV

RETENTION TIMES OF LUMINARIN 4 DERIVATIVES

M. TOD et al.

System Retention time (min)

Luminarin 4" Luminarin 4-C 5b Luminarin 4-C 9' Luminarin 4-PGEz Coum 102

1 8.8 4.8 7.2 NDd 10.3
2 12.8 12.6 17.0 4.5 9.0
3 7.0 NDd 11.5 3.5 8.0
4 14.0 NDd 16.0 10.5 15.0

a Only peak 5 is given.
b Luminarin 4 derivative of isovaleric acid.
, Luminarin 4 derivative of nonanoic acid.
d Not determined.

2
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I
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i
15
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i
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Fig. 3. Separation of some luminarin 4 derivatives with system 2 and fluorescence detection. Peaks: 1
luminarin 4-PGE2 ; 2 = coumarin 102; 3 = luminarin 4-isovaleric acid; 4 = luminarin 4-nonanoic acid.
Peaks represent 10 pmol of each derivative injected onto the column. Range, O. I J1A full-scale.
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Fig. 4. Kinetics of derivatization (first phase: activation of the carboxylic acid) at four temperatures: D
- 20; • = 4; • = 20: 0 = 30°C. Ordinate is the ratio of the luminarin 4-isovaleric acid peak height to
the coumarin 102 peak height.

above, and the results are shown in Fig. 4, with the highest yield being obtained at
200 e for 12 h.

The kinetics of the second phase of the labelling reaction were studied, using the
N-succinimidoxyisovalerate prepared as described above. The formation of the lumi
narin 4 derivative was examined over 240 min at 50 or 70oe, as shown in Fig. 5.
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Fig. 5. Kinetics of derivatization (second phase: condensation with luminarin 4) at two temperatures: D =

50; • = 70T. Ordinate is the ratio of the luminarin 4-isovaleric acid peak height to the coumarin 102
peak height.
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Higher yields were obtained in shorter times at 70°C, the temperature at which the
reaction was complete in 60 min. The overall yield, measured at a level of 50 nmol of
nonanoic acid with reference to known amounts of the isolated derivative, was 91 %.
A larger excess of luminarin 4 or NOHS and DCC did not improve this yield but
resulted in larger interfering peaks. As the linearity and reproducibility of the deriv
atization were found to be satisfactory, no further attempts were made to increase the
reaction yield.

Linearity and sensitivity
The calibration graphs obtained with this method showed good linearity; the

equation for the calibration line was y = ax + b with a = 0.016 ± 0.001 (mean ±
S.D.) and b = 0.083 ± 0.027 (r = 0.995, p < 0.01) after analysing five samples of
each standard containing 12.5-125 nmol of isovaleric acid, detected fluorimetrically.
For PGEz, the calibration graphs were linear from 0.1 to 10 nmol of PGEz (r =

0.995, p < 0.0l). Under the prevailing conditions, the detection limits for the lumina
rin 4 derivatives of isovaleric and noanoic acid were 300 fmol injected (signal-to-noise
ratio = 3) for fluorescence detection and 50 fmol injected for peroxyoxalate CL
detection.

The former detection limit (300 fmol) was similar to that found in our previous
study on luminarin I derivatives [II], whereas the latter was higher than that obtained
previously (50 vs. 6 fmol). The main explanation lies in the difference between the
excitation conditions. In the present investigation, the mobile phase was much more
aqueous (50 vs. 30%). In order to prevent the precipitation of the oxalic ester TCPO
in the system, three precautions were taken: the TCPO concentration was reduced (l
vs. 4.5 mg/ml), TCPO and hydrogen peroxide were mixed and heated at 40°C so that
TCPO was almost completely transformed before being added to the mobile phase
and the pH of the mobile phase was raised to 7.7 in order to accelerate oxalic ester
hydrolysis and to increase the solubility of the trichlorophenol formed. The low
concentration of TCPO resulted in a lower excitation level [9] and a higher limit of
detection. Precipitation could also have been avoided if a more soluble oxalate ester
such as TDPO, bis[4-nitro-2-(3,6,9-trioxadecyloxycarbonyl)phenyl] oxalate, had been
applied [5,23,24]. However, in this work TCPO was used to allow comparison with
our previous results, and was found to work satisfactorily. Further, our results are in
the same range as those reported by Grayeski and De Vasto [8] with aminocoumarin
ic derivatives.

For PGEz, in order to improve the limit of derivatization (L.D.), only 005 ml
of 0.5 mM luminarin 4 solution was added to the mixture after the activation step.
This resulted in a higher concentration of activated PGEz in the reaction medium and
a diminution in the amplitude of interfering peaks on the chromatogram. Further, the
sample loop volume was reduced to 10 Ill, to improve the separation (Fig. 6). The
interfering peaks could also have been reduced by a preliminary extraction of the
derivatives before injection onto the HPLC column, but this procedure was not in
vestigated in this work. The L.D. was 60 pmol and the CL detection limit was 32 fmol
injected (signal-to-noise ratio = 3).

Although there have been many papers [25-30] on the separation and mea
surement of prostaglandins by HPLC, it remains a difficult analysis, because physio
logical levels are very low; taking PGEz as an example, the levels are about 100 pmol/I
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Fig. 6. Separation ofluminarin 4-prostaglandin E2 derivative with system 4 and chemiluminescence detec
tion. Peaks: 1 = luminarin 4--PGEz' 2 pmol injected onto column; 2 = luminarin 4 (last peak). See text for
details. Range, 0.1 /lA full-scale.

in human plasma and 0.3-40 nmolll in human urine [25], the highest levels, 25-750
/lmolll, being in seminal fluid [26]. It is generally accepted that gas chromatography
mass spectrometry provides the most sensitive and specific method available, espe
cially when using negative-ion chemical ionization [27], and that liquid chromatogra
phy lacks sensitivity. With UV detection in the 190-210-nm range [28,29], the limit of
detection was about 60 pmol injected.

CONCLUSIONS

Luminarin 4 appears to be a promising reagent for carboxylic acid derivatiza
tion. Luminarin 4 isomerism was not a real drawback, as a single derivative was
formed and was easily separated from the excess of reagent. Linearity and quantita-
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tive yields demonstrated the reactivity of luminarin 4 with activated acids. Activation
by NOHS and DCC was not a fast reaction, but the mildness of the conditions
allowed its application to unstable compounds, such as PGEz. Chemiluminescence
detection sensitivity was better than that of fluorescence, although the mobile phase
was very aqueous (50%), and this depended on the properties of the quinolizinocou
marin structure ofluminarin 4. A gap remains between the very low limit of detection
and the much higher limit of derivatization, which is the limiting factor in the applica
tion of the method, but others have reported that sensitivity was increased by deriv
atization of the ketone [23] or carboxylic function [28], achieving a limit of deriv
atization of 0.3 pmol for PGEz.

. Work is in progress to improve the limit of derivatization, in order to take
advantage of the low detection limit. Otherwise, CL detection could be applied in
immunological assays, where the labelling reaction does not need to be carried out at
a low carboxylic acid concentration.
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ABSTRACT

In order to obtain pure galactolipids usable for monolayer work at the nitrogen-water interface, and
also for Iluorescence intensity measurements in Langmuir-Blodgett films when mixed with chlorophyll a,
purification procedures for mono- and digalactosyldiacylglycerol were established using high-performance
liq uid chromatography. The rapid and efficient methods described were applied to commercial samples and
enriched extracted fractions of lipids obtained by preparative liquid chromatography. Surface pressure
area isotherms at the nitrogen-water interface of purined and unpurified samples are also reported. The
fluorescence spectra of chlorophyll a mixed with purified and unpurified galactolipids in Langmuir-Blod
gett films clearly show the necessity for the purincation.

INTRODUCTION

An important factor controlling the activity of the photosynthetic apparatus of
plants and algae is the lipid composition of membranes in which the photosynthetic
proteic complexes are embedded [1-4]. In thylakoids of higher plants, galactolipids
comprise ca. 80% of the total lipid content [5]. Interestingly, this lipid class is found
almost exclusively in the photosynthetic membranes. A useful technique in the
investigation of the physico-chemical properties of pure galactolipids is the determina
tion of surface pressure-area isotherms in monolayers [6].

Before monolayer work can be performed, it is necessary to establish a rapid
and efficient method to purify thoroughly monogalactosyldiacylglycerol (MGDG)
and digalactosyldiacylglycerol (DGDG), the two most abundant galactolipids in
thylakoids [5]. Two of the most common methods used to purify these lipids are
thin-layer chromatography (TLC) [6-9] and liquid chromatography (LC) [6,10]. These
techniques are generally time consuming and therefore inconvenient. Moreover, with
TLC, it is difficult to avoid the degradation of lipid fatty acids, which are easily
oxidized by oxygen present in the air and/or dissolved in solvents.

This paper presents rapid and simple high-performance liquid chromatographic
(HPLC) purification procedures for MGDG and DGDG. Surface pressure-area

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers BY
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isotherms are also presented and compared with those reported in the literature. These
measurements are useful for cross-checking the separation before using the lipids in
monolayer fluorescence experiments in a mixture with chlorophyll a. To emphasize the
significance of the purification ofgalactolipids, the excitation fluorescence spectrum of
a pheophytin a-phospholipid mixture in a Langmuir-Blodgett film is compared with
that of monolayers of chlorophyll a mixed with purified and unpurified MGDG.

EXPERIMENTAL

Glassware cleaning procedure
As the purified lipids were to be analyzed using surface pressure-area isotherms,

great care was taken to ensure clean glassware throughout the experiments. AlI
glassware was cleaned according to an adapted version [11] of the method published by
Tancrede et al. [6]. Quartz slides were cleaned according to the method published by
Munger et al. [12].

Samples and reagents
Commercial samples of MGDG extracted from whole wheat flower were

purchased from Serdary (London, Canada). These samples were used to establish the
HPLC method prior to the purification of the extracted MGDG.

The extraction of galactolipids from barley leaves (Hordeum vulgare L.) and the
preparative LC procedures to obtain enriched fractions ofMGDG and ofDGDG are
described elsewhere [11]. For LC, a Sepharose CL-6B gel (Pharmacia, Uppsala,
Sweden) saturated with n-hexane was used. The elution scheme, reported in Table I,
started with n-hexane, which was then gradually enriched in isopropanol (lPA). This

TABLE I

ELUTION SCHEME AND GALACTOLIPID-ENRICHED FRACTIONS COLLECTED IN LIQUID
CHROMATOGRAPHY

Column, II x 2 cm 1.0.; stationary phase, Sepharose CL-6B.

Eluent

n-Hexane
n-Hexane-IPA
n-Hexane-IPA
n-Hexane-IPA
n-Hexane-IPA
n-Hexane-IPA
n-Hexane-IPA
n-Hexane-IPA
n-Hexane-acetone
Acetone
Acetone-methanol
Methanol

Proportions
(v/v)

90:10
85:15
80:20
75:25
70:30
60:40
50:50
50:50

50:50

Volume
(ml)

50
100
100
100
100
100
100
100
100
100
100
300

Collected fractions

Pigments
Pigments
Pigments
Pigments
MGDG
MGDG
MGDG

DGDG
DGDG, SQDG and PGa
PCb

a Phosphatidylglycerol.
b Phosphatidylcholine.
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permitted the collection of most of the pigments. The MGDG emerged from the
column when the concentration ofIPA was between 25 and 40% (vIv). The removal of
n-hexane, leaving acetone as the mobile phase, permitted the elution of DGDG.
Sulfoquinovosyldiacylglycerol (SQDG) was recovered by the addition of 50%
methanol to the acetone mobile phase. All solvents used in these procedures were of
chromatographic or spectrophotometric grade.

Chlorophyll a from spinach was extracted and crystallized using the dioxane
method ofIriyama et al. [13]. It was then purified by LC according to the method
reported by Ornata and Murata [14,15]. Pheophytin a was obtained by an acid
treatment of the previously purified chlorophyll a [16].

Dioleoylphosphatidylcholine (DOPC) was purchased from P.L. Biochemicals
(Milwaukee, WI, U.S.A.).

TLC procedures
All extraction, preparation and purification steps were verified by TLC. The

precoated silica gel 60 plates, 50 x 200 x 0.250 mm (BDH, Toronto, Canada, or E.
Merck, Darmstadt, Germany) were washed according to Tancrede et al. [6]. Two
different elution systems were used to prevent misinterpretation for the case of
DGDG. The first was acetone-benzene-water (91 :30:8, v/v/v), as described by Pohl et
al. [7]. The Rr of MGDG and DGDG are 0.56 ± 0.06 and 0.24 ± 0.05, respectively.
The second migration mixture was chloroform-methanol-water (70:30:4, v/v/v), as
described by Siebertz et al. [8]. MGDG and DGDG were then identified by the
presence ofspots, using iodine, at Rr values of0.7 ± 0.1 and 0.43 ± 0.06, respectively.

HP LC procedures
The HPLC system used was purchased from Waters Assoc. (Milford, MA,

U.S.A.). It was composed of two Model 510 pumps, a Model 680 automatic gradient
controller, a Rheodyne (Cotati, CA, U.S.A.) Model 7126 injector equipped with
a 200-,ulloop and a Model 490 programmable UV-visible detector set at 205 nm. Two
similar columns were used. The Altex Ultrasphere-Si silica gel column (Beckman, San
Ramon, CA, U.S.A.), with dimensions 250 x 4.6 mm 1.D., was used to purify
MGDG. The column used to separate DGDG measured 250 x 10 mm !.D. The gel
consisted of particles with an average diameter of 5 lim. No guard column was used.

All solvents used for the procedure were of HPLC grade (Burdick & Jackson
Labs., Muskegon, MI, U.S.A.). Mixtures of solvents used in the mobile phase were
filtered through Millipore (Bedford, MA, U.S.A.) membrane filters with pores of 0.2
lim and degassed under vacuum prior to their introduction into the HPLC system. The
mobile phases were composed of mixtures ofn-hexane, IPA and water. The optimum
proportions found for isolating MGDG, were 85:15:0.4 (v/v/v), with a flow-rate of
4.00 ml/min, and for DGDG 70:30:2 (v/v/v), with a flow-rate of 9.00 ml/min. All
elutions were isocratic.

The concentration of lipid solutions prepared for injection into the HPLC
system was ca. 0.2 mg/m!. The dry-weighed lipid was dissolved in the elution mixture.
Because of the low solubility of the lipid in the eluent, 200 ,ul of the lipid solution were
injected into the HPLC column, corresponding to ca. 40,ug oflipid. As a precautionary
measure, all lipids to be used in monolayer work were purified twice.
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GLC procedure
The determination of the molecular weight of the galactolipid prior to surface

pressure measurements is very important. This was done, in this work, by methylation
of the lipid fatty acids, followed by analysis by gas-liquid chromatography (GLC).
The complete methylation procedure is reported elsewhere [11]. The Model 3700 GLC
system from Varian (Sunnyvale, CA, U.S.A.) was equipped with a flame ionization
detector and a 2.4-m GP 10% SP2330 on 100-120-mesh Chromosorb W AW column
(Supelco, Bellefonte, PA, U.S.A.). The column temperature programme was as
follows: 2 min at 170°C, increased to 235°C at 3°Cjmin, held at 235°C for 10 min. The
injector and detector temperatures were 260 and 300°C, respectively. The nitrogen
carrier gas flow-rate was 20 ml/min. Standard mixtures of methylated fatty acids
(Supelco Canada, Oakville, Canada) were used to identify the peaks. A Shimadzu
(Kyoto, Japan) C-R3A Chromatopac integrator was used to analyze the chromato
grams.

Langmuir trough
The laboratory-built aluminum trough, 52.0 cm long x 14.0 cm wide x 4.4 cm

deep, was covered with an adhesive PTFE film (Fluorocarbon Dielectrix Division,
Lockport, NY, U.S.A.). An in-wall, closed water circuit was set at 20°C using a Lauda
Model k-21 R thermostated bath from Brinkmann Instruments (Rexdale, Canada). An
in-wall, open circuit of nitrogen was flushed over the buffer surface at low flow-rates,
to prevent oxygen from reaching the spread molecules on the interface. The on and off
positions of the mobile barrier were set by the position of two switches and barrier
movement was controlled by an electric motor activated by an external control box.
The surface pressure was detected by a Milar float from DuPont (Montreal, Canada).
The float was attached to a torsion wire of 0.05 cm diameter (Fender Musical
Instruments, Fullerton, CA, U.S.A.). This wire was connected to a metallic bar which
was free of movement inside a magnetic transducer (Model 7 DCDT-050, Hewlett
Packard, Boeblengen, Germany). The displacement of the float was converted by the
transducer into a voltage detected by a multimeter (Model 4060, Brunelle Instruments,
St. Elie d'Orford, Canada). The sensitivity of the Langmuir balance, calibration and
recording of the isotherms were calculated by an in-house program adapted for an
Apple lIc computer.

The subphase used for the surface pressure-area isotherms and the Langmuir
Blodgett film preparation was a purified 10- 3 M phosphate buffer adjusted to pH
8.00. The water used to prepare the subphase was doubly distilled in quartz; its specific
resistivity and surface tension were 18 MQ cm and 71 mN/m (as determined by Du
Nouy's method), respectively. Purification of the anhydrous Na2HP04 (ACP
Chemicals, Montreal, Canada) was made possible by six repetitive washes of the salt in
chloroform (Anachemia Accusolv, Montreal, Canada), agitated each time for 10-15
min. The fresh subphase was flushed with nitrogen before it was put in the trough.
A waiting period of 60 min was applied to the buffer standing in the trough, so that all
surface-active contaminants might reach the interface. The surface was cleaned by
suction before deposition of the lipid.

The concentration of the lipid solution used to measure surface pressure-area
isotherms was in the range 3' 10- 4 M. This concentration was found to be optimum
for the spreading of 1.8' 1016_2.2' 1016 molecules in 80-100 pI of solution. Benzene
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used as the deposition solvent was freshly distilled and free from gaseous oxygen by
flushing with a stream of nitrogen or argon. The solution was kept in a 3.5-ml glass vial
closed by a screw-capped PTFE Mininert valve from Pierce (Rockford, IL, U.S.A.).
This permitted removal of a fraction of the solution without exposing it to excessive
evaporation.

To prepare Langmuir-Blodgett films for fluorescence measurements, cleaned
quartz slides were dipped into the subphase on which a mixture of pigment and lipid (in
a 1: 100 molar ratio) had been spread. The vertical movement was controlled by
a hydraulic system described elsewhere [12]. The surface pressure was kept at 20 mN/m
throughout film deposition on the quartz slide.

Spectrofluorimeter
The apparatus used to measure the excitation fluorescence spectra of pigments

mixed with lipids was a Fluorolog II, Model 1870 (Spex Industries, Metuchen, NJ,
U.S.A.). The emission wavelength was set at 678 nm and the excitation ranged from
350 to 500 nm. The two slits at excitation were set at 4 mm, with the two others at the
emission adjusted to 1.5 mm. Emission was polarized in order to avoid Wood's
anomaly. The monochromators were controlled by a Spex Datamate computer. The
spectra were corrected for lamp emission and sensitivity of the water-cooled
photomultiplier tube (Model R 928/115, Products for Research, Danvers, MA,
U.S.A.) [17].

RESULTS AND DISCUSSION

MGDG was established to be best isolated using n-hexane-IPA-water
(85:15:0.4, v/v/v). The chromatograms obtained for commercial and extracted lipids
are shown in Fig. I. Isocratic elution was chosen because of some difficulties when the
column was not in complete equilibrium with the mobile phase. This was probably due
to the presence of water, necessary in the elution solvents, forming a hydration coating
surrounding the gel particles. MGDG was eluted from the column in less than 5 min.
The injections could therefore be done in a 10-min sequence. As the capacity factors
(k') ofMGDG and the following product were in a good range, selectivity was within
the desired margin of 1.5-2.0. Resolution was also acceptable.

In the chromatograms, the products eluted in the first 2 min are the porphyrin
pigments, such as chlorophyll a and band pheophytin a and b. During the next 2 min,
some carotenoids are eluted, characterized by their yellow-orange color. As indicated
below, the peak following MGDG is believed to be a saturated lipid.

To evaluate the approximate yield of the purification, the weight of the lipid
sample before and after purification was measured. The injection of 1.901 mg of crude
material gave 0.572 mg of light-colored MGDG, indicating the presence of pigments.
This corresponds to a 30% yield. This value is surprisingly low when compared with
the calculated yield obtained from the area ratio of the MGDG peak to the total
chromatogram, which gave 59%. Therefore, one of the eluted products, which is
believed to be of similar molecular weight, has a very small absorption coefficient, and
the area under its peak is not proportional to the amount eluted. It is possibly the
product following MGDG which behaves as a lipid, but has not been identified. This
eluted component is likely to be a more saturated derivative of MGDG or of another
lipid, as the absorption at 205 nm is related to the unsaturated bonds in the fatty acids.
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Fig. I. HPLC of MGDG using an Altex Ultrasphere-Si column (250 x 4.6 mm 1.0.). Mobile phase,
n-hexane-IPA-water (85: 15:0.4, v/v/v); flow-rate, 4.00 ml/min. (a) Commercial sample (retention time,
lR = 4.9 ± 0.2 min); (b) extracted sample (lR = 4.6 ± 0.2 min).

Fig. 2. HPLC of extracted DGDG using an Altex Ultrasphere-Si column (250 x 10 mm 1.0.). Mobile
phase, n-hexane-IPA-water (70:30:2, v/v/v); flow-rate, 9.0 ml/min. lR = 7.2 ± 0.1 min.

The best mobile phase found for purifying DGDG was n-hexane-IPA-water
(70:30:2, v/v/v), giving the chromatogram shown in Fig. 2. During the first 4 min,
pigments, carotenoids and MGDG (the second strongest peak in the chromatogram)
are eluted. The small peak eluting before DGDG is an unknown lipid, and that
following DGDG is probably SQDG. The conditions permitted a new injection every
15 min. As there is half as much DGDG as MGDG in the extracts, it is evident that the
DGDG peak is less concentrated with regard to the amount ofcontaminants present in
the sample.

Other methods that involve the use of HPLC to identify and quantify
galactolipids have been published. Of these reported techniques, reversed-phase
columns were employed to determine the fatty acid composition of one particular
isolated type of lipid [18-22]. Therefore, these methods were not applicable for the
separation of an individual class ofgalactolipid from a complex pigment-lipid matrix.
The other published procedures for determining the galactolipid content of plant
tissues used polar columns. In two of these reports, the mobile phase contained small
amounts ofacid [23,24]. This is undesirable, as acids may degrade lipids. Furthermore,
traces of' acid inevitably destroy the chlorophyll a pigments that are in the
pigment-purified lipid mixture. In the third procedure [22], total lipid extracts were
injected on to a silica gel column and, using a gradient elution scheme, all the major
lipid components in the samples could be separated. Unfortunately, this method did
not adequately resolve MGDG from pigments and so was unsuitable for MGDG
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purification. Moreover, DGDG was not isolated from SQDG, so this analytical
method cannot be used to purify DGDG either. Finally, an HPLC method has been
published that used a gradient elution extending up to 50 min [25]. This method was
excellent for separating MGDG and DGDG, although SQDG was indefinitely
adsorbed on the column. However, as the total galactolipid extracts obtained from
barley contained appreciable amounts of pigments and phospholipids, it became
advantageous to include preparative liquid chromatography in the experimental
procedure. This step separated the sample into enriched fractions ofMGDG, DGDG
and SQDG. The sequential separation into individual classes of galactolipids
permitted the development of HPLC purification procedures for each lipid that were
much more rapid than the method involving a lengthy gradient elution [25].

Table II presents the fatty acid composition ofeach sample studied using surface
pressure-area isotherms. The lipid fatty acid composition is a very important factor
controlling the reproducibility of surface pressure measurements. The differences
between the commercial and extracted MGDG are due to their different origins. The
isotherms reflect these differences (see Fig. 3, curves a and b). However, the similarity
of fatty acids in the purified and unpurified extracted MGDG is evident. The largest
difference in the chromatograms (not shown) is the presence of a contaminant peak in
unpurified MGDG. This contaminant is due to the esterification of the phytol
side-chain of chlorophyllic pigments. This contaminant peak was calculated in the
total chromatogram area of the unpurified MGDG, lowering the relative amount of
18:3 fatty acid in the sample compared with the purified lipid that does not show this
peak.

TABLE II

FATTY ACID COMPOSITION AND MOLECULAR WEIGHT OF COMMERCIAL MGDG AND
EXTRACTED MGDG AND DGDG

Column, GP 10% SP 2230 on 100-120-mesh Chromosorb W AW; Column dimensions, 2.4 m x 6.0 mm
I.D., carrier flow-rate, 20 ml/min.

16:0 18:1

Fatty acid (%)Lipid

MGDG, Serdary
MGDG, extracted:

Unpurified
Purified

DGDG, extracted

21

Trace
Trace
14.5

16

2.5

Molecular
weight

18:2 18:3 (g/mol)

50 10 770

5.9 88 773
4.4 95 775
4.0 78.9 931

The first surface pressure-area isotherm presented in Fig. 3 was measured with
the purified commercial MGDG. The principal characteristics of these measurements
are shown in Table III. The first isotherm was almost identical with that published by
Tancrede et al. [26], who used the same experimental conditions. The only difference
was the origin of their commercial MGDG sample. However, they did not verify the
fatty acid composition of their sample.
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Fig. 3. Surface pressure-area isotherms of galactolipids using ]0- 3 M phosphate buffer (pH H.OO). (a)
Purified commercial MGDG; (b) purified extracted MGDG; (c) unpurified extracted MGDG; (d) purified
extracted DGDG.

The second and third measured isotherms were from the purified and unpurified
extracted MGDG. The purified lipid isotherm was identical with that reported by
Tancrede et al. [6] for MGDG purified by TLC.lftheir lipid source was actually from
spinach, which is rich in linolenic acid (18:3), this similarity clearly shows that our
reported HPLC purification procedures are as effective as the TLC method.
Compared with the purified sample, the unpurified material has a lower collapse value,
and the curve is observed to be displaced to the right, indicating the presence of
contamination, mostly pigments that occupy more space than lipids at the interface.
As pointed out by Tancrede et al. [6], the highest collapse of the purified MGDG is
always relative to the highest purity.

The last isotherm shown in Fig. 3 is of the purified, extracted DGDG. This curve

TABLE III

MOLECULAR AREA AT THREE DIFFERENT SURFACE PRESSURES AND COLLAPSE
PRESSURE OF GALACTOLIPIDS

Subphase, 10- 3 M phosphate buffer (pH 8.00).

Lipid Molecular area (A 2/mo]) at Collapse
pressure

10 mN/m 20 mN/m 30 mN/m (mN/m)

MGDG, Serdary, purified 94 78 70 42
MGDG, extracted:

Purified 87 73 66 42
Unpurified 100 83 74 40

DGDG, extracted, purified 77 65 58 44
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Fig. 4. Excitation fluorescence spectra of pigment-lipid mixtures in Langmuir-Blodgett films (molar ratio
1: 100), with detection at 678 nm. (a) Chlorophyll a-purified MGDG; (b) chlorophyll a-unpurified MGDG;
(c) pheophytin a-D,OPC.

(d) is similar to that published by Trosper and Sauer [27], who used identical
experimental conditions. However, the collapse of the DGDG isotherm in Fig. 3 was
4 mN/m higher than that reported in the literature. As mentioned previously, this
higher value is usual1y interpreted as an indication of a greater lipid purity.

From a comparison of their isotherms, it can be seen that DG DG uses less
molecular area at the interface than MGDG. Although the polar head of DGDG is
twice as large as that of MGDG, this does not increase the occupied space at the
interface. On the contrary, a combination of a higher degree of interaction between the
DGDG polar heads, favored by the increased number of hydroxyl groups, and a lower
unsaturation index in the fatty acids which are more easily ordered, may be responsible
for that effect.

The importance of the purification of the galactolipids was evident in the
excitation fluorescence spectra shown in Fig. 4. When purified MGDG was used in the
chlorophyl1 a-galactolipid mixture, the spectrum showed a maximum at 438 nm,
characteristic of the chlorophyl1 a pigment [17]. However, the use of unpurified
MGDG shifted the maximum to 414 nm. This value is usual1y interpreted as
a pheophytinization of the pigment, which has lost the central Mg atom in the process.
To verify this interpretation, the measurement of a mixture of pheophytin a and
DOpe was performed. The close resemblance of the two curves is unmistakable. The
unpurified MGDG contained a contaminant that was capable of destroying the
chlorophyl1 a pigment in the monolayer. Therefore, the proposed MG DG purification
method was shown to be successful in eliminating all contaminants that might produce
the degradation of chlorophyll a.

CONCLUSIONS

The rapid isocratic purification procedures described in this paper were efficient
for isolating MGDG and DGDG, prior to their characterization by the surface
pressure-area isotherms at the nitrogen-water interface. These measurements were in
good agreement with those found in the literature. The procedures reported in this
work employed no acid, and minimized al1 contacts between the lipids and oxygen,
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a source oflipid degradation often encountered when purifying lipids by TLC or LC.
Finally, the excitation fluorescence spectra in Langmuir-Blodgett films of different
mixtures of pigment and lipid showed the importance of a good purification
procedure. The unpurified MGDG induced the degradation of the chlorophyll
a pigment, characterized by the disappearance of the 438-nm band, shifting the
maximum to 414 nm.
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ABSTRACT

A sensitive, quantitative procedure was de'veloped for the simultaneous determination of tanshinone
IIA and I, cryptotanshinone and dihydrotanshinone I by high-performance liquid chromatography
(HPLC) employing a normal-phase column. In addition, a method for the determination of the polar
tanshinones tanshinone V and VI by reversed-phase HPLC, an HPLC method for ferruginol and a qual
itative procedure for other tanshinones were also developed. These methods were applied to identify
abietane-type compounds in various tissues of Salvia miltiorrhiza Bung, including cultured cells, fresh roots
and regenerated plant roots.

INTRODUCTION

Dried roots (Tan-Shen in Chinese) of Sa/via miftiorrhiza Bung (Labiatae),
an ancient Chinese drug, have been used to treat haemorrhages, menstrual disorders
and miscarriages [I]. Tan-Shen is known to contain abietane-type diterpenes
(tanshinones), such as tanshinone I [2], cryptotanshinone [3] and tanshinone VI [4],
which protect the myocardium against ischaemia [4], and also related orange-red
pigments (shown in Fig, I).

Usually, tanshinones have been resolved by thin-layer chromatography and
cryptotanshinone and ferruginol determined by gas chromatography [5]. Recently,
a reversed-phase high-performance liquid chromatographic (HPLC) method was
applied to the determination of several tanshinones from Sa/via species [6,7]. However,
tanshinones are hydrophobic compounds and tanshinone IJA and cryptotanshinone,
the major tanshinones, can be completely eluted from a silica gel column with
chloroform. The objective of this study was to develop a simple method for the
determination of tanshinones and ferruginol in various tissues using isocratic
normal-phase HPLC. This procedure involves the extraction of tanshinones followed
by fractionation and analysis by HPLC. Both qualitative and quantitative procedures
for the polar tanshinones were accomplished by reversed-phase HPLC. With these

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Fig. 1. Structures of abietane-type compounds.

ferruginol

methods it was possible to study the production of bioactive tanshinones in cultured
cells and regenerated plants.

EXPERIM ENTAL

Materials
Tan-Shen grown in China was purchased from Nakai-Koshindo (Kobe, Japan).

S. miltiorrhiza, regenrated plants, water-cultured plants and callus derived from S.
miltiorrhiza were supplied by Tsukuba Medicinal Plant Research Station (Ibaraki,
Japan).

Adventitious root cultures were derived on Murashige-Skoog medium supple
mented with I-naphthaleneacetic acid (0.5 mIll) and benzyladenine (0.1 mIll) from
segments of stems and petioles after 8 weeks in the dark at 25°C. Differentiated shoots
were induced when the stem pieces were placed on Murashige-Skoog medium
containing 3-indoleacetic acid (0.5 mg/l) and kinetin (1 mgjI) for 8 weeks under 16 h
light (4000 lux) at 25°C. Young plantlets were derived from stem tips of differentiated
shoots on hormone-free Murashige-Skoog medium for 8 weeks under 16 h light
(4000 lux) at 25°C and transferred to a field in May. Regenerated plants were harvested
in November and January. Water-cultured plants were grown in a greenhouse for
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3 months. Ferruginol was kindly provided by Tomita (Niigata, Japan) and tanshi
nones were isolated from Tan-Shen [4]. The HPLC solvents were of HPLC grade and
other solvents and chemicals were of analytical-reagent grade, all of which were
obtained from Wako (Osaka, Japan). Iatrobeads (silica gel, 100-,um particle size) were
from Iatron Laboratories.

Apparatus
The HPLC system consisted of two Tosoh CCPD pumps equipped with a Tosoh

CCP controller connected to a dynamic mixer, a 5-,u1 sample loop and a Tosoh
UV-8000 UV-VIS detector. The data were processed by means of a SIC Chromato
corder-II integrator to evaluate the peak areas. The purity of the chromatographic
peaks was estimated using a Waters M990J photodiode-array detector.

Extraction and fractionation of tanshinones and ferruginol
All procedures for the extraction, fractionation and analyses were performed in

the dark as much as possible because some tanshinones readily undergo photo
oxidation [8]. The lyophilized sample was homogenized with ten volumes or more of
chloroform-methanol (2: 1, v/v). The homogenate was then centrifuged and the
supernatant was transferred to a test-tube by decantation. The remaining insoluble
material was sonicated in a sonic cleaning bath for 10 min with half the volume of the
above homogenate. The pooled supernatant was washed according to the method of
Fo1ch et al. [9] and evaporated to dryness under nitrogen. An appropriate amount of
extract, containing less than 14 mg, was taken up in a small volume of hexane
chloroform (I: 1, v/v) and placed on a silica gel column containing 0.4 g of Iatrobeads.
The column was eluted with 4 ml each of the above solvent and chloroform. The first
fraction contained ferruginol and tanshinones were recovered in the second fraction.
Both fractions were evaporated to dryness under nitrogen, dissolved in a known small
volume of chloroform and then a portion was injected into the HPLC system. For the
analysis of only tanshinones, the Iatrobeads chromatography was omitted.

Preparation for determination of tanshinone VI
The extract (l0-100 mg) prepared by the method of Fo1ch et al. [9] described

above was dissolved in 2 ml of ethyl acetate and extracted with 2 ml of 5% aqueous
sodium carbonate. The ethyl acetate layer was further extracted twice with I ml of the
same solvent. Hydrochloric acid (1 M, 3.5 ml) was added to the pooled sodium
carbonate layer and the mixture was extracted with 3 ml of ethyl acetate. The residual
layer was further extracted once more in the same manner. The pooled ethyl acetate
layer was washed three times with 1 ml of water and evaporated to dryness under
nitrogen. The residue was dissolved in acetonitrile and an appropriate aliquot was used
for reversed-phase HPLC analysis.

Normal-phase HPLC procedures
Normal-phase HPLC was performed on a stainless-steel column (250 x 4.6 mm

1.0.) of Tosoh TSKgel silica 150 (5-,um particle size). The determinations of
tanshinones and ferruginol was carried out under two sets of HPLC conditions.
Elution was performed in an isocratic mode with two ratios of hexane to dioxane at
a flow-rate of 1.0 ml/min throughout. HPLC system A for tanshinones employed
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dioxane-hexane (8:92) and was monitored at 260 nm, whereas system B for ferruginol
used dioxane-hexane (2.4:97.6) and was monitored at 285 nm. After use, the column
was washed with dioxane-hexane (15:85) overnight.

Reversed-phase HPLC procedures
The reversed-phase column was made of stainless-steel (150 x 4.6 mm I.D.) and

packed with a Tosoh TSKgel ODS-120T (5-J.lm particle size). The analytical
procedures were performed with two HPLC systems, both of which utilized two
solvents, (A) acetonitrile-O.OI M acetate buffer (pH 5.2) (20:80) and (B) acetonitrile.
The flow-rate was maintained at 1.0 ml/min throughout. The qualitative and
quantitative analysis oftanshinones was carried out with HPLC system C (see below),
whereas the quantitative determination of tanshinone VI was accomplished by the use
of system D following the pretreatment described above.

With system C, the elution programme was as follows: 0-3 min, 86% B; 3
20 min, linear change to 75% B; 20-30 min, 75% B (monitored at 275 nm). In order to
prevent the peaks of tanshinone V and VI from broadening, the column was rinsed
with 30 ml or more of 0.5% trifluoroacetic acid in acetonitrile prior to use.

With system D, the elution programme was as follows: 0-29 min, linear change
from 14 to 33% B; 29-30 min, linear change to 90% B; 30-50 min, 90% B (monitored
at 290 nm).

Partial synthesis of tanshinone VI
Dihydrotanshinone (169 mg) was dissolved in 1 ml of 1 M hydrochloric acid

50% methanol and heated for 1 h at 80°C. This reaction mixture was extracted with
4 ml of 5% aqueous sodium carbonate and washed three times with 1 ml of ethyl
acetate. The residual layer was neutralized with 1 M hydrochloric acid and extracted
three times with I ml ofethyl acetate. The pooled ethyl acetate extract was rinsed three
times with 1 ml of water and evaporated to dryness under nitrogen. The residue was
analysed using system C.

RESULTS AND DISCUSSION

Normal-phase HPLC
Table I gives the retention times (tR) and capacity factors (k') oftanshinones and

ferruginol standards in two systems with normal- and reversed-phase columns.
System A separated tanshinone IIA and I, cryptotanshinone and dihydro

tanshinone I, but methylenetanshinquinone and 1,2-dihydrotanshinquinone eluted as
a single peak (shown in Fig. 2). There was good linearity from 30 pmol to 10 nmol of
tanshinone IIA and I, cryptotanshinone and dihydrotanshinone I with a correlation
coefficient (r) of0.999-1.000 with system A. In system A ferruginol emerged at 5.6 min,
overlapping peaks corresponding to an impurity, and could not be detected.
Pretreatment with Iatrobeads and the use of system B facilitated the detection of
ferruginol (tR = 12.0 min, k' = 2.00; shown in Fig. 3). A linear calibration graph for
ferruginol with system B was obtained over the concentration range 0.1-100 nmol (r =

1.000). Tanshinones cannot be detected with system B.
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TABLE I

RETENTION TIMES AND CAPACITY FACTORS FOR TANSHINONES AND FERRUGINOL
STANDARDS

Compound System A System C

tR k' tR k'
(min) (min)

Ferrugino1 5.6 0.49
Dehydromiltirone 6.4 0.71 22.2 12.21
Tanshinone IIA 7.3 0.95 23.4 12.93
Methy1enetanshinquinone 8.2 1.19 22.2 12.21
1,2-Dihydrotanshinone 8.2 1.19 22.2 12.21
Tanshinone I 9.6 1.56 21.2 11.62
Cryptotanshinone 16.4 3.37 20.4 11.14
Dihydrotanshinone I 19.6 4.23 18.0 9.71
Tanshinone V 16.0 8.52
Tanshinone lIB 14.6 7.69
Tanshinone VI 13.0 6.74
Tanshindiol C 8.4 4.00
Tanshindio1 B 6.8 3.05
Tanshindio1 A 6.4 2.81

Reversed-phase HPLC
Tanshinone V and VI, tanshindiol A-C and tanshinone_ IIB, the polar

tanshinones, cannot be detected using normal-phase HPLC. Therefore, we developed
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Fig. 2. Separation oftanshinones in the root ofS. miltiorrhiza using system A. Peaks: 1 = dehydromiltirone;
2 = tanshinone lIA; 3 = methylenetanshinquinone and 1,2-dihydrotanshinquinone; 4 = tanshinone 1;
5 = cryptotanshinone; 6 = dihydrotanshinone 1.
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Fig. 3. Separation of ferruginol in Tan-Shen using system B.
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Fig. 4. Separation oftanshinones in Tan-Shen using system C. Peaks: I = tanshindiol A; 2 = tanshindiol B;
3 = tanshindiol C; 4 = tanshinone VI; 5 = tanshinone lIB; 6 = tanshinone V; 7 = dihydrotanshinone I;
8 = cryptotanshinone; 9 = tanshinone I; 10 = dehydromiltirone, methylenetanshinquinone and
1,2-dihydrotanshinquinone; 11 = tanshinone IIA.
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a reversed-phase HPLC procedure by which the polar tanshinones can be studied both
quantitatively and qualitatively.

System C resulted in the separation of most tanshinones, except dehydro
miltirone, methylenetanshinquinone and 1,2-dihydrotanshinquinone, which com
pletely overlapped each other (shown in Fig. 4). The calibration graphs for tan
shinone V and VI and the less polar tanshinones (tanshinone ITA and I, cryptotan
shinone, dihydrotanshinone I) in the concentration range 0.03-5 nmol followed
a straight line (I' = 0.999-1.000) with system C. Tanshindiol A-C and tanshinone ITB
also yield distinct peaks, although the linear range was not examined.

Tanshinone VI is the most effective of the tanshinones in protecting the
myocardium against ischaemia-induced derangements. [t is difficult to measure
tanshinone VI in tissues with system C, because it cannot be separated from impurities.
It can be achieved, however, by using a sample pretreated with 5% aqueous sodium
carbonate, even for low concentrations in tissues, with system D (tR = 22.0 min, k' =

14.71), as shown in Fig. 5. Good linearity was obtained at levels of 0.1-2 nmol (I' =
0.999).

We recommend system A for the less polar tanshinones and system C for the
highly polar tanshinones. A sample containing tanshinones of high and low polarities
can best be analysed by using a combination of both methods. Similar results were
obtained with both systems A and C with the less polar tanshinones. The determina
tion of tanshinone VI and ferruginol are achieved best with systems Band D,
respectively.

tanshinone VI

30o S 10 lS 20 2S
reten tion time (min)

Fig. 5. Separation of tanshinone VI in the root of S. rniltiorrhiza using system D.
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TABLE II

RECOVERY AND PRECISION FOR TANSHINONES AND FERRUGINOL

Compound System Initial Added Recovery Relative standard
amount (/lg) Cilg) (%)a deviation (%)b

Ferruginol B 108.1 66.0 97.1 ± 5.7 1.53
Tanshinone IIA A 707.4 316.7 99.2 ± 0.9 0.53
Tanshinone I A 116.6 55.6 96.5 ± 1.0 0.60
Cryptotanshinone A 241.1 102.9 101.2 ± 2.7 0.54
Dihydrotanshinone I A 46.3 18.5 96.3 ± 1.2 0.73
Tanshinone VI D 22.5 9.6 89.8 ± 3.0 1.92

a Results are means ± standard deviation from three independent extractions.
b n = 10.

Recovery experiments
Recovery experiments were carried out by adding known amounts of tan

shinones and ferruginol to the homogenate of regenerated plants. The mixture was
extracted and assayed according to the above procedure. Table II summarizes the
percentage recoveries and the statistical evaluation for tanshinones and ferruginol.

Determination of tanshinones and ferruginol
Ferruginol is found only in the roots of intact plants, as are tanshinones [10]. The

contents of tanshinones and ferruginol in the roots of regenerated plant, the parent
plant, water-cultured plant and Tan-Shen are given in Table III. One-year-old roots of
regenerated plants contained 3-7 times more tanshinones than Tan-Shen, an amount
similar to that in the parent plant (about 1 year old). This study on plant regeneration
suggests useful and relatively rapid culture methods for the production oftanshinones;
currently, commercial Tan-Shen is obtained from the roots of S. miltiorrhiza cultured
for 4-5 years.

TABLE III

CONTENT OF TANSHINONES IN REGENERATED PLANT, PARENT PLANT, WATER
CULTURED PLANT AND TAN-SHEN DETERMINED USING SYSTEMS A AND B

Material Concentration (% dry weight)

Tanshinone IIA Tanshinone I Crypto- Dihydro- Ferruginol
tanshinone tanshinone I

Regenerated plant" 1.102 0.172 0.335 0.077 0.089
Parent plantb 1.524 0.141 1.141 0.104 0.117
Water-cultured plant' 0.011 0.007 0.018 0.015 0.012
Commercial Tan-Shen 0.150 0.050 0.050 0.025 0.074
Callusd 0.116 0.034 0.106 0.037 0.052

" Cultured in Tsukuba since May 1988 and harvested in June 1989.
b Cultured in Tsukuba and harvested in November 1987 (about I year old).
, Cultured for 3 months.
d Obtained by adventitious root culture.
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TABLE IV

CONTENT OF TANSHINONES IN REGENERATED PLANT AND PARENT PLANT BY
SYSTEMS A AND B

Material Concentration (% fresh weight)

Tanshinone IIA

Regenerated planta
;

Nov. 1988b 0.31
Jan. 1989b 0.14

Parent plant', Tsukuba 0.48

Tanshinone I Crypto-
tanshinone

0.04 0.07
0.02 0.03
0.04 0.36

Dihydro
tanshinone I

0.01
0.01
0.03

Ferruginol

0.06
0.04
0.12

U Cultured in Tsukuba since May 1988.
b Harvest time.
, Cultured in Tsukuba and harvested in November 1988 (about I year old).

Table IV shows a comparison of the contents of the tanshinones and ferruginol
in the roots of regenerated plants harvested at different times. The content in tissue
harvested in November was approximately twice that in tissue harvested in January. It
appears that the production of tanshinones and ferruginol is greatly influenced by the
season.

Determination and partial synthesis of tanshinone VI
Tanshinone VI is one of the most effective components of S. miltiorrhiza, as

described previously. It is difficult to isolate sufficient for analysis because of the low
levels found in various sources (Table V). Therefore, we studied the partial synthesis of
tanshinone VI from dihydrotanshinone I with the use of system C. Dihydrotan
shinone I was treated with I M hydrochloric acid in 50% methanol for I h at 80°C,
giving a yield of tanshinone VI of 69.5%.
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ABSTRACT

Reversed-phase high-performance liquid chromatography was applied to the determination of the
triterpenoids compositions in the Chinese medicinal fungus Ganoderma lucidum (Fr.) Karst and several
taxonomically related species. Twenty-five well-characterized reference triterpenoids were selected for
compositional comparison. It was found that characterization based on triterpenoid profile mapping was
compatible with the morphological classification. The very unique oxygenated triterpenoids, which up to
now have only been identified in the genus Genoderma, provided supporting evidence for classification. The
triterpenoid profiles also gave characteristic information for distinguishing this medicinal fungus from
other taxonomically related species. The method was also applicable to screening of specific triterpenoids
with particular biological activities.

INTRODUCTION

Many secondary metabolites, such as terpenoids, flavonoids and phenolic nat
ural products, have been used as marker compounds for the characterization and
classification of taxonomically related fungi and higher plants [1,2], These metabo
lites can provide useful information for chemical taxonomy provided that their occur
rence and compositions are characteristic of a single, unique genus or are restricted to
only a few closely related species. Common natural products or secondary metabo
lites which are greatly subjected to seasonal variations or subtle changes in culture
conditions are not suitable for this purpose. In addition, the determination of these
marker metabolites is essential for elucidating their compositions and abundance.
Gas chromatography (GC) and high-performance liquid chromatography (HPLC)
are nowadays the most commonly employed methods for this purpose [3,4].

Ganoderma lucidum (Fr.) Karst (Polyporaceae) and related species are fungi
used in traditional Chinese medicine [5], Recent studies on this fungus have demon
strated many interesting biological activities, in1cuding anti tumour, anti-inflammato
ry and cytotoxicity to hepatoma cells [6,7], Inhibitory activities of histamine release,
platelet aggregation, cholesterol biosynthesis and angiotensin-converting enzyme
(ACE) have also been reported [8-10]. Accumulated evidence supported the sugges
tion that these biological activities are mainly associated with oxygenated triterpe
noids [11-21].

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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Particularly interesting from the taxonomical point of view is the natural occur
rence of over 100 species of oxygenated triterpenoids, which have been identified
recently from the culture mycelia and fruiting bodies of G. lucidum. These triterpe
noids have several structural features of particular note. Their common lanostanoid
skeleton contains highly oxygenated functionalities, namely hydroxyl, acetoxyl and
oxo groups at C-3, C-15, C-22, C-23, and many other positions [12-16]. The C-26
carbon is also functionalized to the hydroxyl or carboxyl status in many triterpenoids
of G. lucidum (Fig. 1). Most of these oxygenated triterpenoids have not been reported
in other genera ofPolyporaceae, although extensive screening has not yet been car
ried out for detailed comparison. To pave the way for the later application of these
triterpenoids in the chemical taxonomy of the genus Ganoderma, the structural deter
mination of many triterpenoids in this fungus has been accomplished recently.
Screening of better producing strains for those biologically active triterpenoids is also
desirable in pharmacological studies.

Both these two aspects rely heavily on the determination of these triterpenoids
by chromatographic methods. We have previously elucidated the chromatographic
behaviour of these oxygenated triterpenoids using silica gel thin-layer chromatogra
phy and normal-phase HPLC [22]. As multiple and different polar functional groups
can occur, the volatilities of these triterpenoids are low. GC is less practical for direct
measurement. It is also worth mentioning that many pairs of stereo- and positional
isomers can appear simultaneously in the culture mycelia and fruiting bodies of G.
lucidum. We have determined the contributions to molecular polarity of the hydroxy
(OH) and acetoxy (OAc) substituents at the C-3 and C-15 positions in governing the
retention behaviour (capacity factors) by using reversed-phase HPLC [23]. The trend
of their weighing factors is as follows: 3fi-OH > 3rx-OH, 15rx-OH > 3cc-OAc >
3fi-OAc. The chromatographic behaviour of these oxygenated triterpenoids allowed
us to apply a binary solvent system of acetonitrile and water with gradient elution for
optimum resolution of many pairs of stereo- and positional isomers [23]. The aim of
this study was to explore the applicability of triterpenoid patterns, based on reversed
phase HPLC, to the chemical taxonomy of the fungus G. lucidum. The determination
and comparison of production yields of several desired triterpenoids in the genus
Ganoderma were also tested. The triterpenoid profiles of G. lucidum and several taxo
nomically related species are reported.

EXPERIMENTAL

Cultures of Ganoderma and related species
Two strains of G. lucidum (ATCC 32471 and 32472) were obtained from the

American Type Culture Collection (Rockville, MD, U.S.A.). Strains CCRC 36111,
36114,36143,36144,36110,36125 and 36021 were obtained from the Culture Collec
tion and Research Centre (CCRC), Food Industry Research and Development In
stitute (Hsinchu, Taiwain). Strains TP-1 and G.l.-chen were collected locally. Strains
ATCC 64251 and CJ-3 were obtained from the Institute of Botany, Academia Sinica
(Taiwan). All strains were maintained on potato-dextrose-agar slants. For mycelial
culture, fungi were inoculated in 1-1 culture flasks containing 300 ml of medium
consisting of 30 g of dextrose, 20 g of malt extract, and 1 g of peptone per litre of
distilled water at pH 6.5. Each strain was inoculated into three culture flasks and
stationary cultures were maintained at 28 ± l.soC for 30 days [12,24].
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General procedure for the isolation of oxygenated triterpenoids
Mycelia were harvested by filtration through four layers of cheesecloth and

were gently washed with water. The dry weight was obtained by heating the mycelia
at 45"C in darkness for 48 h. About I g of mycelia from each sample was precisely
weighed, ground into powder and extracted three times with 15 ml of methanol. The
pooled extracts were concentrated on a rotary evaporator. Each concentrated prep
aration was suspended in 1.5 ml of methanol and passed through glass-wool in a
disposable pipette to remove insoluble matter. To remove lipophilic metabolites, the
filtrate was passed slowly through a Sep-Pak cartridge column [Waters Assoc. (Mil
ford, MA, U.S.A.), C18 reversed phase]. Columns was eluted with acetonitrile and
5-ml volumes of eluates were collected. The solvents were evaporated to dryness at
45"C with a stream of nitrogen in darkness. The concentrated residues were weighed
and dissolved in I ml of acetonitrile for the determination by HPLC.

Determination of triterpenoids by reversed-phase HPLC
A Model 1084B solvent-delivery system (Hewlett-Packard, Avondale, PA,

U.S.A.) equipped with a Rheodyne Model 7125 sample injector, a Model 440 varia
ble-wavelength UV detector (Waters Assoc.) and a Model 79850B integrator (Hew
lett-Packard) was used in the HPLc analysis. Separation was performed on a pre
packed reversed-phase column (Cosmosil 5 C18 , 5 .urn, 25 x 0.46 cm J.D.; Nacalai
Tesque, Kyoto, Japan). Multi-step linear gradient elution with a binary solvent sys
tem of acetonitrile and ,vater was employed [23]. To achieve better resolution in the
separation of triterpenoids containing a C-26 carboxyl group, a constant concentra
tion of acetic acid (0.5%, v/v) was used to suppress the ionization. These oxygenated
triterpenoids all contain a transoid diene skeleton and showed very strong and almost
identical UV absorption at 235 nm (log e = 4.14),243 nm (log e = 4.16) and 251 nm
(log e = 3.97) in methanol [12]. Routinely, post-column UV detection at 243 nm was
used. Quantification was based on the peak areas of the corresponding triterpenoids.
At least ten reference triterpenoids (compounds 1-10 in Table I) were used to con
struct the calibration graphs.

Identification of oxygenated triterpenoids
Identification of triterpenoids in the HPLC profiles was based on their co

migration with the authentic triterpenoid standards. The reference standards were
purified from G. lucidum (strains ATCC 32471 and TP-I). Their structures were
completely identified by the spectroscopic methods reported previously [12-16]. To
confirm the identity of these oxygenated triterpenoids produced in species which were
not G. lucidum, several representative peaks in HPLC were also collected for UV and
mass spectrometric identification.

RESULTS AND DISCUSSION

The compositional study of oxygenated triterpenoids in G. lucidum and related
species was conducted in a comparable manner. We cultured these fungi under identi
cal conditions for 30 days. Based on a previous study of strains TP-l and ATCC
32471, this culture period was long enough to reach the stationary phase as judged by
the mycelial biomass [24]. Under these conditions, the concentrations of the two most
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abundant triterpenoid metabolites, namely lanosta-7,9(11),24-trien-3a,15a-diacet
oxy-26-oic acid (compound 1 in Fig. 1) and lanosta-7,9(11 ),24-trien-3tJ, 15a-diacet
oxy-26-oic acid (compound 2), which are epimers at C-3 in pairs, reached their pla
teau on day 28. The triterpenoid patterns remained unchanged in the reference strains
(ATCC 32471 and TP-l) at least until day 50 [12]. In the culture of G. lucidum, the
yellowish to brownish yellow pigments appeared between days 14 and 20, which was
also the vigorous production period of these two major oxygenated triterpenoids.
Ergosterol and other lipophilic metabolites were also produced in significant amounts
by these fungi.
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Fig. 2. Reversed-phase HPLC trace of reference triterpenoids (compounds 1-6 and 8--25). Column, Cos
mosil 5 CIS' 25 x 0.46 cm 1.D. Eluent A, methanol-acetic acid (100:0.5, v/v); eluent B, methanol-water
acetic acid (80:20:0.5, v/v/v); flow-rate, 1.0 ml/min; UV detection at 243 nm. Gradient elution was started
with 80% methanol, increased linearly to 84% in 15 min, to 86% in a further 15 min, to 88% in 10 min, to
94% in a further 10 min and finally to 100% in 20 min.
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G.l.-chen gave very similar triterpenoid patterns (Table I). These two strains also
produced many common triterpenoids which also appeared in the reference strains of
G.lucidum (TP-l and ATCC-32471). The major difference between these two groups
of Ganoderma species was that strains CCRC 36143 and G.l.-chen produced more
polar triterpenoids listed in Fig. I, which were eluted in front of triterpenoids 1 and 2
in reversed-phase HPLe. We confirmed that their major metabolites were com
pounds 10, 13 and 15. However, compounds 1 and 2 were still detectable in strains
CCRC 36143 and G.l.-chen (Table I). The strains CCRC 36111 and 36144 were listed
as G. lucidum by CCRe. They produced many triterpenoids which were common to
those of reference strains ATCC 32471 and TP-l (Fig. 4). However, their relative
abundances were different (Table I). Interestingly, strain ATCC 64251, which was
originally collected in Taiwan, also showed a triterpenoid pattern almost identical
with that of CCRC 36111 (Fig. 4). The taxonomic classification of these strains
remained to be clarified.

This study has illustrated the potential application of triterpenoid patterns in
the chemical taxonomy of the genus Ganoderma. The information about triterpenoid
patterns provided by HPLC and morphological characterization was generally in
good agreement. This profile analysis should also be useful for the screening of partic
ular triterpenoids with known biological activities. Both applications rely heavily on
the precise determination of marker triterpenoids, which has been achieved.
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ABSTRACT

High-performance ion-exchange chromatography and immunoaffinity chromatography suggest that
Par jI, the principal allergenic component of Parietariajudaica pollen, is a very unstable molecule, which
tends to fragment in solution. Several fragments were obtained from Par jI and some of them show
positivity toward the anti-Par jI monoclonal antibody, suggesting that they retain the entire structure of the
allergenic determinant. These fragments could be the target for sequence and conformation studies.

INTRODUCTION

Parietaria pollen allergenic extracts are used in the immunotherapy of allergic
diseases. As these extracts consist of a mixture of heterogeneous proteins, studies
aimed to improve their standardization and their chemical composition are needed.

A variety of chromatographic [1-7], electrophoretic and immunochemical [8
11] techniques have been attempted. In particular, the combination of sodium dode
cyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and reversed-phase
high-performance liquid chromatography (RP-HPLC) led to the isolation of an al
lergenic protein with a molecular weight of 10 000 dalton, called Par jI [12], which can
polymerize spontaneously. On the other hand, using high-performance ion-exchange
chromatography (HPIEC) we obtained at high elution volume a fraction containing a
single component, probably derived from the dissociation of a homopolymer as a
result of the dissociating effect of the ionic strength gradient used. This component
seems similar to Par jI allergen, as demonstrated by SDS-PAGE, isoelectric focusing
(IEF) and crossed immunoelectrophoresis (eIE) [13].

Recent evidence suggests the importance of studies on the molecular structure

002 [-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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of allergens, in order to define epitopes that may represent targets of the human
allergic response. The fragmentation with cyanogen bromide of the major allergen of
Festuca elatior (Fes eI) allowed a peptide fragment with immunoglobulin E (IgE)
binding ability to be obtained. This was also able to induce an IgG response which
cross-reacted with the entire allergen when used as an immunogen in mice [14]. This
could occur also with Parietaria, as a low-molecular-weigth peptide having allergenic
activity has been isolated [15].

In order to isolate allergenic peptides from Parietaria pollen extract, we used
alternatively a combination of HPIEC and high-performance size-exclusion chroma
tography (HPSEC), or a combination of affinity chromatography and HPSEC or a
combination of methanol extraction and HPSEC.

EXPERIMENTAL

Preparation of Parietaria pollen extract
A lO-g sample of defatted dry pollen obtained from Allergon (Engelholm, Swe

den) was extracted with 200 ml of 0.15 M phosphate buffer (pH 7.2) for 24 h at 4°C.
After centrifugation at 28 000 g for 40 min the solution was filtered on a Sephadex
G-25 gel column (ratio of sample to adsorbent = I:5) with 20 mM phosphate buffer
(pH 6.8) as the eluent. The exclusion peak corresponding to blue dextran was collect
ed and lyophilized.

HPLC analyses
HPSEC was performed by dissolving lyophilized pollen extracts in 0.15 M

phosphate buffer (pH 6.8)-0.5 M potassium chloride and injecting the solution
through a Rheodyne 100-pl loop. A Varian (Palo Alto, CA, U.S.A.) 5500 HPLC
gradient instrument was used equipped with a Synchropak 100 column (SynChrom,
Lafayette, IN, U.S.A.) with 0.15 M phosphate buffer (pH 6.8)-0.5 M potassium
chloride as eluent at a flow-rate of 0.8 ml/min. The detector was a Hewlett-Packard
(Palo Alto, CA, U.S.A.) Model 1040 diode-array detector.

HPIEC with an ionic strength gradient was performed by dissolving the materi
al in 10 mM T~is-aceticacid buffer (pH 7.0)-100 mM sodium acetate at the required
molarity and injecting the solution through a Rheodyne 5-mlloop. A Waters Delta
Prep 3000 HPLC instrument equipped with a TSK DEAE-5 PW ion-exchange col
umn (15 em x 21.5 mm J.D.) was used, eluting with a 50-min gradient from solvent A
to B, where A was 10 mM Tris-acetic acid buffer of the required pH plus sodium
acetate of the required molarity and B was 10 mM Tris-acetic acid buffer of the
required pH containing 500 mM sodium acetate. The flow-rate was 6 ml/min. The
fractions were then analysed by the direct radio-allergo-sorbent test (RAST).

Reversed-phase (RP) HPLC was performed using a LiChrosorb RP-C 18 col
umn (25 em x 4 mm J.D.) (Merck-Bracco, Milan, Italy). The material was dissolved
in methanol and injected into the Waters instrument previously described using a
IOO-plloop, then eluted with a 30-min linear gradient from A [0.1 % aqueous trifluo
roacetic acid (TFA)-acetonitrile (70:30)] to B [0.1 % aqueous TFA-acetonitrile
(10:90)]. The individual fractions were lyophilized and the residue was analysed by
direct RAST.
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Monoclonal antibody to Par jf
Cells producing monoclonal antibody to Par jI were expanded in vivo by in

jecting 2 . 106 cells intraperitoneally into Balblc mice pretreated with pristane. The
ascitic liquid was separated from cells by centrifugation at 1680 g for 10 min, precip
itated with 50% saturated ammonium sulphate and extensively dialysed against 0.1
M sodium hydrogencarbonate (pH 8.3).

The ascitic liquid was further purified on protein Sepharose G, eluting IgG
fractions with 0.1 M glycine hydrochloride (pH 2.7). The fractions corresponding to
the peak were pooled and dialysed against 0.1 M sodium hydrogencarbonate (pH
8.3).

fmmunoabsorbent preparation for conventional affinity chromatography
The purified immunoglobulin fraction from ascitic liquid was covalently cou

pled to a properly activited support (Affi-Gel 10; Bio-Rad Labs., Segrate, Milan,
Italy) by continuous stirring for 4 h at room temperature. After blocking residual
reactive sites by 1 M ethanolamine hydrochloride (pH 8), the gel was transferred to a
10 x 1.2 cm 1.0. Bio-Rad column and washed with coupling buffer until the absor
bance at 280 nm was close to zero.

Conventional affinity chromatography
The immunoabsorbent column prepared as above was used for the purification

of 10 ml of a gel-filtered Parietaria judaica extract with a protein content of 0.8
mglml. After washing with phosphate-buffered saline (PBS) (pH 7.2) until the absor
bance at 280 nm was close to zero in the eluent, the antibody-bound fraction was
eluted with 2 M sodium chloride in PBS buffer (pH 7.2). The eluted fraction was
dialysed against 10 mM PBS, lyophilized and tested by direct RAST, then further
analysed by HPSEC

fmmunoabsorbent preparation for high-performance affinity chromatography
The purified immunoglobulin fraction from ascitic liquid was covalently cou

pled to a properly activated support using an Affi-prep 10 affinity cartridge (25 x 15
mm 1.0. (Bio-Rad Labs., Segrate, Milan, Italy) according to the procedure recom
mended by the producer (Bulletin 1237).

High-performance affinity chromatography
The extract of Parietariajudaica (1 ml, protein content 0.8 mg/ml) was applied

to the column which was eluted with 2 M sodium chloride in 0.15 M phosphate
buffered saline (PBS) (pH 7.2). The eluted fraction was dialysed against 10 mM PBS,
lyophilized and tested with direct RAST, then further analysed by HPSEC

Methanol extraction
A sample of 40 mg of gel-filtered Parietariajudaica extract was treated with 10

ml of methanol with stirring for 15 min at room temperature. The soluble fraction
was then separated by centrifugation at 4200 g for 15 min. The solvent was evaporat
ed at reduced pressure at room temperature and the residue was analysed by direct
RAST, then analysed by HPSEC
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Radio-allergo-sorbent test (RAST)
The fractions were bound to cyanogen bromide-activated paper discs, and di

rect RAST or RAST inhibition was performed according to Yman el al. [16] using a
pool of sera from 95 patients with high sensitivity to Parietaria judaica pollen and
polystyrene beads as solid phase (Sferikit, Laboratorio Farmaceutico Lofarma, Mi
lan, Italy).

For immunocapture RAST, the purified immunoglobulin fraction derived from
ascite was bound to activated polystyrene beads, then used for a direct RAST.

RESULTS AND DISCUSSION

The HPIEC purification of the Parietaria extract could give better results if
performed at different pH values and with different ionic strength gradients. These
could act as better dissociating conditions for the homopolymerized allergen and
allow the enrichment into the monomer to be optimized.

The first experiment was performed using a pH 7 buffer and a linear gradient of
ionic strength from 250 to 500 mM sodium acetate, in order to have the maximum
dissociating power of the eluent throughout the chromatography. The result is shown
in Fig. 1a. Direct RAST analysis of all the fractions showed that the allergenic activ
ity was spread over the chromatogram. lEF analysis of the fractions indicated that
most components were eluted in the first part of the chromatogram. Fractions 23 and
25 had mainly a band at pI 4.5, which could correspond to the major allergenic
protein of Parietaria pollen extract, i.e., Par jI. Hence this chromatographic region
was analysed by HPSEC.

The result from fraction 26 is shown in Fig. 2a and a RAST test using a mono
clonal anti-Par jI antibody was performed. This showed that both the main peak in
Fig. 2a and the peak at a 15.6-min elution time were allergens, suggesting that Par jI
was eluted in the main peak (centred at about mol. wt. II 000 dalton), and that in the
minor peak a peptide oflower molecular weight that contained the allergenic determi
nant was eluted. This peak was analysed with a diode-array detector and showed a
sharp absorption at 278 nm.

A further experiment was effected using a pH 5 buffer and a linear ionic
strength gradient from 100 to 500 mM sodium acetate and the fractions were ana
lysed by direct RAST. The result is shown in Fig. lb. The individual fractions were
analysed by HPSEC and most of these had the chromatographic profile shown in Fig.
2b for fraction 8. Also in this instance, RAST analysis was performed with the mono
clonal anti-Par JI antibody. Again the major peak containing Par jl was accompanied
by the peak at a 15.5-min elution time. Calibration of the column suggested an
apparent molecular weight slightly higher than 5000 dalton which contained the
allergenic determinant and absorbed at 278 nm. Diode-array detection showed that
no contaminant was coeluted in this peak in most fractions. The experiments reported
in Fig. 1a and b showed that a pH 5 mobile phase allowed fractions to be obtained
from which this peptide could be recovered by purification using HPSEC.

These results suggested that the structure of the allergenic determinant in Par jl
could be obtained by isolating peptides positive to the monoclonal anti-Par jl anti
body, instead of isolating the very elusive Par jl itself.

Confirmation of these data was obtained submitting the Parietaria total extract



ALLERGENIC FRAGMENTS IN P. JUDAICA EXTRACT 341

0.4

500
E
c:

g
N

<l> .,

g 0.2
-e cE
5l ?f'.
.0« 1---

30

'*
20 t;;«

0<:

f- 10

+-,_..........-rl-- ,r----
o 1

o 10 20 30 40

o
50

min --+

'*I-
20 ~

0<:

30

o

10

b

A
~

~L
~

V
~

1\
v f-

V >--
l- f-

0/ 1\ll+-
vi-- r-..t'-,

~1/
l- I-

1/

1-

500

o

10

E
c:

o 0.2
00
N

~ ~
c: CDco-e ?f'.

~ 01
«

o 10 20 30 40 50 60
min --+

Fig. l. Preparative HPIEC separation of Parietaria pollen extract and RAST analysis of the fractions.
Column: DEAE-5PW. Ionic strength gradient: (a) 10 mM Tris-acetic acid buffer (pH 7.0)-250 mM sodium
acetate (eluent A), 10 mM Tris-acetic acid buffer (pH 7.0) containing 500 mM sodium acetate (eluent B);
(b) 10 mM Tris-acetic acid buffer (pH 5.0)-100 mM sodium acetate (eluent A), 10 mM Tris-acetic acid
buffer (pH 7.0) containing 500 mM sodium acetate (eluent B). Flow-rate, 6 ml/min; 12-ml fractions were
collected.

to immunoaffinity chromatography. In a first attempt, a monoclonal anti-Par jI anti
body purified by ammonium sulphate precipitation was coupled to the stationary
phase in conventional affinity chromatography. Elution with sodium chloride solu
tion gave an eluate which was analysed by HPSEC. Several peaks appeared in the
chromatographic region where Par jI was expected.

In order to improve the separation efficiency of the immunoaffinity approach, a
further immunoaffinity chromatographic experiment was then performed using an
HPLC column, and the same monoclonal anti-Par jI antibody was used. Elution with
sodium chloride solution gave an eluate which was analysed by HPSEC. Several
components were present in the eluate; these were collected, submitted to immuno-
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capture RAST and all the fractions were positive to RAST except one. Hence the
allergenic determinant of Par jI was contained in a family of fragments.

Small peptides are sometimes extracted from complex proteic material by sol
vent extraction. Hence, some of these allergenic fragments could possibly be obtained
by methanol extraction from the crude extract.

The gel-filtered extract of Parietaria pollen was extracted with methanol and
centrifuged in order to eliminate the insoluble part of the extract. The solution ob
tained was analysed by HPSEC. The chromatogram showed a major peak at 18 min,
which was positive in the RAST with monoclonal antibodies. Moreover, diode-array
detection showed only a shoulder at 270 nm. The fractions containing this peak were
further analysed using a reversed-phase CIS column with a 30-min linear gradient
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(70:30) (eluent A) to 0.1 o!<, aqueous TFA-acetonitrile (10:90) (eluent B).

from 0.1 % aqueous TFA-acetonitrile (70:30) to 0.1 % aqueous TFA-acetonitrile
(10:90). In this way we isolated the peak at a 20-min elution time, which was positive
to the RAST test (Fig. 3). Diode-array detection of the peak showed a high purity.

In conclusion, these chromatographic experiments suggest that Par jI is a very
unstable allergen, which tends to fragment when in solution. Several peptides were
obtained from Par jI, and some of them show positivity toward the anti-Par jI mono
clonal antibody, suggesting that they retain the entire structure of the allergenic
determinant. These peptides could then be the target of further studies and the opti
mization of their isolation could lead to sufficient material for sequence and confor
mation studies.
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ABSTRACT

The relatively slow kinetics of formation of the electroactive Cu(II)-peptide complexes from larger
(> 6 amino acids) peptides requires relatively high temperature and long reaction times for a postco[umn
reactor. The precolumn incubation of bradykinin, Tyr8-bradykinin and insulin A chain with biuret reagent
for 20 min at 60'C leads to the formation of biuret complexes which can be subjected to chromatography in
acidic or basic eluents. These complexes are detected electrochemically with a sensitivity similar to the
Cu(II)-(ala)3 complex (l nC(pmol at 1.0 ml/min). The influence of the column-packing material on the
electrochemical detector response of the Cu-peptide complexes has also been studied.

INTRODUCT[ON

Reaction detection in liquid chromatography [I] has been used to increase
detection sensitivity by the introduction of suitable chromophores or fluorophores,
and to increase detection selectivity by using specific reactions. While certainly less
convenient than detection by means of the native property of a compound, the gain in
detection limit, sensitivity or selectivity is often substantial.

Recently, we [2,3] have introduced a method for the detection of peptides
following their liquid chromatographic separation. The postcolumn reaction is the
biuret reaction [4] which has been employed in an absorbance scheme for detection [5].
The poor detection limits in the latter technique do not recommend it for trace
determinations. However, the electrochemical approach yields detection limits for
small peptides (3-6 amino acids) of around 0.2 pmol in a 20-,LlI injection into a 15 cm
x 4.6 mm J.D. reversed-phase column [2] (10 nM).

The detection system is based on the formation of Cu(II)-peptide complexes in
the classical biuret reaction. The chemistry ofCu(H)-tripeptide complexes has recently
been studied in great detail in a series of papers by Margerum [6] who showed in
particular that these coordination compounds are easily oxidized to the Cu(III) form.
Dual-electrode electrochemical detection can be used because the biuret electro
chemistry is reversible. The first electrode in the series of two electrodes acts as an
anode, or generator, by oxidizing the solutes passing by it in the flowing stream. The
second electrode acts as a cathode or collector, reducing the products of the first
electrode that are carried across its surface by the flow stream.

002 [-9673/9 [/$03.50 © [991 Elsevier Science Publishers B.V.
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We reported previously [2] that a tetradecapeptide, fibrinopeptide A, was about
100-fold less sensitively detected than a model tripeptide, A3 . This note demonstrates
that precolumn formation of the complex leads to sensitivity equal to or better than the
model compound for three larger peptides.

EXPERIMENTAL

The measurements were carried out on an apparatus consisting of two Waters
M45 pumps, a Rheodyne 7125 injection valve with a 20-,u1 sample loop, a BAS
detection cell with a dual glassy carbon electrode, a BAS LC-4B amperometric
detector and a BBC Goerz dual channel recorder. A stainless-steel auxiliary electrode
and a silver-silver chloride reference electrode (purchased from BAS) were used. With
no chromatographic column, this is a flow-injection system. C I8 columns (15 cm long,
Waters Nova-Pak) and ZrOz-polybutadiene (PBD) columns (a kind gift from
Professor P. W. Carr, University of Minnesota) were also used. Control over
postcolumn reactor temperature was by placement of knotted PTFE tubing into
a BAS column heater.

Optical absorbance measurements were carried out with an IBM Model 9420
UV-visible spectrophotometer equipped with a cell holder, the temperature of which
could be controlled with a recirculating bath (Haake). Reagents were brought to the
appropriate temperature before mixing and spectrophotometric observation.

The following reagents were used without further purification: potassium
phosphate monobasic and dibasic GR crystals, acetonitrile (HPLC grade), and
phosphoric acid (E.M. Science, Cherry Hill, NJ, U.S.A.), sodium carbonate anhy
drous and sodium bicarbonate (Fisher Scientific, Pittsburgh, PA, U.S.A.), sodium
hydroxide pellets (J.T. Baker, Phillipsburgh, NJ, U.S.A.). All peptides were purchased
from Sigma (St. Louis, MO, U.S.A.). Potassium sodium tartrate (Aldrich, Milwaukee,
WI, U.S.A.) was recrystallized from water before use. Water was doubly deionized and
passed through an activated carbon column before distillation in a Corning system. All
the solutions were filtered through nylon-66 filters (pore size 0.2 ,urn, purchased from
Rainin, Woburn, MA, U.S.A.) before use.

Aqueous peptide solutions containing 4 nmol in a 20-,u1 injection were injected
for the postcolumn experiment; 0.2-0.4 nmol of the Cu-peptide complexes were
injected in the precolumn reaction system.

RESULTS AND DISCUSSION

Temperature and biuret reaction time effects
We reason that the lower sensitivity to the larger peptide is kinetic in origin. The

visible absorbance from the biuret complex measured vs. time at 20.8°C shows that
bradykinin (nonapeptide) requires at least 2 min for complete reaction (Fig. 1). Fig.
2 shows that increasing the postcolumn reaction time from 0.1 to 0.7 min and
increasing the temperature of the reactor up to 70°C increases the sensitivity of the
system to bradykinin, but only by a factor of at most five (up to 0.1 nC/pmol). This still
leaves one order of magnitude to be gained compared to smaller peptides like A3

(typical sensitivity 1.0 nC/pmol). The reaction time was increased by using longer
knotted PTFE tubing (0.01 in. J.D.) after the mixing "T". It is unlikely that the
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Fig. l. Color development of bradykinin-Cu reaction vs. time. Concentrations are 0.1 mM bradykinin,
0.7 mM Cuz+,4.2 mM tartrate, pH 10.0 ± 0.1, wavelength set at 530 nm.

reaction solution heated up from room temperature to 70°C in 0.1 min, so the
temperatures shown here must be regarded as those of the column heater, not
measured reaction temperatures. Even so, it is evident that dramatic increases in
reaction time would be required to obtain a sensitivity equivalent to A3 for the larger
oligopeptides.

An alternate approach is to use precolumn reaction. The incubation of peptides
(bradykinin, Tyr8 -bradykinin, insulin A chain) with biuret reagent for 20 min at 60°C
leads to the formation of the complex. These complexes yield good sensitivity in
a flow-injection experiment (Table I). The eluent contained 1.0 mM Cu2

+, 3.0 mM
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Fig. 2. Temperature and biuret reaction time effects on the electrochemical detector response of
bradykinin-Cu complex. Postcolumn biuret reaction time: 0.1 min (0), 0.6 min (6), 0.7 min (e).
Chromatographic conditions: column, Waters Nova-Pak CIS; mobile phase, 0.1 % trif1uoroacetic acid in
acetonitrile-H 20 (3:7); postcolumn reagent, 0.25 M NaHCO), 0.25 M NazCO), 0.1 mM Cu 2 +. 2.0 mM
tartrate. Mobile phase: postcolumn reagent ratio is 60:40, f1ow-rate is 2.0 ml/min. Anodic potential is 0.80
V vs. Ag/AgCI in 3 M NaCl reference electrode.
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TABLE I

ANODIC SENSITIVITIES (nC/pmol) VS. POTENTIAL

Data from flow injection. The eluent contains 1.0 mM CUI +, 3.0 mM KNa tartrate, 0.10 M NaIC03 and
0.02 M NaHC03 . The pH is 10.5 ± 0.1 and the flow-rate is 1.0 ml/min. The peptides were prepared in the
eluent and incubated for 20 min at 60°C.

Peptide Potential (V v.\". Ag/AgCl in 3 MNaCl)

0.5 0.6 0.7 0.8

Bradykinin 0.17 0.66 3.70 6.14
Tyr8-bradykinin 0.10 1.08 1.82 2.28
Insulin A chain 0.08 0.21 0.41 0.54

KNa tartrate, 0.10 MNa 1C0 3 and 0.02 MNaHC0 3 . The pH was 10.5 ± 0.1 and the
flow-rate was 1.0 ml/min. Note that the sensitivities of bradykinin and Tyr8 -brady
kinin are greater than for the A3 (ca. 1.0 nC/pmol at 0.80 V) implying that more than
one copper binds to each molecule of these peptides. Signals at the cathode for
bradykinin and insulin A chain are in the range of20% of those at the anode just as for
the smaller peptides [2]. It is somewhat lower, ca. 10%, for Tyr8-bradykinin.

Column packing material effects
Fig. 3 shows sensitivity for bradykinin in three systems. Two of the sets of data

are from injection of the biuret complex of bradykinin into a flowing stream of basic
copper tartrate; one is flow injection while the other is chromatography on the PBD
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Fig. 3. Hydrodynamic voltammograms far bradykinin. Chromatographic conditions: (0) PBD column,
eluent containing 1.0 mM Cu2+, 3.0 mM KNa tartrate, 50 mM NaIHP04 , 0.1 M NaOH is added for
adjusting the pH to 10.5 ± 0.1. Flow-rate is 1.0 ml/min. (6.) Flow injection (i.e., no column), eluent
containing 1.0 mM Cu2+, 3.0 mM tartrate, 0.10 M NaIC03 and 0.02 M NaHC03 , pH is 10.5 ± 0.1,
flow-rate is 1.0 ml/min. (e) Waters Nova-Pak C's column; mobile phase is 25 mMKH IP04 , 2 g/I H3 P04 in
acetonitrile-water (6:94); postcolumn reagent is the same as the eluent for the flow injection. Flow-rate is
2.0 ml/min; mobile phase, postcolumn reagent ratio is I: I. Note: the sensitivities have been corrected for the
postcolumn reagent dilution factor.
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column which is stable to base [7]. The third set ofdata is for chromatography on a C 18

phase with an acidic mobile phase (pH 2.5 phosphate buffer-acetonitrile, 94:6)
followed by the introduction of basic copper tartrate after the column as before. There
is no electrochemical response if the basic copper tartrate is not introduced after the
column. Signals at the cathode resulting from upstream oxidation at 0.6-0.7 V are in
the range of 20-30% of those at the anode, just as for the smaller peptides.

The sensitivities for the two chromatographic experiments are equivalent. This
indicates that the complex is kinetically stable in acid, and it can survive the
chromatographic step. Thus, although the chromatography will be different than the
chromatography of native peptides, the practitioner has the choice of whether to use
C 18 columns with an acidic eluent, or a base-stable column with a basic eluent.
A chromatogram of bradykinin and Tyr8-bradykinin copper complexes on the C18

column is shown in Fig. 4; the top trace is the response of the cathode and the bottom
one is the response of the anode.

Two other points have been noted. The PBD column caused fouling. Table II
shows the effect of the PBD column on the response of the electrochemical detector to
the Cu-peptide complexes. Column A in Table II has the data from flow injection; the
eluent was 1.0 mM Cu2+, 3.0 mM KNa tartrate, 50 mM Na2HP04, and NaOH was
added for adjusting the pH to 10.5 ± 0.1; the flow-rate was 1.0 ml/min. Column B has
the data from flow injection with the PBD column before the injector. The last column
(C) has the data from chromatography with the PBD column. The sensitivity was
lower even when the column was not used for chromatography (B). Also, the

min
420 420

iii iiI iii iiI

~'I<m-rlv
t2nA/cm

min
4 2

O.70V

o

Fig. 4. Chromatogram of bradykinin- and TyrB-bradykinin--{;opper complexes. To the right: 0.48 nmol
bradykinin--{;opper complex; to the left: 0.42 nmol TyrB-bradykinin--{;opper complex. Chromatographic
conditions: mobile phase, 25 mM KH 2P04 , 2 gil H3P04 in acetonitrile-water (6:94, v/v), postcolumn
reagent, 1.0 mM Cu' +, 3.0 mM tartrate, 0.10 M Na2C03 and 0.02 M NaHCOy Flow-rate is 2.0 ml/min;
mobile phase, post column reagent ratio is I: I. The peptides were incubated in the post column reagent for
20 min at 60·C before being injected into the chromatography system.
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TABLE II

Cu-peptide complex Anodic sensitivity at 0.8 V
(nC(pmol)

A B C

Bradykinin 6.3 4.7 2.9
Tyr8-bradykinin ].4 1.1 0.53
Insu]in A chain 0.53 0.2] 0.]2

H. TSAI, S. G. WEBER

drawn-out shape of the voltammetry with the PBD column should be compared to the
voltammetry in flow-injection analysis (Fig. 3). This indicates electrode fouling by the
column. The electrode fouling problem has been noted before when using CIS columns
[2], and it is lessened by operating at pH ~ 10. However, it is even less of a problem in
flow injection than in chromatography, so we speculate that the columns are
responsible for this. The other point to note is that the tyrosine-containing peptide,
TyrS-bradykinin, has a lower collection efficiency than bradykinin, and insulin
A chain has a lower sensitivity. Recently, we have begun to study the influence of an
electroactive functional group on the electrochemical detector response to the
Cu-peptide complexes. These results will be reported in due course.

It is thermodynamically feasible that the Cu(II)-peptide complexes can be
oxidized by oxygen. The following casual observations suggest that the oxidation is
slow, and therefore not a problem. The Cu(II)-tripeptide complexes are stable for at
least several months. The Cu(II)-bradykinin complex in the biuret reagent containing
Na2HP04 buffer is still purple after 7 months. On the other hand, the purple color of
a Cu(II)-polylysine complex disappeared after 20 days.
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ABSTRACT

The high-performance liquid chromatographic (HPLC) retention behaviour of the complexes of
tetraphenylporphine (TPP) with twelve rare earths (REs), viz., Y(III), Nd(III), Sm(UI), Eu(III), Gd(III),
Tb(III), Dy(III), Ho(III), Er(III), Tm(III), Yb(III) and Lu(III), on an octadecyl-bonded silica gel column is
described. All these metal complexes can be chromatographed without undesirable demetallation in their
migration process along the column with a methanol-water mixture containing a small amount of acetyl
acetone and an amine. The elution sequence for the RE complexes depends on the amine added to the
mobile phase. With trialkylamincs and dialkylamines possessing branched alkyl structures, the capacity
factors of the RE-TPP complexes increase monotonously in the order of increasing atomic number of the
REs. With di-n-alkylamines, the capacity factor tends to decrease in the order of increasing atomic number
of the REs for light to moderate lanthanides, whereas the reverse tendency occurs for the complexes of
heavier lanthanides. In all instances, the capacity factor of the Y(III) complex lies between those of the
Dy(III) and Ho(III) complexes. The effects of the amine are discussed in terms of the adduct complex
formation of RE-TPP with the amine. Successful separation of the Nd, Gd, Tb, Dy, Ho, Er and Lu
complexes in 15 min using triethylamine is demonstrated.

INTRODUCTION

In recent years, there has been increased interest in the separation of
metalloporphyrins. Some metalloporphyrins are used for biomedical diagnosis of
diseases or as therapeutic agents [1,2). The metalloporphyrins found in petroleum have
been important for the characterization and processing of the petroleum [3). Highly
sensitive spectrophotometric determination has been successful for some trace metal
ions as their porphyrin complexes [4). Various non-chromatographic methods such as
electrophoresis, extraction, precipitation and sublimation have been useful for the
separation of metalloporphyrins and also metal-free porphyrins [5). However,
high-performance liquid chromatography (HPLC) is the most powerful candidate for
the separation for these compounds today, because of its wide applicability to
compounds in solution state, the flexibility in the choice of separation modes and
conditions and the facility for on-line combination with various detectors and
spectrometers. In most HPLC studies on the separation of porphyrins and/or
metalloporphyrins, the reversed-phase mode has been employed successfully.

002 I-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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There are two types ofHPLC separation ofmetalloporphyrins: the separation of
different porphyrin complexes of a certain metal and the separation of metallo
porphyrins with respect to their central metal ions. The HPLC of the vanadium and/or
nickel porphyrins in petroleum samples is an example of the former type of separation
[6-8]. The latter type ofHPLC separations has been difficult, because each metal ion is
surrounded by a bulky macrocyclic porphyrin structure to which various organic
functional groups are further bonded. The difficulty in the separation of metallo
porphyrins increases with an increase in the chemical similarity of the central metal
ions. The HPLC separation ofmetalloporphyrins has been investigated on the Ni(IJ),
Cu(II) and Pd(II) complexes of porphine (the compound with the simplest porphyrin
stucture [9], the Fe(III), Co(II), Cu(IT) and Zn(H) complexes of meso- and proto
porphyrins [10], Ni(IJ), Cu(IJ) and Zn(IJ) haematoporphyrins [II] and the Mg(H),
V(IV), Ni(II) , Cu(II), Zn(H) and Pd(II) complexes of tetraphenyl- [12] and tetra
kis(p-tolyl)porphines [13].

This paper deals with the reversed-phase HPLC retention behaviour of the
porphyrin complexes of rare earth (RE) metals. About 100 papers have dealt with RE
complexes of porphyrins, mostly in the last decade. However, no HPLC study of RE
porphyrins has been reported, although classical alumina column chromatography
has been briefly reported for the preparation ofRE porphyrin complexes [14]. RE(JII)
porphyrin complexes are considerably less stable than those of other metals, e.g.,
Fe(II), Fe(III), Ni(II) and Cu(II), owing to the large ionic radii of the RE(III) ions
(larger than 100 pm at coordination number> 6) compared with the best fit (64 pm)
for the hole in the N-4 moiety of porphyrin [I5]. The suppression of undesirable
demetallation of the complexes in the chromatographic process is the prime requisite
for the successful LC separation of RE-porphyrins. It was previously found that
RE(JII) complexes of tetraphenylporphine (TPP) could be successfully developed
without demetallation of the complexes on an octadecyl-bonded silica thin-layer
chromatographic plate with a developing solvent containing both acetylacetone and
diethylamine [16].

This work was undertaken to examine the feasibility of reversed-phase HPLC
for the separation of the porphyrin complexes of RE(JIJ) metals, which have very
similar chemical properties. The retention behaviour of twelve RE(IIJ)-TPP com
plexes was investigated on an octadecyl-bonded silica gel column with mobile phases
containing different amines.

EXPERIMENTAL

Materials
The preparation of the free acid form of TPP (Hztpp) and its complexes with

RE(JIJ) (RE = Y, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) was described
previously [16]. The RE complexes thus prepared were in the mixed-ligand forms with
tetradentate tpp and bidentate acetylacetonato (acac) anions, RE(tpp) (acac), with the
structure illustrated in Fig. I [17,18]. The term RE-TPP hereafter refers to this
mixed-ligand complex, unless indicated otherwise.

Acetylacetone (Hacac), diethylamine (DEA), dipropylamine (DPA), diiso
propylamine (DJPA), dibutylamine (DBA), dihexylamine (DHA), triethylamine
(TEA), tripropylamine (TPA), tributylamine (TBA), piperidine (pip), 2,6-dimethyl-
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Fig. 1. Structural formula of an RE-TPP complex. M indicates the RE(III) ion.

353

piperidine (DMpip), dichloromethane and sodium hydroxide (NaOH) were of
guaranteed reagent grade (Wako, Osaka, Japan). Methanol and water were distilled in
glass.

HPLC
A Twincle solvent-delivery pump, a Model VL-611 sample-injection valve

(lasco, Tokyo, Japan) and a Model SPD-M6A photodiode-array UV-visible spectro
photometric detector (Shimadzu, Kyoto, Japan) were assembled into a liquid
chromatographic system. The column (Model TSK ODS-80TM) packed with
octadecyl-bonded silica gel (particle diameter 5 .urn) in a 150 mm x 4.6 mm J.D.
stainless-steel tube was obtained from Tosoh (Tokyo, Japan).

The mobile phase was prepared, unless indicated otherwise, by addition of an
amine to methanol-water-Hacac (95:5: I, v/v/v) so that the amine was of equimolar
concentration with respect to Hacac in the final solution (about 0.1 M). The flow-rate
of the mobile phase was 1.0 ml/min.

A sample solution of each RE-TPP complex was prepared at a concentration
about 0.1 mM in dichloromethane containing DEA (2%, v/v), and 10 .ul or less of the
solution were injected into the column. The chromatograms were recorded using the
so-called three-dimensional mode (absorbance versus wavelength versus time) in the
visible region and also the conventional fixed-wavelength mode at 555 nm. All
experiments were carried out at 25 ± 1°C.

RESULTS AND DISCUSSION

Sample solutions
Some RE-TPP complexes, particularly of Nd(III), Sm(III) and Eu(III), were so

unstable in common solvents such as methanol, acetone, acetonitrile, benzene and
dichloromethane that demetallation of the complexes occurred within 1 h after the
preparatioh of the solutions (at about the 0.1 mM level). These complexes were
stabilized by addition of a small amount of an amine, such as DEA, to the solutions
[16]. In this work, the solution of an RE-TPP complex to be applied to HPLC was
prepared in dichloromethane-DEA (50:1, v/v).
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Capacity factors of RE-TPP complexes
All RE-TPP complexes could be eluted without undesirable tailing by using

a mobile phase containing both Hacac and an amine, which implied that no
demetallation or irreversible adsorption of injected complexes occurred in the
migration process along the column. The possibility of ligand-exchange reactions
occurring between the injected complexes and the metal components of the HPLC
system is generally taken into account in the HPLC of metal complexes. In this work, it
was confirmed by means of real-time photodiode-array spectrophotometric moni
toring of the UV-visible absorption profile of the eluate that such a ligand-exchange
reaction did not occur to any extent that could be detected.

For calculation of the capacity factor (k') of an RE-TPP complex, sodium
nitrate was used as an unretained reference substance. The k' value was determined
from triplicate measurements in each instance with a relative standard deviation ofless
than 1%.

Effect of the composition of the mobile phase
In each instance, the mobile phase consisted of methanol-water as the principal

solvent, to which Hacac and amine were added as modifiers. The capacity factor of
each RE-TPP complex increases with increase in the water content of the mobile
phase, as illustrated in Fig. 2 as an example, which shows the result with a mobile phase
containing DEA. The effect of the water content on the capacity factor of such a metal
complex is consistent with general retention trends for non-electrolytes in reversed
phase liquid chromatography.

The free ligand, H 2TPP, showed such a large retention that it could not be eluted
in a short time (about 20 min, for example) with a water-containing mobile phase.
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Fig. 2. Retention of RE-TPP complexes. Mobile phase system, methanol-water-Hatac-'DEA: 0
85:15:1:1; 0 = 90:10:1:1; 0 = 95:5:1:1; C = 100:0:1:1 (vjv).
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Even with water-free mobile phases, the k' values of H2 TPP were more than eight times
as large as those of RE-TPP complexes. The retention data for H 2TPP are omitted
from this paper.

The variation in the water content caused little change in the retention sequence
of the RE-TPP complexes. The water-to-methanol ratio in the mobile phase was fixed
hereafter at 5:95 (vjv) unless noted otherwise.

In the mobile phase system containing trialkylamines, such as TEA, TPA and
TBA, the capacity factor of RE-TPP increased with increasing atomic number (2) of
the RE within the lanthanide series, as shown in Fig. 3. The capacity factor of the
Y(TlT) complex was found to be between those of the Ho(IIT) and Dy(III) complexes.

Fig. 3. Relationship between the retention of RE-TPP complexes and the atomic number (Z) of RE. Mobile
phase: 0 = methanol~water~Hacac-TEA (95:5: I: 1.3, v/v); • = methanol-water-Hacac-TPA (95:5: 1: 1.8,
v/v); D = methanol-water-Hacac-TBA (95:5: I:2.3, v/v).

When dialkylamines such as DPA, DBA and DHA were used as the mobile
phase additives, the retention of the RE-TPP complex varied with the 2 of the RE, as
shown in Fig. 4. The results with DEA are shown in Fig. 2. Among the complexes of
relatively light lanthanides, the capacity factor tends to decrease in the order ofthe 2 of
the RE, whereas the reverse trend, which is similar to the results obtained with
trialkylamines, is found for the complexes of heavy lanthanides. Minimum retentions
are found for the Gd(III), Tb(III) and Ho(III) complexes when using DEA, DPA,
DBA and DHA as the mobile phase additives, respectively. The k' value of the Y(III)
complex is found to be between those of the Dy(IU) and Ho(III) complexes, which is
similar to the results obtained with trialkylamines.
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Fig. 4. Relationship between the retention of RE-TPP complexes and the atomic number (Z) ofRE. Mobile
phase: 0 = methanol-water-Hacac-DPA (95:5: 1: 1.3, vjv); 6 = methanol-water-Hacac-DBA (95:5: 1: 1.6,
vjv); 0 = methanol-water-Hacac-DHA (95:5:1:2.3, vjv).

Functions of the mobile phase additives
In order to examine the necessity for the addition of Hacac and an amine to the

mobile phase, the elution ofRE-TPP complexes was attempted with pure methanol. In
each instance neither RE-TPP nor Hztpp (the metal-free form ofTPP) was eluted from
the column. Ifdemetallation of the metal complex had occurred in the column process,
HzTPP should be detected in the eluate under this mobile phase condition.

It has been reported that the TPP complexes of trivalent metals (M), such as
Mn(tpp)CI and Co(tpp)CI, showed a large retention in reversed-phase HPLC using
ethanol as the mobile phase, whereas the retention was reduced considerably on
addition of a salt to the mobile phase [19]. This phenomenon was explained in terms of
the dissociation of Cl- from the initial form of the complex, M(tpp)CI, followed by
adsorption of the positively charged form, [M(tpp)]+ , on an ion-exchangeable site
(presumably a silanol group) existing on the surface of the octadecyl-bonded material
packed in the column.

In this work, the complexes in the form RE(tpp)(acac) were injected onto the
column. When the dissociation of the anionic ligand, acac - , from the initial form ofan
RE-TPP complex occurred in the mobile phase, a large retention of the RE complex
was probable owing to the adsorption of the cationic form [RE(tpp)] + on the active site
located on the surface of the column packing material. Increasing of the concentration
of the acac- anion in the mobile phase was a reasonable way to reduce the anomalous
retention of the RE-TPP complexes caused by the dissociative reaction:

RE(tpp)(acac) ¢ [RE(tppW + acac-
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In practice, the RE-TPP complexes other than Er-, Tm-, Yb- and Lu-TPP were
not eluted with an Hacac-containing mobile phase [typically, methanol-water-Hacac
(95:5: I, v/v/v)], but were eluted successfully with a mobile phase containing an amine
such as TEA together with Hacac. It is considered that the amine functioned as a base
which promoted the dissociation of weakly acidic Hacac and effectively increased the
acac - concentration in the mobile phase. All amines used in this work were found to be
effective as basic mobile phase additives for the elution of RE-TPP complexes.

According to the above argument, it was expected that all RE-TPP complexes
would be eluted successfully by using a simple inorganic base such as NaOH in place of
an amine. In practice, NaOH was added to methanol-water-Hacac (95:5:1, v/v/v) so
as to be approximately half the equimolar concentration with respect to Hacac in the
final composition of the mixture in order to avoid damaging the column. When using
this base, the capacity factors of the RE-TPP complexes increased in the order of the
atomic numbers of the REs within the lanthanide series as shown in Fig. 5, which was
the same retention trend as those found with trialkylamines (Fig. 3) but different from
those with dialkylamines (Fig. 4).

Usually, RE(III) is able to have coordination numbers (eN) larger than 6 [20]. In
an RE-TPP complex, the coordination sphere of the RE(III) ion is not necessarily
saturated by tetradentate tpp and bidentate acac in the mobile phase. The possibility of
coordination with additional ligands in the mobile phase, such as water, methanol and
amine, is taken into account. Amines have stronger Lewis basic characteristics than
water and methanol, and they have hydrophobic alkyl moieties in their molecules.
When the coordination of an amine to the RE atom in RE(tpp)(acac) occurs in an
amine-containing mobile phase, the retention of the RE-TPP complex may be
different to that observed without the amine. It was observed that the retention
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Fig. 5. Relationship between the retention of RE-TPP complexes and the atomic number (Z) of RE. Mobile
phase: 0.045 M NaOH in methanol-water-Hacac (95:5:1, v/v/v).
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sequences for the RE-TPP complexes obtained with the mobile phases containing
dialkylamines (Fig. 4) were different from those obtained with NaOH instead of an
amine (Fig. 5), whereas no clear difference was found among the retention sequences
observed with trialkylamines (Fig. 3) and NaOH.

The visible absorption spectrum of a metal-TPP complex is affected by
additional coordination of a neutral ligand to the central metal of the complex [21,22].
In this work, in order to examine whether they depended on the mobile phase
additives, such as amines and NaOH, the visible spectra of RE-TPP complexes in
various mobile phases were recorded by using the photodiode-array detector placed at
the column outlet. The spectra recorded for every complex in the mobile phases
containing trialkylamines, such as TEA, TPA and TBA, were almost same not only as
each other but also as the spectrum recorded with the NaOH-containing mobile phase.
The results obtained with mobile phases containing dialkylamines, such as DEA,
DPA, DBA and DHA, were complicated, as follows. For the complexes of light REs,
such as Nd, Sm, Eu, Gd, Tb, Dy and Y, the spectra recorded in an amine-containing
mobile phase were different from those in the NaOH-containing mobile phase.
However, for the complexes of heavy REs, such as Ho, Er, Tm, Tb and Lu, the spectra
of the complexes were independent of the amine used and the same as those recorded in
the NaOH-containing mobile phase, which was similar to the results found with
trialkylamine-containing mobile phases.

The visible spectra of the TPP complexes of typical light and heavy REs in
mobile phases containing different basic additives are compared in Fig. 6(a) and (b).

According to these results, it is considered that the trialkylamines coordinate to
the central metals of RE-TPP complexes with low stability, and that the additional
coordination of dialkylamines to the metal is considerable in the TPP complexes of
relatively light lanthanides between Nd and Dy and also Y, whereas such coordination
is negligible with heavy lanthanides from Ho to Lu.

Effects of the central metal
The central metal atom in a solid RE-TPP complex is displaced considerably

from the porphyrin plane towards the extra-ligand acac; the estimated out-of-plane
distance increases with increasing ionic radius and decreases in the order of the atomic
numbers within the lanthanides [for example, 1.8 A for Eu(JIJ) and 1.6 A for Yb(JIJ)]
[8,23]. It is assumed that the longer the out-of-plane distance, the greater is the extent
of the interaction that occurs between the metal ion and an additional ligand in the
mobile phase. The interaction with water or methanol reduces the retention of an
RE-TPP complex in the reversed-phase mode, whereas that with a ligand containing
hydrophobic alkyl moieties, such as an amine, probably enhances the retention.

The retention trends of RE-TPP complexes observed with different amines or
NaOH are represented as a function of the ionic radius (ri, RE) of the RE(III) in Fig. 7,
where the ri, RE values [24] for a coordination number (eN) of 8 are conveniently
applied. A decreasing tendency of the retention in the order of ri,RE is observed with
trialkylamines and NaOH, which is considered to result from the additional
coordination of hydrophilic ligand(s) such as water and/or methanol with the RE
atom. Similar arguments are applied in discussing the decreasing tendency of the
retentions of several RE-TPP complexes observed with dialkylamines. The reverse
retention trends are observed with dialkylamines for the complexes ofREs(III) having
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Fig. 6. Visible absorption spectra of the (a) Nd~TPP and (b) Lu-TPP in their eluting zones. Mobile phase:
dotted line, 0.045 M NaOH in methanol~water-Hacac (95:5: I, vjvjv); solid line, methanol-water~Hacac
TEA (95:5: l: 1.3, vjv); dashed line, methanol-water-Hacac-DPA (95:5: l: 1.3, vjv).

relatively large rio RE values, which is considered to result from the enhancement of the
retention due to the formation of hydrophobic amine adducts of the RE-TPP
complexes. The retention-enhancing effect becomes more significant with increase in
the length of the alkyl side-chains inherently in dialkylamines (see also Fig. 4).

It is noted that the plot for the complex of Y(III) lies between those of Dy(III)
and Ho(III), whose ionic radii are close to that of Y(III).

Effect of the molecular structure of the amine
It is notable that the retention sequence of RE-TPP complexes depends on the

amine added to the mobile phase together with Hacac; trialkylamines and dialkyl
amines in particular give distinct retention sequences.

In an RE-TPP complex, RE(tpp)(acac), the central metal ion is situated
significantly out of the porphyrin plane, where it is coordinated with four nitrogen
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atoms in tpp and two oxygen atoms in acac and probably also.with other coordination
atom(s) belonging to additional ligand(s) contained in the mobile phase. In a tpp
molecule, four phenyl groups are bonded with four meso-carbons in the porphyrin
structure, respectively, with a significant bond angle between the phenyl and porphyrin
planes. Accordingly, when the amine used as the mobile phase additive has a bulky
alkyl moiety in themolecule, a steric hindrance effect of the alkyl moiety is possible on
the coordination of the amine to the RE ion in the RE-TPP complex. Such a steric
effect is regarded as being responsible for the difference between trialkylamines and
dialkylamines in the coordination ability. According to this hypothesis, the steric
effects must be significant even with a dialkylamine if it has alkyl groups with a bulky
stucture in the vicinity of the nitrogen atom.

The steric effects of the alkyl moieties in amines were examined by comparing
DIPA with DPA and DMpip with pip. The results are represented in Figs. 8 and 9.
With amines possessing branched alkyl side-chains, such as DIPA and DMpip, the
retention of the RE-TPP decreased with increase in the radius of the RE ion, which
was similar to the trend observed with a trialkylamine (see Fig. 7). These results
support the hypothesis that the little coordinative interaction between a trialkylamine
and RE-TPP is due to the steric effects of bulky alkyl moieties of the amine.

Separation of RE-TPP complexes
The retention of each RE-TPP complex depends on the composition of the

mobile phase. When the methanol-to-water ratio in the mobile phase was decreased,
the capacity factors of the complexes increased monotonously, whereas little change
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Fig. 9. Retention of RE-TPP complexes as a function of the ionic radius (r;, RE) of RE with eN = 8, Mobile
phase: • = methanol-water-Hacac-DMpip(95:5: 1:0.96,v/v); 0 = methanol-water-Hacac-pip(95:5: I: 1.3,
v/v).

occurred in the retention selectivities among the complexes, as shown in Fig. 2. This
means that the elution sequence for the RE-TPP complexes shows little variability
with either the methanol or the water content of the mobile phase. However, according
to the results illustrated in Fig. 7, the retention selectivities for the RE-TPP complexes
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Fig. 10. HPLC separation of RE-TPP complexes. Column, TSK Gel ODS-80TM (50 lim) (150 mm x
4.6 mm 1.0.); mobile phase, methanol-water-Hacac-TEA (90:10:0.5:0.68, v/v); flow-rate, 0,8 ml/min.
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Fig. II. HPLC separation ofRE~TPPcomplexes. Mobilephase, methanol-water-Hacac-DHA (90: 10: I:2.3,
vjv); other conditions as in Fig. 10.

can be changed by varying the amine used as the basic mobile phase additive. When
trialkylamines, DIPA and DMpip are used, the TPP complexes are eluted in the order
of the atomic numbers of the RE. The separation in the reverse elution sequence is
possible particularly for the complexes of relatively light lanthanoids when using
a di-n-alkylamine. Separation of RE-TPP complexes using trialkylamine- and
dialkylamine-containing mobile phases are demonstrated in Figs. 10 and II,
respectively. In Fig. 10 seven RE-TPP complexes are separated successful1y in the
order of the atomic numbers of the REs within 15 min. The elution sequence of the
complexes shown in Fig. II is the reverse of that shown in Fig. 10.

CONCLUSION

The TPP complexes of REs can be chromatographed in a reversed-phase system
with octadecyl-bonded silica and an aqueous methanolic mobile phase. Hacac and an
amine are effective mobile phase additives for successful elution of these RE
porphyrin complexes. The retention selectivity for the RE-TPP complexes varies with
the amine added to the mobile phase. The amine functions as a base which promotes
the dissociation of Hacac to acac - ion, and accordingly the mixed ligand complex,
RE(tpp)(acac), is stabilized. Amines, particularly di-n-alkylamines, function as
hydrophobic neutral ligands with which an RE-TPP can form an adduct complex, and
accordingly the retention is enhanced. The effect of the latter function depends on the
amine used, which is explained in terms of a steric effect of the alkyl moiety in the
amine molecule.

It is expected that the results of this study wiIJ be useful in porphyrin chemistry
where the separation or purification of RE-TPP complexes' is required. For
application to the HPLC determination of RE(JII) ions in aqueous samples, the
development of a successful procedure for the quantitative formation of RE-TPP
complexes is urgently needed.
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ABSTRACT

A high-performance liquid chromatographic method for the determination of biotin was devised
utilizing a post-column reaction in which the amide bond of biotin was chlorinated and allowed to react
with thiamine to give fluorescent thiochrome. A linear relationship was observed between the peak height
of biotin in the range 20 ng-3 Ilg per injection. The limit of detection was 10 ng per injection. The relative
standard deviations for 40 and 200 ng per injection of biotin were 3.1 and 1.2% (n = 10), respectively. The
method could be applied directly to pharmaceutical preparations without any sample pretreatment for the
elimination of interfering materials as is required in the conventional methods.

INTRODUCTION

Since biotin was first identified in 1940 by Gyorgy et al. [1], many workers have
investigated its biochemical functions. The biochemical role of biotin has been reveal
ed to be as the coenzyme of four carboxylases involved in lipid, amino acid, carbo
hydrate and energy metabolism.

Biotin in biological fluids and pharmaceutical preparations has generally been
determined by microbiological methods [2-5], because it has no particular functional
group that facilitates sensitive detection, and its contents in such samples are extreme
ly small. Although microbiological methods provide excellent sensitivity, they require
long incubation periods and give variable results because they are readily affected by
different contaminants. On the other hand, several workers have reported chemical
and physico-chemical methods, such as spectrophotometric methods based on the
perturbation of dye-protein complexes [6], reaction with 4-dimethylaminocinnamal
dehyde [7,8] or oxidation with potassium iodate [9]. However, these methods are
neither as sensitive nor as specific as the microbiological methods. Although gas
chromatographic methods [10,11] have also been proposed, they require tedious pre
column derivatization and the only method for sensitive detection is mass spectrom-

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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etry, which is not readily available in ordinary laboratories. Radiodilution assay
[12,13] and radiometric-microbiological assay [14] methods are not as specific and
require the manipulation of radioisotopes.

Recently, high-performance liquid chromatographic (HPLC) methods have
been applied to the simultaneous determination of various vitamins. As biotin does
not show UV absorption suitable for its detection, it was detected either electrochem
ically [15] or fluorimetrically with precolumn derivatization using reagents such as
4-bromomethyl-7-methoxycumarin (Br-Mmc) [16], 9-anthryldiazomethane (ADAM)
[17] and I-pyrenyldiazomethane (PDAM) [18]. Although highly sensitive and specific,
these methods are laborious, because the electrochemical detector requires careful
conditioning and the precolumn fluorescence derivatization methods are not easily
automated and are prone to interference from contaminants.

We have previously reported [19,20] the fluorimetric assay of proteins in which
the amide (peptide) bonds of proteins were chlorinated and allowed to react with
thiamine to give fluorescent thiochrome. This paper deals with the application of this
principle to the determination of biotin by HPLC.

EXPERIMENTAL

Chemicals
Biotin, thiamine hydrochloride, riboflavin, pyridoxine hydrochloride, nicotin

amide and folic acid were obtained from Nippon Roche (Tokyo, Japan). Analytical
reagent grade Na2HP04 . 12H20, NaH2P04 . H 20, 10% sodium hypochlorite solu
tion (Antiformin), sodium nitrite, sodium hydroxide and Brij-35 and HPLC-grade
acetonitrile were obtained from Wako (Osaka, Japan). Sodium I-butanesulphonate
and the tetrapeptide Val-Ala-Ala-Phe were purchased from Tokyo Kasei (Tokyo,
Japan) and Sigma (St. Louis, MO, U.S.A.), respectively.

Mobile phase and derivatization reagents
The mobile phase for HPLC was 50 mM phosphate buffer (pH 4.5)-acetonitrile

(9: 1) containing 25 mmol/1 of I-butanesulphonate as the ion-pair reagent. The hypo
chlorite reagent was prepared by adding 120 ml of I M sodium hydroxide solution
and 4 ml of 25% Brij-35 solution to 80 ml of Antiformin and diluting the resulting
mixture with 0.1 M phosphate buffer to 1000 m\. The final concentration of available
chlorine in the reagent should be 0.8%. Thiamine reagent was prepared by dissolving
sodium nitrite and thiamine hydrochloride in 0.1 M phosphate buffer (pH 7.5) as
described previously [20]. The mobile phase and reagents were filtered through a
0.45-,um microfilter (Fuji Photo Film, Tokyo, Japan) and degassed prior to use.

Chromatographic system
Fig. 1 shows a schematic diagram of the HPLC system. Chromatographic sep

aration was carried out on a 15 cm x 6.0 mm J.D. TSKgel ODS-80TM column
(Tosoh, Tokyo, Japan) at 50°C. The mobile phase and the two post-column deriv
atization reagents were pumped with a Shimadzu LC-6A HPLC solvent-delivery
system.

The mobile phase was delivered at a flow-rate of 1.0 ml/min, and 20 ,ul of the
sample solution were injected into the chromatograph using a KMT-60A HPLC
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Fig. I. Schematic diagram of the system for HPLC and fluorescence detection of biotin. FI = Spectrofluo
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autosampler (Kyowa-Seimitu, Tokyo, Japan). The eluate from the column was first
passed through a Shimadzu SPD-6A UV detector equipped with a 20-/l1 flow cell set
at 210 nm, then it was introduced into the fluorescence reactor system. The hypochlo
rite reagent was delivered to the eluate stream at a flow-rate of 0.3 mljmin and the
stream was allowed to flow through the PTFE tubing reaction coil A (3 m x 0.5 mm
I.D.) immersed in a water-bath at 70°C (Thermo-minder, Type Ace-80, Taiyo Service
Centre, Tokyo, Japan). The eluate was mixed with the thiamine reagent delivered at a
flow-rate of 0.3 mljmin, and the resulting mixture was passed through the PTFE
tubing reaction coil B (5 m x 0.5 mm I.D.) also in the 70°C water-bath. The effluent
from coil B was passed through the PTFE tubing cooling coil (I m x 0.5 mm I.D.)
and its fluorescence intensity was measured at excitation and emission wavelengths of
370 and 440 nm, respectively, using a Shimadzu RF-535 spectrofluorimeter equipped
with a 20-/l1 flow cell.

Analysis of multivitamin tablets and capsules
Twenty tablets and capsules containing biotin were weighed and finely pow

dered. An accurately weighed portion of the powder equivalent to about 200 tig of
biotin was transferred into a centrifuge tube, and 10 m! of the internal standard
solution, containing 40 /lgjml of Val-Ala-Ala-Phe in 0.1 M Na2HP04, was pipetted
into the centrifuging tube. The mixture was shaken for 3 min, ultrasonicated for 20
min and centrifuged at 2000 g for 10 min. The supernatant obtained was filtered
through a 0.45-/lm membrane filter and a 20-ttl aliquot of the filtrate was injected into
the chromatograph.

Analysis offrozen multivitamin infusion
The multivitamin infusion was determined in the same manner as for tablets

and capsules except that ultrasonication and centrifugation were omitted.
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Chromatographic separation
Figs. 2 and 3 show the reversed-phase HPLC profiles of a mixture containing

biotin and five water-soluble vitamins, i.e., thiamine, riboflavin, pyridoxine, nicotin
amide and folic acid, which are usually contained in multivitamin preparations.

The separation was considerably influenced by the pH and composition of the
mobile phase. Biotin was well retained on the ODS column in the low pH range, and
its peak appeared in the vicinity of riboflavin.

The retention time of biotin decreased with increase in the concentration of
acetonitrile in the mobile phase, and it was eluted together with thiamine, pyridoxine,
nicotinamide and folic acid. Further, six water-soluble vitamins were not well sep
arated at an acetonitrile concentration of 15% in the mobile phase. When it was
decreased to 5%, the biotin was to well retained, giving a retention time over 60 min.
Consequently, the pH of the mobile phase was adjusted to 4.5 and the concentration
of acetonitrile in the mobile phase to 10%.

In addition to the column used in the standard procedure in the present meth
od, silica-NH 2 and ion-exchange columns were examined for the separation of biotin
from the additives in the preparations. However, the former column did not retain
biotin and the latter gave poor separations.
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Fig. 2. Retention times of(O) biotin, (6) thiamine hydrochloride, (C1) riboflavin, (.) pyridoxine hydro
chloride, (.) nicotinamide and (0) folic acid plotted against the concentration of acetonitrile in the
mobile phase (pH 4.5). HPLC conditions as in the text, except for the acetonitrile concentration. .
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Fig. 3. Retention times of (e) biotin, (6) thiamine hydrochloride, (_) riboflavin, ("') pyridoxine hydro
chloride, (.) nicotinamide and (0) folic acid plotted against the pH of the buffer in the mobile phase at an
acetonitrile concentration of 10%. HPLC conditions as in the text, except for the buffer pH.

Optimization oj'post-column reaction conditions
The conditions of the reaction were approximately the same as those described

previously [20] except for the composition of the hypochlorite reagent. It was neces
sary to increase the alkalinity of this reagent as the eluate from the chromatograph
was acidic whereas the fluorescence reaction requires slightly alkaline conditions. Fig.
4 shows the relationship between the fluorescence intensity and the amount of I M
sodium hydroxide added to the hypochlorite reagent. The maximum fluorescence
intensity was observed when 12 ml of I M sodium hydroxide solution were added to
100 ml of the reagent solution. Acetonitrile or an ion-pair reagent, such as sodium
dodecyl sulphate, in the mobile phase did not affect the reaction.

System performance
A linear relationship was observed between the peak height and the amount of

biotin injected in the range 20 ng-3 /lg, with a correlation coefficient of 0.998. The
limit of detection for biotin was lOng per injection at a signal-to-noise ratio of 2,
which was equal to that of the absorbance at 210 nm, with a relative standard devia
tions of the fluorescence intensity of 14.1 % (n = 10). The relative standard deviations
of the fluorescence intensity for 40 and 200 ng per injection of the standard samples of
biotin were 3.1 and 1.2% (n = 10), respectively.

Commercial biotin pharmaceutical preparations were assayed utilizing the fluo
rescence and the absorbance at 210 nm. Fig. 5 shows the chromatograms of several
biotin preparations. Table I shows the labelled contents of these preparations. Excel-



370

lOa

>-.....
<II
c:
(IJ

C
(IJ
u
~ 50
u
<II
(IJ...
o
:J

U.

T. YOKOYAMA, T. KINOSHITA

8 10 12 14 16

Added volume of 1M NaOH (ml)

Fig. 4. (e) Fluorescence intensity of biotin (I flg per injection) and (6) background plotted against the
volume of I M NaOH added to 100 ml of the hypochlorite reagent. HPLC and post-column reaction
conditions as in the text, except for the volume of I M NaOH added.

lent recoveries of biotin were observed with satisfactory reproducibility, as shown in
Table II.

As a pretreatment, biotin was extracted from the pharmaceutical products with
0.1 M Na2HP04 containing the tetrapeptide Val-Ala-Ala-Phe as an internal stan
dard, and the extract was injected directly into HPLC system. This procedure is much
simpler than the methods using Br-Mmc, ADAM or PDAM [16-18].

Absorption at 210 nm, although widely used for detecting substances such as

TABLE I

LABELLED CONTENTS OF BIOTIN IN PHARMACEUTICAL PREPARATIONS

Preparation Labelled contents

Tablet Biotin 0.02 mg, bisbenthiamine 8.33 mg, riboflavin 2 mg, pyridoxine. HCl 8.33 mg,
nicotinamide 16.67 mg, folie acid 0.13 mg, ascorbic acid 50 mg, cyanocobalamin 0.02
mg, retinol palmitate 666.67 IU, ergocalciferol 66.67 IU, tocopherol calcium succinate
3.46 mg, calcium carbonate 50 mg per tablet

Capsule Biotin 0.01 mg, L-cysteine 30 mg, riboflavin 15 mg, pyridoxine. HC] 50 mg, nicotin
amide 25 mg, calcium pantothenate 15 mg per capsule

Frozen infusion Biotin 0.06 mg, thiamine. HC13.9 mg, riboflavin. Na 4.6 mg, pyridoxine. HC14.9 mg,
nicotinamide 40 mg, folic acid 0.4 mg, pantothenol14 mg, ascorbic acid 100 mg per vial
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TABLE II

RECOVERIES OF BIOTIN FROM COMMERCIAL PHARMACEUTICAL PREPARATIONS

Preparation" Biotin added Biotin foundb Recovery Relative standard deviation
(fig) (fig) (%) (%)

Tablet 200 199.4 ± 5.3 99.7 2.63
Capsule 200 195.6 ± 4.4 97.8 2.18
Frozen infusion 200 194.2 ± 6.1 97.1 3.04

a See Table I.
b Each preparation was analysed five times; results are means ± S.D.
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biotin, which are generally insensitive to UV at longer wavelengths, is seriously affect
ed by various UV-absorbing substances, as the biotin peak appears in the tailing part
of the large peaks of rapidly eluting compounds. This effect reduces the reliability of
the determination. In contrast, the present method is less subject to interference from
contaminants, because it is specific to the amide bonds. The chromatograms obtained
by the present fluorescence method are simpler and give higher biotin peaks than
those obtained using absorption at 210 nm. In addition, the peaks originating from
the rapidly moving components are smal1 enough that their tailing effect is negligible.
Moreover, the present method shows only small fluctuations of the baseline and the
chromatography is completed within 30 min.

The proposed method is expected to be useful for the sensitive and specific
determination of biotin in various pharmaceutical products.
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ABSTRACT

Nine chlorophyll derivatives from different spinach preparations were separated and identified using
reversed-phase high-performance liquid chromatography~mass spectrometry (HPLC-MS). These pig
ments included chlorophylls a and b, chlorophyllides a and b, pheophorbide a, pheophytins a and b, and
pyropheophytins a and b. HPLC-MS measurements were carried out using HPLC-frit-fast atom bom
bardment (FAB)-MS, which is a continuous-flow FAB-MS interface. The highly hydrophobic chlorophyll
derivatives were eluted from a reversed-phase HPLC column using a gradient of increasing ethyl acetate
concentration. Glycerol was included in the mobile phase to serve as the matrix for FAB ionization.
During analysis by positive-ion HPLC~frit-FAB-MS, abundant protonated molecules, [M + H]+, were
detected for all nine chlorophyll derivatives. Fragment ions were observed in the mass spectra that were
similar to those produced during standard probe FAB-MS. These HPLC-MS procedures were shown to be
useful for the rapid separation and identification of a variety of chlorophyll derivatives from natural
sources.

INTRODUCTION

The importance of chlorophyll pigments in photosynthesis and plant physiol
ogy has prompted enormous research efforts spanning almost 100 years that have
resulted in the complete structural determination of chlorophyll [I]. Nevertheless,
numerous questions remain regarding the catabolism of chlorophyll during senes
cence in plant tissues and the structures and functions of chlorophyll derivatives
involved in ripening [2]. Previous studies of chlorophyll pigments have been hindered
by the lack of sensitive techniques for the analysis and identification of small quanti
ties of their metabolic intermediates in plant tissues and degradation products formed
during heat processing of food products.

Since the development of desorption methods suitable for the ionization of
non-volatile and thermally labile compounds, mass spectrometry (MS) has been ap-

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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plied to the characterization and identification of a variety of chlorophyll derivatives.
Mass spectra of chlorophylls have been obtained using laser desorption [3-7], field
desorption [8,9], plasma desorption [10-12], fast atom bombardment (FAB) [13-18]
and "in beam" (desorption) electron impact ionization [19]. Because FAB facilitates
the continuous formation of chlorophyll ions, this ionization technique has been the
method of choice for tandem mass spectrometric (MS-MS) studies of chlorophylls
[15-18]. Among the ionization methods used to obtain mass spectra of chlorophylls,
FAB is the only technique that has been coupled with high-performance liquid chro
matography (HPLC) in a routine analytical instrument. However, no HPLC-MS
studies of chlorophylls have yet been reported.

During FAB, sample ions are desorbed into the gas phase from a liquid matrix
of low volatility (usually glycerol) as a result of bombardment by a beam of energetic
atoms (usually xenon or argon at 3-10 keY) [13,20]. If fast ions are substituted for the
fast atoms, then the technique is called liquid secondary-ion mass spectrometry.
FAB-MS has been interfaced to HPLC in the HPLC-MS system called continuous
flow FAB-MS [21] or a variation of this technique known as HPLC-frit-FAB-MS
[22]. In these HPLC-MS systems, the FAB matrix is typically mixed with the mobile
phase prior to being pumped into the ion source of the mass spectrometer [22,23].
Small amounts (up to 10% by volume) of a matrix such as glycerol in the mobile
phase have been shown to slightly increase band widths during reversed-phase (RP-)
HPLC separations of peptides [24]. Instead of mixing the matrix with the mobile
phase prior to chromatographic separation, coaxial flow of matrix and column ef
fluent onto the FAB probe has been used to improve chromatographic resolution
[24]. Alternatively, post-column addition of matrix has been carried out without
significantly reducing chromatographic resolution [25].

During frit-FAB, the HPLC effluent is pumped through a fused-silica capillary
and then through a stainless-steel frit located inside the ion source of the mass spec
trometer [22]. The fast atom beam is focused onto the opposite side of the frit from
the capillary, so that sample ions are desorbed into the gas phase as they flow through
the frit. The HPLC solvent rapidly evaporates and is pumped away by the vacuum
system of the mass spectrometer.

Our recent chlorophyll studies have involved the development of RP-HPLC
procedures to separate and identify chlorophyll derivatives contained in complex
mixtures extracted from spinach leaves. In one study, chlorophyll detection and iden
tification was based on visible light absorption using an array detector [26]. Sub
sequently, structural confirmation of the HPLC-purified chlorophyll derivatives was
obtained using FAB-MS combined with collisional activation and MS-MS analysis
[18]. In the present investigation, HPLC separation of chlorophyll derivatives con
tained in extracts from spinach leaves was combined on-line with mass spectrometric
detection using HPLC-frit-FAB-MS. The structures of the chlorophylls and chloro
phyll derivatives discussed in this paper are shown in Fig. 1.

EXPERIMENTAL

Identification of chlorophyll derivatives in spinach leaf extracts was based on
comparison to standards isolated from leaves and purified by RP-HPLC [26]. The
identity of each standard compound was determined by its visible light absorbance
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Fig. I. Structures of chlorophylls and chlorophyll derivatives.

spectrum recorded on a diode-array detector [26] and confirmed using FAB-MS-MS
[18]. Fresh spinach leaves containing chlorophylls a and b (Ia and Ib in Fig. 1) were
incubated at 6YC for 30 min to activate the enzyme chlorophyllase. During this
incubation period, the chlorophylls were partially converted into chlorophyllides a
and b (3a and 3b). Next, the mixture of chlorophylls and chlorophyllides was extract
ed from the spinach leaves using acetone as previously described [26] and then ana
lyzed by HPLC-MS as described below. In another procedure, pheophytins a and b
(2a and 2b) were extracted using diethyl ether from an acidified chlorophyll extract
[18]. The pheophytin extract was then analyzed by HPLC-MS. Pyropheophytins a
and b (5a and 5b) were prepared from heat-processed (14YC for 7 min) spinach puree
as previously described [27] and then analyzed by HPLC-MS. Although pheophor
bide a (4a) was detected in several samples, pheophorbides a and b (4a and 4b) were
obtained by acidification (1.0 M HC\) of a chlorophyll ide extract. Prior to analysis by
HPLC-MS, the chlorophyll derivatives contained in each sample extract were identi
fied by RP-HPLC based on their visible light absorbance spectra recorded on a
diode-array detector [26]. All samples containing chlorophyll derivatives were han
dled under subdued light.

HPLC separations were carried out using an Applied Biosystems (Foster City,
CA, U.S.A.) Model 140A dual syringe solvent delivery system, that had been mod-
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ified so that the dynamic mixer was replaced with a "T" union to minimize dead
volume. The HPLC system was equipped with a Rheodyne (Cotati, CA, U.S.A.)
Model 8125 injector and Vydac (Hesperia, CA, U.S.A.,) CiS narrow-bore column (15
cm x 2.1 mm) packed with 300 A pore size, 5-,um diameter silica particles. The
solvent flow-rate was 70 ,ul/min for all separations. Each extract was dissolved in
diethyl ether or acetone (approximately 1 ,ug/,ul), and 15 ,ul (15 ,ug) were injected onto
the reversed-phase column per analysis.

The mixture of chlorophylls and chlorophyllides, extracted from spinach leaves
that had been incubated at 6YC, was separated by RP-HPLC using a procedure
modified from that of Canjura and Schwartz [26]. The solvent system consisted of a
20-min linear gradient from 100% solvent A to 100% solvent B. Solvent A consisted
of ethyl acetate-methanol-water-glycerol (15:65:20:0.5, v/v/v/w), and solvent B con
tained the same solvents in a ratio of 60:30:10:0.5 (v/v/v/w). In order to shorten the
retention times of the more hydrophobic pheophytins in the acid-treated spinach
extract, a IO-min linear gradient was used from 50 to 100% solvent B. For extracted
mixtures of pheophytins and pyropheophytins from heat-treated tissue, the original
20-min gradient from 100% solvent A to 100% solvent B was used, but mass spectra
were recorded beginning 15 min after sample injection. Otherwise, recording of frit
FAB mass spectra was begun 5 min after sample injection, and the solvent front
eluted approximately 7 min after injection or at approximately 2 min on the total-ion
chromatograms. The delay before recording mass spectra minimized the use of com
puter disk memory to store background scans during HPLC-MS.

Positive-ion FAB mass spectra were obtained using a JEOL (Tokyo, Japan)
JMS-HXIJOHF double-focusing mass spectrometer equipped with a JMA-DA5000
data system and HPLC-frit-FAB-MS interface. Xenon fast atoms at 6 kV were used
for FAB ionization. The accelerating voltage was 10 keY, and the resolving power
was 1000 for all measurements. The range m/z 300-1000 was scanned over approxi
mately 7 s except during the analysis of pyropheophytins, in which this mass range
was scanned in approximately 15 s. Although standard FAB mass spectra were re
corded in profile mode (Fig. 2 A and B), centroided data were recorded during
HPLC-frit-FAB-MS (Fig. 2C) because of limited computer disk space.

For compatibility with the vacuum system of the mass spectrometer, the HPLC
column eluate was split so that approximately 5 ,ul/min entered the HPLC-frit-FAB
MS interface. At a column flow-rate of70 ,ul/min, this resulted in a split ratio of 1:14.
Because approximately 15 ,ug of each sample was injected, approximately I ,ug reach
ed the mass spectrometer per analysis. Operation of the column at higher flow-rates
would have resulted in a smaller split ratio and loss of sensitivity. The ion source
temperature was maintained at 40°C, which was sufficient to prevent solvent from
freezing in the frit. Glycerol contained in the mobile phase functioned as the FAB
matrix.

RESULTS AND DISCUSSION

In recent studies ofchlorophyUs by positive-ion FAB-MS using a standard FAB
probe [17,18], abundant molecular ions, M +., were detected using 3-nitrobenzylalco
hoI as the FAB matrix. Protonated and deprotonated molecules, [M +Ht and
[M - H] + , were also observed although at lower relative abundance. The use of more
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Fig. 2. Comparison of molecular-ion species of pheophytin a obtained using (A) standard probe FAB-MS
with neat 3-nitrobenzylalcohol as the matrix, (B) standard probe FAB using neat glycerol as the matrix, or
(C) HPLC-frit-FAB-MS with a mobile phase containing ethyl acetate-methanol-water-glycerol. In each
positive-ion FAB mass spectrum, note the relative abundances of the radical cation, M+', and the pro
tonated molecule, [M + H] +.

acidic matrices such as dithiothreitol-dithioerythritol or thioglycerol resulted in an
increase in the relative abundance of protonated molecules of chlorophyll a [17].

Because of its greater volatility and proven compatibility with continuous-flow
FAB-MS [28], glycerol instead of 3-nitrobenzylalcohol was added to the mobile phase
for HPLC-MS analysis of chlorophyll derivatives. However, neat glycerol is a poor
solvent for hydrophobic compounds and is not an ideal matrix for standard probe
FAB-MS of chlorophylls. For example, the molecular-ion species for I-/lg aliquots of
pheophytin a are compared in Fig. 2 using a matrix of either 3-nitrobenzylalcohol or
glycerol on a standard FAB probe. [n these mass spectra, the use of 3-nitroben
zylalcohol (Fig. 2A) produced M +. ions with a signal-to-noise ratio that was approxi
mately IO-fold higher than that of the [M+ H]+ ions obtained using glycerol (Fig.
2B). However, HPLC-frit-FAB-MS of approximately I /lg pheophytin a (after split,
Fig. 2C) produced protonated molecules with a signal-to-noise ratio comparable to
that of the molecular-ion radicals obtained using standard probe FAB with 3-nitro
benzylalcohol.

Abundant protonated molecules, [M + H] +, were detected for all chlorophyll
derivatives investigated using RP-HPLC separation in combination with positive-ion
frit-FAB-MS. The compounds investigated by HPLC-frit-FAB-MS included chlo
rophylls a and b, chlorophyllides a and b, pheophytins a and b, pheophorbide a, and
pyropheophytins a and b (see chlorophyll structures in Fig. 1). During HPLC-frit
FAB-MS, the combination of glycerol with large proportions of ethyl acetate and
methanol in the HPLC-MS mobile phase provided both a good solvent for the chlo
rophylls and a protic environment for the formation of [M + H]+ ions.

The total-ion chromatogram and mass chromatograms for the HPLC-MS
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Fig. 3. Total-ion chromatogram and mass chromatograms obtained by positive-ion HPLC-frit-FAB-MS
showing the detection of chlorophyllides a and b, pheophorbide a, and chlorophylls a and b, extracted from
spinach that had been incubated to activate chlorophyllase. R.T. = Retention time in min. Right-hand
scale: mag = magnification factor.

analysis of a mixture of chlorophylls a and b, chlorophyllides a and b, and pheophor
bide a are shown in Fig. 3. Chlorophyllides a and b (retention times 8.2 and 4.3 min,
respectively) were formed by chlorophyllase action on chlorophyll prior to extraction
from the spinach. Intact chlorophylls a and b were detected at 23.2 and 21.2 min,
respectively. Pheophorbide a and chlorophyllides a and b eluted before their more
hydrophobic precursors, chlorophylls a and b (Fig. 3). Pheophorbide a, detected at a
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Fig. 4. Positive-ion frit-FAB mass spectrum of chlorophyll a (retention time 23.2 min) from the HPLC-MS
analysis shown in Fig. 3.
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retention time of 13.8 min, was formed by decomposition of chlorophyllide a during
handling and extraction. No pheophorbide b was detected in this sample because of
the greater stability of its precursor, chlorophyll b.

In addition to protonated molecules, fragment ions were detected in all mass
spectra. The fragmentation patterns corresponded to those reported by Grese et al.
[17] and van Breemen el' al. [18]. For example, the positive-ion frit-FAB mass spec
trum of chlorophyll a, recorded during the HPLC-MS analysis discussed above, is
presented in Fig. 4. In this mass spectrum, fragment ions of chlorophyll a were
detected at m/z 439, 453,467,481,555 and 615. The most abundant fragment ion in
the mass spectrum of chlorophyll a was detected at m/z 555, which was formed either
by loss of HCOOCH3 from m/z 615, [MH - CZOH 38 - HCOOCH3]+, or by loss of
CH3COOCzoH39 from the [M+H]+ ion [17]. The ion detected at m/z 615, indis
tinguishable from the protonated molecule of chlorophyllide a, was formed by loss of
the phytyl chain (C ZOH 38 ) from the [M + H]+ ion of chlorophyll a with transfer of a
hydrogen from the leaving group back to the ester oxygen [17,18]. Therefore, the
mass chromatogram of m/z 615 in Fig. 3 shows two bands, one corresponding to the
protonated molecule of chlorophyllide a (retention time 8.2 min) and the other form
ed by fragmentation of chlorophyll a (retention time 23.2 min). Similarly, the mass
chromatogram of m/z 629 (Fig. 3) shows two major bands corresponding to the
[M + H]+ ion of chlorophyllide b (retention time 4.3 min) and a fragment ion of
chlorophyll b (retention time 21.2 min). The origin of the extra band in the mass
chromatogram of chlorophyll a at a retention time of 12 min was not determined.
However, the mass spectrum corresponding to this unknown band contained no
fragment ions indicative of known chlorophylls or their derivatives. Instead, ions
were detected at m/z 520, 571, 737, 765, 781, 839, 855, 877 and 893 (data not shown).

The total-ion chromatogram generated from the HPLC-frit-FAB-MS analysis
of the pheophytin extract is shown in Fig. 5. Mass chromatograms corresponding to

871

113

Pheophorbide a

15 213

Pheophytin a
*1. 13

885 Pheophytin b
-------+ *1. 3

513 11313 1513 21313 Scan

Fig. 5. Total-ion chromatogram and selected-ion chromatograms using positive-ion HPLC-frit-FAB-MS
showing the detection of pheophytins a and b, and pheophorbide a from an acid-treated spinach extract.
R.T. = Retention time in min. Right-hand scale: mag = magnification factor.
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Fig. 6. Positive-ion frit-FAB mass spectrum of pheophytin a corresponding to a retention time of 19.1 min
in the HPLC-MS chromatogram shown in Fig. 5.

the protonated molecules of pheophytins a and band pheophorbide a are also plot
ted. These bands appeared wider than those of the chlorophylls and chlorophyllides
shown in Fig. 3 or the pheophytins and pyropheophytins shown in Fig. 7. The pri
mary explanation for the broader bands was the different gradient used for this
elution. The mass spectrum of pheophytin a, showing an abundant protonated mole
cule at m/z 871 and several fragment ions, is shown in Fig. 6.

Pyropheophytins a and b, formed by heat treatment of spinach leaves, were
extracted and then analyzed by HPLC-MS. The total-ion chromatogram and mass
chromatograms for this analysis are shown in Fig. 7. A mixture of pheophytins and
pyropheophytins was detected, since the conversion of pheophytin to pyropheo
phytin is incomplete during thermal treatments [29]. The mass spectrum ofpyropheo
phytin b obtained during HPLC-MS is shown in Fig. 8. An abundant protonated
molecule was,detected at m/z 827 as well as fragment ions at m/z 461, 475, 489, 503
and 549. These fragment ions were similar to those observed using standard probe
FAB-MS [18]. For example, the ion at m/z 549 was formed by loss of the phytyl chain
with hydrogen transfer and is analogous to the ion at m/z 615 in the mass spectrum of
chlorophyll a discussed above.

A contributing factor .to the broadening of pheophytin and pheophorbide
bands in the chromatograms shown in Figs. 5 and 7 was epimerization at C-l0 caused
by acid treatment of chlorophylls a and b to generate the pheophytins and pheo
phorbides. The pairs of epimers have been completely resolved using a different chro
matographic column, mobile phase, and gradient [26]. There was no difference be
tween the mass spectra of each pair of the epimers, however.

Several bands were detected by HPLC-MS that did not correspond to chloro
phyll derivatives. The major contaminants in the chlorophyll and chlorophyllide ex-
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tract (Fig. 3) eluted at the solvent front (approximately 2 min), and at 3, 12 and 22.3
min. The most abundant contaminant band, eluting at 3 min, produced a base peak
that corresponded to a protonated molecule at m/z 521. In the pheophytin extract
(Fig. 5), the major bands that did not correspond to chlorophyll derivatives were
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Fig. 8. Positive-ion frit-FAB mass spectrum of pyropheophytin b recorded at a retention time of 20.6 min
in the HPLC-MS chromatogram shown in Fig. 7.
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observed at 1.5, 6.8 and 12.3 min. Because these samples were prepared as crude
extracts of spinach, the presence of hydrophobic compounds other than chlorophyll
derivatives was expected. No further characterization of these contaminants was un
dertaken.

Grese et al. [17] have suggested and other investigators have shown [30,31] that
formation of radical species in solution such as chlorophyll M +. ions or perhaps
radical matrix species can result in chlorophyl allomerization. These products typical
ly form by oxidation of chlorophyll to a radical cation followed by nucleophilic
attack at the C-I0 position [31]. The longer chlorophylls are exposed to the FAB
beam, the more oxidized by-products are produced [17]. During HPLC-frit-FAB-MS
analysis of nine chlorophyll derivatives, no evidence of chlorophyll allomerization
was observed. Because fresh sample and matrix are continuously flowing onto the
frit-FAB probe, degradative processes such as reactions between chlorophyll and
matrix are minimized compared to standard probe FAB-MS. Furthermore, the use of
protic matrices such as glycerol minimizes the formation of radical ions and promotes
the formation of protonated molecules instead.

CONCLUSIONS

The first HPLC-MS separation and identification of chlorophylls and their
chlorophyllide, pheophytin, pheophorbide and pyropheophytin derivatives is report
ed here. The on-line combination of HPLC with FAB-MS provides a rapid and
specific method to characterize chlorophyll derivatives. Although not used in this
investigation, a UV-VIS absorbance detector could be added between the HPLC
column and the mass spectrometer for further characterization of the pigments.

Compared to our previous HPLC analyses of chlorophyll derivatives using
visible absorbance detection [26], HPLC-MS chromatograms showed the same order
of elution for each chlorophyll derivative but with different retention times and lower
chromatographic resolution. These differences were the result of the addition of gly
cerol to the mobile phase for HPLC-MS, the use of a shorter HPLC column, and a
faster gradient program. Glycerol matrix was added to the mobile phase instead of
post-column or coaxial addition for convenience and technical simplicity. The HPLC
column and gradient were selected to increase the speed of each HPLC-MS analysis,
which was important because of the high demand for MS analyses in our laboratory.

Compared to HPLC fraction collection, sample concentration in vacuo, and
then analysis by MS or other techniques, HPLC-MS is much faster and reduces the
time the sample might be exposed to light or atmospheric oxygen during handling..
Furthermore, HPLC-frit-FAB-MS minimizes chlorophyl allomerization that occurs
during standard probe FAB as a result of exposure to the FAB beam in the presence
of nucleophilic matrix. Unlike moving-belt or thermospray HPLC-MS, the HPLC
eluate is heated only slightly during HPLC-frit-FAB-MS so that pyrolysis of chloro
phyll pigments does not occur. (The ion source was heated to 40°C to prevent freezing
of solvent in the frit.) Given the ease of use and numerous advantages of the method,
HPLC-frit-FAB-MS can be a powerful technique for the identification of new chlo
rophyll derivatives from natural sources and for biochemical studies of chlorophyll
degradation products formed during senescence of leaves.
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ABSTRACT

An isocratic mobile phase of methanol containing phenoxyacetic acid-dilute acetic acid (70:30)
achieved a good high-performance liquid chromatographic (HPLC) separation of 2,4-dichlorophenoxy
acetic acid (2,4-0), 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) and 2-(2,4,5-trichlorophenoxy)propionic
acid (Silvex). The HPLC eluate was introduced into a mass spectrometer operated under methane-en
hanced electron-capture negative ionization conditions through the particle beam interface. With the mass
spectrometer operated in selected-ion monitoring mode, detection limits in the low j1.g/1 range were attained
for all three acids. This is one of the first reports ofliquid chromatography coupled with mass spectrometry
through the particle beam interface for the detection of chlorophenoxy acid herbicides.

INTRODUCTION

The widespread use of chlorophenoxy acid herbicides has resulted in their de
tection as residues in surface water and ground water [I]. For this reason, there is a
need for the development of sensitive methods for the analysis of water samples for
the presence of these herbicides. The original methods for the detection of the chIoro
phenoxy acids in water utilized liquid-liquid extraction followed by esterification to
permit analysis by gas chromatography (GC) with electron-capture detection [2-6].
Recently, it has been demonstrated that the liquid-liquid extraction step may be
replaced by solid-phase extraction (SPE) of the water sample using SPE cartridges.
SPE and elution are followed either by high-performance liquid chromatography
(HPLC) with UV detection of the intact acids [7] or by methylation of the acids
followed by GC-mass spectrometric (MS) analysis of the methyl esters [8].

Because of its specificity, MS detection is preferable to the use of other detec
tors, such as the variable-wavelength UV detector used by Hoke et al. [7]. On the
other hand, the derivatization required in the GC-MS approach of Infante and Perez
[8] prolongs the analysis. Obviously, the coupling of LC with MS for the detection of
the intact acids can achieve both the specificity and the speed of analysis desirable for
non-volatile analytes such as chlorophenoxy acids.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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The particle beam interface permits LC-MS to be attained relatively simply [9].
Among the additional advantages of this interface is its ability to generate classical
electron impact (El) and chemical ionization (CI) mass spectra.. This is an asset over
other types of LC-MS interfaces such as thermospray (TSP), which yield spectra with
little or no fragmentation [10]. The relatively poor sensitivity of the particle beam
interface, however, has been a drawback in its application to environmental analyses
[II]. The disappointing sensitivity has been attributed to reduced transport efficiency
of the analytes through the desolvation chamber and the momentum separator. Im
proved transport efficiency, as evidenced by MS signal enhancement, has been attain
ed through the addition of a "carrier" to the mobile phase. For example, ammonium
acetate has been used as a carrier for several different classes of compounds, such as
phenylureas and carbamates [12]. Alternatively, isotopically labelled analogues of
each analyte of interest have also been reported as carriers [13]. One analysis has been
reported using a carrier, malic acid, specific for one target analyte, alar, which has a
structure similar to that of the carrier [14].

The method reported here combines the particle beam interface for LC-MS
analysis together with the time-saving use of SPE for three intact chlorophenoxy
acids: 2,4-dichlorophenoxyacetic acid (2,4-D): 2,4,5-trichlorophenoxyacetic acid
(2,4,5-T) and 2-(2,4,5-trichlorophenoxy)propionic acid (Silvex). Picogram amounts
of the acids can be detected by using the carrier, phenoxyacetic acid, as a component
in the mobile phase. The detection limit was also improved by operating the mass
spectrometer in the selected ion monitoring (SIM) mode under methane-enhanced
electron-capture negative ionization (ECNI) conditions. Recovery data for each ana
lyte spiked into distilled water ranged from 89% to 109%. Linear calibration graphs
were obtained with approximately 8-60 ng of each analyte injected on-column.

EXPERIMENTAL

Reagents
The chlorophenoxy acids at ~ 99% purity were obtained from Dow Chemical

(Midland, MI, U.S.A.). Phenoxyacetic acid (PAA) was purchased from Aldrich (Mil
waukee, WI, U.S.A.). Solvents were of HPLC grade or Resi-Analyzed grade (J. T.
Baker, Phillipsburg, NJ, U.S.A.). Water was distilled and passed through a Barnstead
(Newton, MA, U.S.A.) NANOpureII system followed by 0.2-J1m filtration. Acidified
water was prepared by adding 0.2 ml of concentrated HCl to 250 ml of distilled,
dionized water. SPE cartridges were C18 high-capacity 6-ml cartridges from J. T.
Baker.

Helium for the nebulizer on the particle beam interface was of ultra-high purity
grade (Union Carbide-Linde Division, Danbury, CT, U.S.A.) and was filtered
through an Oxyclear disposable gas purifier (Labclear, Oakland, CA, U.S.A.), fol
lowed by a Supelco (Bellefonte, PA, U.S.A.) OMI-I filter. Methane for chemical
ionization was of ultra-high purity grade (Union Carbide-Linde Division) and was
filtered through an OMI-I filter.

Apparatus
A Hewlett-Packard Model 1090 liquid chromatograph fitted with a Rheodyne

(Cotati, CA, U.S.A.) Model 7010 injector equipped with a Rheodyne Model 7012
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loop filler port and a 20-J.11 loop was coupled to a Hewlett-Packard Model 5988A
quadrupole mass spectrometer through the HP 59980A particle beam interface. Data
acquisition and processing were under the control of the HP 59970C MS Pascal
ChemStation (Rev. 3.2). A Waters Assoc. (Milford, MA, U.S.A.) 300 mm x 2.1 mm
1.D. stainless-steel ).lBondapak (10 ).lm) C18 column was protected by a Supelco LC 18
guard column.

Acrodisc polytetrafluoroethylene (PTFE) 0.2-).lm filters (Gelman, Ann Arbor,
MI, U.S.A.) were washed with HPLC-grade methanol prior to use.

Calibration graphs
A 1000 ).lg/ml stock solution of each herbicide was prepared in methanol, and

diluted to give a 10.00 ng/).ll methanolic solution of each herbicide. Appropriate
volumes of the 10.00 ng/).ll solutions were diluted with methanol to prepare 2.00 ml of
four calibration solutions, each of which contained a mixture of the three herbicides.
The concentrations of each herbicide in the calibration solutions were as follows:
solution 1,0.500 ng/).ll; solution 2, 1.00 ng/).ll; solution 3, 2.00 ng/).ll; and solution 4,
3.00 ng/).l\. Each calibration solution was well mixed and filtered through a 0.2-pm
PTFE filter. To each filtered solution 300 pI of acidified water were added.

Solid-phase extraction
A sample of water was spiked with the 10.00 ng!J.t! methanolic solution of each

herbicide to achieve a 20.00 ).lg/I concentration level of each herbicide when the final
volume of the spiked solution was 100.00 m!. To the spiked water was added 0.08 ml
of concentrated HCI and the volume was adjusted to 100.00 m\. The 6-ml C 18 high
capacity SPE cartridge was conditioned with 5 ml ofethyl acetate, followed by 5 ml of
methanol, then 20 ml of distilled, dionized water and finally 5 ml of acidified water.
The solvents were drawn through the cartridge under gentle vacuum (5 in. Hg) and
the cartridge was not permitted to run dry after addition of the acidified water. A
75-ml reservoir was fitted to the top of the cartridge and the water spiked with the
herbicides was drained through the cartridge under gentle vacuum at the rate of ca. 5
ml/min. After the solution had drained completely through the cartridge, the car
tridge was washed with 5 ml of acidified water. The cartridge was then air dried for 5
min. The herbicides were eluted with 2.00 ml of methanol under very gentle vacuum.
To the methanolic eluate 300 ).ll of acidified water were added.

Liquid chromatography
An isocratic mobile phase consisting of a 70:30 mixture of methanol, which

contained PAA at a concentration of 1.7 ng!J.t!, and I% acetic acid eluted 2,4-D,
2,4,5-T and Silvex in under 10 min. The injection size was 20 ).ll and the flow-rate was
0.4 ml/min.

RESULTS AND DlSCUSSION

Fig. I shows a typical particle beam-methane-enhanced ECNI chromatogram
acquired in the SIM mode under the LC conditions specified above for 52 ng of each
herbicide injected on-column. 2,4-D was eluted at 5.3 min, 2,4,5-T at 6.7 min and
Silvex at 8.6 min. These retention times were steady to within 6 s for all injections
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performed over the course of 5 h. The isocratic elution of 2,4-0,2,4,5-T and Silvex (in
that order) from a C 18 LC column by means ofa mobile phase composed of methanol
containing 1.7 ng/,ul phenoxyacetic acid-I % acetic acid (70:30) is similar to earlier
observations using methanol-l % acetic acid (68:32) as the mobile phase [7]. The
addition of phenoxyacetic acid to the mobile phase has no apparent adverse effect on
the chromatography.

The initial attempt to use the carrier effect for the improvement of detection
limits in the analysis of 2,4-0 using HPLC-partic1e beam mass spectrometry in our
laboratory focused on the addition ofring [13C6]-2,4-0 to water samples previously
spiked with native 2,4-0. The results of this experiment indicated that the native
2,4-0, present in the isotopically labelled material at a 1% impurity level interfered
with the 2,4-0 concentrations added to the water sample.

It was determined subsequently that PAA can serve as a generic carrier for all
three herbicides examined. Another advantage of using PAA as the carrier for the
chlorophenoxy acid herbicides derives from the smaller electron-capture cross-section
of PAA relative to that of the chlorophenoxy acid herbicides. This means that in the
MS source PAA has a lower tendency to capture thermal electrons during the ECNI
process than the chlorinated phenoxy acid herbicides [15]. Hence there is no reduction
in the ionization efficiency of the analytes or the sensitivity of the analytes to ECNI in
the presence of PAA.

PAA was added to the methanol component of the mobile phase at a concen
tration of 1.7 ng/,ul. Using flow-injection analysis (FlA) it was determined that higher
concentrations of PAA did not improve the detection limits and lower concentrations
did not maximize the signal enhancement. For example, without the PAA carrier in
the mobile phase, 20 J11 of a 100 ppb solution of 2,4-0 (2000 pg) injected in FIA was
undetectable by LC-particle beam MS with methane ECNI in the SIM mode. With
the phenoxyacetic acid carrier at 1.7 J1g/ml in the methanol component of the mobile
phase, it was possible to detect 20 ,ul of a 25 ppb solution of 2,4-0 (500 pg) in FlA.
With the LC column in place, 20 J11 of a 50 ppb solution of each herbicide (1000 pg)
injected on-column was detectable at a signal-to-noise ratio of 3: 1 when PAA was
present in the mobile phase. Beginning with an original sample size of 100 ml and
adhering to the procedure outlined above, this detection limit translates into a con
centration of 1.1 ,ug/I (1.1 ppb) for each herbicide in the original sample.

The MS conditions employed are summarized in Table 1. Although LC-particle
beam MS for 2,4-0 and Silvex in the EI mode has been reported [16,17], the molar
response factors for the chlorophenoxy acids, determined by FlA, are approximately
ten times larger in the methane ECNI mode than in the EI mode (unpublished re
sults). A similar observation has been made for other chlorinated herbicides [18].
Although the mass spectrometer is tuned at a source temperature of 200°C using
perfluorotributylamine (PFTBA)-perfluorobenzonitrile (PFBN) (1000: I), the opti
mum sensitivity for the chlorophenoxy acid herbicides is achieved with the source at
300°C. The full-scan methane-enhanced ECNI spectra for 200 ng of each herbicide
injected on-column are shown in Fig. 2-4. The ions monitored in the SIM analysis
correspond to the [M - HOClr· fragment for each herbicide.

The settings for the particle beam parameters required for optimum sensitivity,
such as the helium nebulizer pressure and the nebulizer position, were determined by
means of FIA of the chlorophenoxy acids.
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TABLE I

PARTlCLE BEAM AND MASS SPECTROMETER CONDITIONS FOR THE ANALYS1S OF
CHLOROPHENOXY ACIDS

Parameter

Desolvation chamber temperature
He nebulizer pressure
Ionization mode
Source temperature
Source pressure
Acquisition mode

Conditions

47'C
26 p.s.i.
Methane ECNI
300'C
0.5 Torr"
SIM
m/z 168", 170; 4.0-5.9 min
m/z 202", 204; 5.9-7.8 min
m/z 216", 218; 7.8-10.2 min

" Pressure as measured with the thermocouple gauge at the GC-MS interface.
" The quantification ion for each herbicide is designated.

The well-defined peak shape for all three herbicides in the particle beam-meth
ane-enhanced ECNI chromatogram shown in Fig. 1 was achieved with the addition
of acidified water to the calibration solutions. Without this addition the peaks for all
three herbicides were broad and poorly resolved. It should be noted that the pH of the
mobile phase employed was 3.5. When acidified water was added to the LC mobile
phase in the proportion specified under Experimental, the pH dropped to 2.8. As the
pKa values of the three chlorophenoxy acids are in the range 2.8-3.0 [19], the acidified
water is necessary to assure that the compounds are in the acid form in the calibration
solutions. Under the experimental conditions employed, conversion of the free chlo
rophenoxy acids to the corresponding methyl esters is unlikely. A preliminary study
of the LC-particle beam MS of the methyl esters of2,4-D, 2,4,5-T and Silvex showed
that they do not interfere with the LC or the MS of the free acids.

The calibration graphs for the three herbicides, constructed by performing du
plicate injections of each calibration solution in random order and plotting the peak
height of the calibration ion versus the amount injected, are shown in Fig. 5.
The correlation coefficients were calculated to be 0.994 for 2,4-D, 0.990 for 2,4,5-T
and 0.996 for Silvex. In contrast to the linear calibration graphs in Fig. 5, calibration
graphs for LC-particle beam MS determined using the methane ECNI mode for
chlorinated phenylurea herbicides without the use of a carrier in the mobile phase

. were non-linear [20]. The reports of other workers confirm that without a carrier in
the mobile phase, the calibration graphs obtained with particle beam MS in both the
EI [13] and CI [14] modes tend to be non-linear.

The SPE recovery data are summarized in Table II. The spiking level was
cho.sen to be within the range of the maximum contaminant levels set by the EPA
National Primary Drinking Water Regulations, i.e., 100 J1g/l for 2,4-D and 10 J1g/l for
Silvex [21]. The data were obtained by making duplicate injections in random order of
each recovery solution, three solutions prepared with tap water and three solutions
prepared with distilled, deionized water. The recovery results were similar when either
2 J1g were added to a lOO-ml water sample or 1 J1g was added a 50-ml water sample.
Whereas the recovery data from the distilled, deionized water samples are acceptable,
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Fig. 5. Calibration graphs for (0) 2,4-0, (e) 2,4,5-T and (6) Silvex using HPLC-particle beam methane
enhanced ECNI in the SIM mode.

those from the tap water samples are consistently high. SPE recovery data reported
by other investigators for chlorophenoxy acids in environmental waters range from
29% to 76% [7] and in drinking water recoveries of 31 % and 156% have been
reported [8].

In summary, HPLC-particle beam mass spectrometry in the methane-enhanced
ECNI mode has been shown to provide the sensitivity, accuracy and precision neces
sary for the determination of three chlorophenoxy acid herbicides in water. The
method can be coupled with SPE to provide the rapid analysis of water samples for
these herbicides. Further studies are in progress to extend the method to additional
compounds in this class and to investigate the higher recoveries observed for envi
ronmental water samples.

TABLE II
SPE RECOVERY FOR CHLOROPHENOXY ACIDS FROM WATER AS DETERMINED BY
HPLC-PARTICLE BEAM MS IN THE METHANE-ENHANCED ECNI MODE

Spiking level (/lg/l) Recovery (%)

2,4-0 2,4,5-T Silvex

20 (n = 6) 89.3 ± 10.5 109.1 ± 15.4 99.5 ± 8.7
20 (n = 6) 109.2 ± 6.9 134.8 ± 25.0 123.8 ± 12.9
o (n = 3) 0 0 0
o (n = 3) 0 0 0

Water

DOl"
Tap
001"
Tap

" Distilled, deionized water.
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ABSTRACT

The effect of prolonged settling times (up to 2 h), in high- and low-phase columns, on the cell
partition ratios measured and on the separability of cell populations was examined. With closely related
cell populations, modelled by rat erythrocytes in which subpopulations of red blood cells of distinct age
were labeled isotopically, it was found that partitioning proceeds over the entire time period examined as
evidenced by the continuous change in relative specific activity ofcells in the top phase as the partition ratio
falls. In control cell sedimentation experiments in top phase there was almost no change in the quantity of
cells present when vertical settling (i.e., high-phase columns) was used and no separation of specific sub
populations was found. In the horizontal settling mode the initially higher cell partition ratio, as compared
to vertical settling, decreased to a greater extent with longer time intervals; a given purity of cells only being
obtained at a lower partition ratio than in the vertical settling mode. Cell sedimentation in top phase was
appreciable with time in the horizontal settling mode but did not result in a separation of cell subpop
ulations.

The effect of relative cell partition ratios and sizes in high- and low-phase columns on t'le efficiency of
separation was examined by use of rat or sheep 51Cr-labeled red cells mixed with an excess of human
unlabeled erythrocytes. Rat and sheep red cells are appreciably smaller than human erythrocytes. Rat red
cells have higher, and sheep red cells lower partition ratios than human erythrocytes. With vertical settling,
over a 2-h period, there is no appreciable contribution to the change in relative specific activities by cell
sedimentation. However, the more rapid sedimentation of the larger human red cells has, with time, a
measurable effect on the relative specific activities obtained during cell partitioning when run in the hori-.
zontal mode: enhancing the rat-human and diminishing the sheep--human cell separations.

Partitioning cells in high-phase columns is of advantage with respect to increasing separation effi
ciency and virtually eliminating the influence of other physical parameters (e.g., cell size). Since the cell
partitioning process continues for long periods of time, yielding ever-lower partition ratios with increasing
proportions of cells with higher P values, a time may be selected which balances desired relative cell purity
and yield.

INTRODUCTION

Partitioning in dextran-poly(ethylene glycol) aqueous-phase systems is an
established, sensitive method for the separation and fractionation of cell populations
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based on differences in their surface properties (for some recent reviews see refs. 1-3).
Unlike the partitioning of soluble materials which occurs between the bulk phases and
depends on the materials' relative solubility, the partitioning of cells generally takes
place between one of the bulk phases and the interface and is time-dependent [4,5].
Early events in the partitioning process which involve characteristic kinetics of cell
and phase-specific interactions and phase separation have previously been described
[4,6,7]. A relation between phase-column height, a factor in the rapidity of phase
settling, and the efficiency of cell separation has also been detailed [8]. In the current
work we explore the effect ofprolonged settling times, in high- and low-phase columns,
on the cell partition ratios measured and on the separability of closely related cell
populations as well as of cell mixtures. The contribution of cell sedimentation on the
partitions obtained is also examined. Our results indicate that partitioning proceeds
over a period of (at least two) hours; that with time one can obtain more purified cells
at lower yield; that a given purity ofcells is attained at higher yield when phase columns
are high rather than low, and that cell sedimentation has no appreciable effect on the
yield or separation obtained with high-phase columns but can affect both with
low-phase columns.

The reported enhancement of cell separation by partitioning by extending
settling times in low-phase columns [9,10] is thus: (a) a consequence of cell
sedimentation superimposed on the partitioning process and (b) not to be taken as
a general rule since a reduction ofa partitioning separation by sedimentation can occur
equally well.

EXPERIMENTAL

Reagents
Dextran T500 (lot No. 01 06905) was obtained from Pharmacia LKB

(Piscataway, NJ, U.S.A.) and poly(ethylene glycol) 8000 (PEG, "Carbowax 8000")
from Union Carbide (Long Beach, CA, U.S.A.). [59Fe]Ferrous citrate and [51 Cr]_
sodium chromate were products of ICN (Irvine, CA, U.S.A.). All salts used were of
reagent grade.

Bleeding of rats, sheep and of human donors
Male Sprague-Dawley rats (Charles River, Wilmington, DE, U.S.A.), weighing

between 250 and 400 g, were bled by heart puncture. Sheep blood (UCI Medical
Center, Orange, CA, U.S.A.) was obtained by use of an indwelling catheter in the
femoral vein or by venipuncture of the jugular. A 1O-ml volume of blood was collected
in 3 ml acid--eitrate-dextrose (ACD) anticoagulant. Human blood from presumably
normal individuals was obtained by venipuncture using the same ratio of blood to
anticoagulant as indicated for rat and sheep blood. Red cells were used in experiments
within one week of collection.

In vivo radioisotopic labeling of rat erythrocytes of different age
Some of the rats were injected with 10-20 !lCi [59Fe]ferrous citrate via the

saphenous vein. These were then bled at 4, 12 or 13 and 42 or 43 days after injection.
This gave rise to erythrocyte populations in which cells, corresponding in age to the
time which elapsed between injection and bleeding, were radioactively labeled.
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Aliquots of the erythrocyte populations were washed three times with at least ten times
the cell volume of isotonic aqueous salt solution (saline) before being used in the
partitioning experiments described below.

In vitro radioisotopic labeling of rat or sheep erythrocytes and the preparation of
mixtures of rat or sheep labeled red cells plus human unlabeled erythrocytes to test cell
separation efficiency by partitioning

Labeling of erythrocytes with [51 Cr]sodium chromate has previously been
described [11]. Approximately 10--20 /lCi 51Cr was used per ml of an aliquot of
anticoagulated rat or sheep blood. Labeled rat or sheep blood and an aliquot of
unlabeled human blood were then washed five times with saline.

To test the efficiency of the separation of human plus rat or sheep erythrocytes
by partitioning under various conditions (see below) a mixture of 5lCr-labeled rat or
sheep erythrocytes and an excess of unlabeled human erythrocytes was prepared. Into
a centrifuge tube containing four ml of saline was pipetted 0.5 ml of washed, packed,
labeled rat or sheep red cells and 2.0 ml of washed, packed, unlabeled human
erythrocytes. The tube was capped, inverted a few times to mix the cells, and
centrifuged. The supernatant solution was discarded and the packed cell mixture used
in some of the partition experiments described below.

Preparation of two-polymer aqueous phase systems
Four dextran-PEG aqueous two-phase systems having different polymer and/or

salt compositions were prepared as previously reported [5]. System I was composed of
5% (w/w) dextran, 3.6% (w/w) PEG, 0.15 M sodium chloride and 0.01 M sodium
phosphate buffer, pH 6.8; system II contained 5% (w/w) dextran, 4.4% (w/w) PEG
and 0.11 M sodium phosphate buffer, pH 6.8; system III, 5% (w/w) dextran, 3.4%
(w/w) PEG with the same salt composition as system I; and system IV, 5% (w/w)
dextran, 3.9% (w/w) PEG and the same salt composition as system II. Systems II and
[V in which phosphate predominates have an electrostatic potential difference between
the phases (top phase positive) and are deemed charge-sensitive [5]. Phases in which
sodium chloride is the main salt have virtually no potential difference between the
phases and are non-charge-sensitive [5].

Partitioning of erythrocytes in aqueous two-phase systems as a function of vessel
geometry and time

The phase system which was to be used for partitioning, at 21-24°C, was mixed
and about 12 ml were poured into each of [4 partition tubes (i.e., calibrated tubes, 125
mm x [6 mm). The tubes were centrifuged to speed-up phase separation and the top
and bottom-phase volumes were adjusted to be equal at 5 m!. A 0.05-ml volume of
washed, packed rat erythrocytes (containing 59Fe-Iabeled red cells of distinct age) or
a rat or sheep eICr-labeled) plus human (unlabeled) erythrocyte mixture which was to
be partitioned was added to each of the fourteen tubes containing the same phase
system and mixed. As soon as a tube had been mixed the timing of its cells' partitioning
commenced. One set of seven tubes was permitted to remain in a vertical position while
the phases settled and the tubes were sampled at different times. A 4.5-ml volume of the
top phase was withdrawn at 20,30,40,50,60,90, or 120 min. The second set of seven
tubes was capped (with parafilm) and permitted to settle in a horizontal position. One
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tube was gently raised to a vertical position (without agitating the contents) after 7.5,
15,30,45,60,90 or 120 min and permitted to settle for one additional min. A 4.5-ml
volume of top phase was then withdrawn. The quantity of cells in each top phase was
determined by lysing the cells and measuring the hemoglobin absorbance at 540 nm as
previously described [12]. The quantity of cells initially added to the partition tubes
was similarly determined. Aliquots of the Iysates were counted on a Beckman
scintillation well-counter using the 59Fe or 51Cr setting (depending on the isotope used
in the experiment).

Sedimentation of erythrocytes in top phase as a function of vessel geometry and time
Phase systems, at 21-24°C, in a separatory funnel, were mixed and permitted to

settle overnight. Top and bottom phases were then separated. Top phase was
centrifuged in a Sorvall RC-5 centrifuge (set to the same temperature range) at 12000
g for 10 min to remove any remaining bottom-phase droplets. A 5-ml volume of
bottom phase was pipetted into each of fourteen partition tubes as used above.
A 0.75-ml volume of washed, packed erythrocytes (i.e., aliquots of the same cells as
used in the partitioning experiments described in the previous section) was pipetted
into 70 ml of the centrifuged, absolutely clear top phase. The top phase was gently
shaken so as to obtain a homogeneous cell suspension. A 5-ml volume of the latter was
carefully layered over each of the bottom phases in the tubes without mixing or
agitation. (This is best done by holding the tubes at an angle and permitting the cell
suspension in top phase to run slowly down the inner wall of each tube.) Seven tubes
were left standing in a vertical position and were sampled at various time intervals and
were analyzed in a manner analogous to that described for vertical tube partitioning.
Seven tubes were capped and carefully placed in a horizontal position (again without
mixing or agitating the systems) and were then sampled at various time intervals and
were analyzed in a manner analogous to that described for horizontal tube
partitioning.

Presentation of data
The cell partition ratio, P, is defined as the quantity of cells in the top phase, at

the time of sampling, as a percentage of the total quantity of cells added [5]. The
relative specific activity (RSA), a measure of the relative extent of labeled and
unlabeled cell separation in a cell population or mixture, is [6].

counts/min per hemoglobin absorbance in the top phase

counts/min per hemoglobin absorbance in the original, unfractionated cell population (or mixture)

In the figures we present plots of the partition ratio vs. the RSA value obtained at
the different times of phase sampling. Sedimentation results are given in an analogous
manner: percentage of added cells found in the top phase vs. RSA at the different
sampling times. The figures show data typical of that which was obtained in at least
three separate experiments using blood from different animals and individuals (with
the exception of sheep blood with which only two experiments were conducted).



EFFICIENCY OF CELL PARTITIONING

RESULTS

401

Our studies were undertaken with closely related cell populations (rat eryth
rocytes containing 59Fe-Iabeled cell subpopulations of different but distinct age) and
with cell mixtures (i.e., 51Cr-Iabeled rat or sheep erythrocytes plus human red blood
cells). From previous studies [13,14] it is known that, in both non-charge-sensitive and
charge-sensitive phase systems, rat young and middle-aged (e.g .. , 4 and 12-13 days
old) red cells have higher, and old (e.g., 42--43 days) cells have lower partition ratios
than the mean partition ratio of the whole cell population. Rat red cells have higher
partition ratios than human erythrocytes in both non charge-sensitive and charge
sensitive phases while sheep red cells have much lower partition ratios than those from
humans in non charge-sensitive phases and slightly lower partition ratios in charge
sensitive phases [5]. Furthermore, rat and sheep erythrocytes have appreciably smaller
volumes than human red blood cells [15,16].

Partition and sedimentation studies on rat red blood cell populations contaznzng
59Fe-labeled erythrocytes of distinct age. Experiments in vertically-placed tubes
(high-phase columns)

In the figures we show the effect of sampling time on the percentage ofcells in the
top phase and on the cells' RSA value. Figs. I (top left panel) and 2 (top left and right
panels) depict results obtained with rat red cell populations containing isotopically
labeled 4, 13 and 42 days old cells, respectively, partitioned in non-charge-sensitive
phase system 1. The points in each graph represent, in sequence from right to left
samples obtained after 20,30,40,50,60,90 and 120 min of vertical-phase settling. As
the time is extended, the percentage of cells in the top phase diminishes from about 65
to 20% while the RSA values continue to change (increasing from 1.04 to 1.62 with
erythrocytes containing 4 days old labeled cells, 1.00 to 1.23 with 13 days old cells, and
decreasing from 0.88 to 0.60 with 42 days old cells). The ever-changing RSA values (in
the absence ofappreciable cell sedimentation, see below) indicate that cell partitioning
continues over the entire time course of the experiment.

In Fig. I, upper right panel, the results of a sedimentation experiment with rat
erythrocytes containing 4 days old labeled cells are depicted. Cells suspended in top
phase (system I) were permitted to stand in a vertical position and sampled at times and
analyzed in a manner analogous to that described above for the partitioning
experiments. The percentage ofcells in the top phase hardly diminishes (from about 97
to 90%) over the 2-h sedimentation period and the RSA values remain virtually
constant at 1.00. Identical results on sedimentation are obtained with rat red blood
cells irrespective of the age of the labeled cell subpopulation they contain. Thus there is
no evidence of separation in the different-aged rat erythrocytes upon sedimentation in
the top phase.

Figs. 3 (top left panel) and 4 (top left and right panels) present results analogous
to those in Figs. 1 and 2, respectively, except that charge-sensitive phase system II was
used. In these experiments the percentage of cells in the top phase diminishes, with
time, from about 60 to 50% while the RSA values change (increasing from 1.51 to 1.67
with erythrocytes containing 4 days old labeled cells, 1.50 to 1.57 with 12 days old cells,
and decreasing from 0.70 to 0.56 with 43 days old cells). Thus, the initial RSA values
are much higher (lower in the case of 43 days old cells) than in the non charge-sensitive
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Fig. 1. Rats were injected with [59Fe]ferrous citrate and bled at difTerent times thereafter. This gave rise to
red cell populations in which the bulk of labeled cells corresponds in age to the time elapsed between
injection and bleeding. Rat erythrocytes of different ages have characteristic partition ratios (see text).
Aliquots of such cell populations were partitioned in a dextran-poly(ethylene glycol) aqueous-phase system
or permitted to sediment in the top phase of the same system. A series of tubes, seven in the vertical
(high-phase column) and seven in the horizontal (low-phase column) mode, was used and the top phase
withdrawn at different times (i.e., at 20, 30, 40, 50, 60, 90 and 120 min for high- and at 7.5, 15,30,45,60,90
and 120 min for low-phase column experiments). The top phase was analyzed for the quantity ofcells present
as a percentage of the total cells added and for the cells' relative specific activity, RSA. In this figure data are
shown in which rat blood obtained four days after isotope injection (rat No. 90- I) and non-charge-sensitive
phase system I were used. The upper left panel gives results of partitioning cells in the vertical mode. The
points indicate, from right to left, the time course of the decrease of cells in the top phase accompanied by an
increase in RSA value (i.e., enrichment of 4 days old rat red cells). The upper right panel shows the
corresponding sedimentation experiment. Note that here the decrease of cells in the top phase is negligible
and that the RSA value remains constant at 1.00. We conclude that cell partitioning continues over the entire
2-h period of the experiment. The lower left panel presents partitioning data in the horizontal mode. Again
the time course of the decrease ofcells in the top phase is accompanied by an increase in the RSA value. In the
lower right panel, low-phase column sedimentation, the decrease ofcells in the top phase is appreciable. The
RSA value remains, however, constant at 1.00. Note that at any given percentage ofcells in the top phase, the
RSA value is higher when partitioned in high- rather than low-phase columns indicating a greater separation
efficiency ill the former mode (compare left top and bottom panels). See text for discussion.

system [Figs. 1 (top left panel) and 2 (top left and top right panels)] while the
subsequent changes in RSA values are smaller.

Fig. 3, upper right panel, depicts the results of a sedimentation experiment with
rat erythrocytes containing 4 days old labeled cells in phase system II and conducted as
described for Fig. 1. The percentage of cells in the top phase again diminishes only
slightly (from 100 to 97%) over the 2-h sedimentation period and the RSA values
remain constant at 1.00. As with phase system I, identical results for sedimentation are
obtained with rat red blood cells irrespective of the age of the labeled cell
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Fig. 2. Partitioning experiments (as in Fig. I) with rat erythrocytes obtained 13 days (left panels, rat No.
90-5) or 42 days (right panels, rat No. 89-12) after 59Fe injeetion. Top panels depict partitioning in
high-phase columns; bottom panels partitioning in low-phase columns. See Fig. I and text for details.

subpopulation they contain. As in the case of the non-charge-sensitive phase system I,
no fractionation can be detected for the different-aged rat erythrocytes upon
sedimentation.

Partition and sedimentation studies on rat red blood cell populations contaznzng
59 Fe-labeled erythrocytes of distinct age. Experiments in horizontally placed tubes
(low-phase columns)

In the lower left panel of Fig. I and the lower panels of Fig. 2 the points
represent, in sequence from right to left, partitioning samples in system I obtained after
7.5,15,30,45,60,90 and 120 min of horizontal- plus 1 min of vertical-phase settling.
As the sampling time is extented, the percentage of cells in the top phase diminishes
markedly from about 85 to 10% while the RSA values change (increasing from 1.03 to
1.38 with erythrocytes containing 4 days old labeled cells, 1.00 to 1.23 with 13 days old
cells, and decreasing from 0.98 to 0.89 with 42 days old cells).

In the lower right panel of Fig. I the results of a sedimentation experiment are
depicted in which cells, suspended in top phase (system I), were permitted to be in
a horizontal position and then in a vertical position for time intervals as described in
the previous partitioning experiments and sampled and analyzed in a manner
analogous to them. Unlike the smal1 decrease in the percentage ofcells in the top phase
as a function of sedimentation when tubes are in the vertical position (Fig. I, upper
right), the decrease ofcel1s in the top phase with tubes in a horizontal position is sizable
over the 2 h period, 100 to 43%. and close in magnitude to the change in P values
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observed with horizontal partitioning (compare Fig. I, lower left and right panels).
The RSA values remain constant at 1.00 again indicating that no fractionation of cells
occurs during sedimentation.

In Figs. 3 and 4, lower panels, experiments analogous to those depicted in Figs.
I and 2, respectively, were undertaken with the exception that charge-sensitive phase
system II was used. The percentage ofcells in the top phase again diminishes markedly
with time, from about 80 to 20%, while the RSA values change (increasing from 1.39 to
1.85 with erythrocytes containing 4 days old labeled cells, 1.15 to 1.59 with 12 days old
cells, and decreasing from 0.88 to 0.67 with 43 days old cells).

The accompanying sedimentation experiment (Fig. 3, lower right) again shows
a decrease in the percentage of cells in the top phase over the time-course of the
experiment, 100 to 48%, which is comparable in magnitude to that found on cell
partitioning (Fig. 3, lower left), with the RSA values remaining constant at 1.00.

Partition and sedimentation studies on a mixture ofrat 51 Cr-labeled re£blood cells and
an excess ofhuman unlabeled erythrocytes. Experiments in high- and low-phase columns

Fig. 5 depicts superimposed partitioning and sedimentation results obtained
with a mixture of 51Cr-Iabeled rat red cells plus an excess of human unlabeled
erythrocytes. In the top left panel the points represent, in sequence from right to left,
samples obtained after 20, 30,40, 50,60,90 and 120 min of vertical-phase settling in
non-charge-sensitive phase system III. As in Figs. 1-4, the percentage of partitioned
cells (solid symbols) in the top phase diminishes with time (from about 70 to 35%)
while the RSA value increases dramatically (from 1.38 to 2.86). In the sedimentation
experiment (open symbols), in which cells suspended in the top phase were permitted
to stand in a vertical position and were sampled at time intervals and analyzed in
a manner analogous to the partitioning experiment, the percentage of cells in the top
phase diminishes very slightly during the 2-h experiment and the RSA values remain
close to 1.00.

In the lower left panel, the points represent, in sequence from right to left,
samples obtained after 7.5,15,30,45,60,90 and 120 min of horizontal- plus I min of
vertical-phase settling. With longer settling times the percentage of partitioned cells in
the top phase again diminishes (from about 90 to 25%) and the RSA values increase
(1.11 to 2.48). In the corresponding sedimentation experiment the decrease of cells in
the top phase, as they sediment in a low-phase column, is appreciable over the 2-h
period (from about 100 to 30%) and is comparable in magnitude to the change in the
P value observed with horizontal partitioning. Unlike the results obtained with
horizontal sedimentation of closely related cell populations (Figs. I and 3) the RSA
value of a mixture composed of cells of appreciably different size also changes (in the
present case from 0.85 to 1.85). This reflects the more rapid sedimentation of the larger
human red cells in the mixture yielding an increasing ratio of radioactively labeled rat
to human erythrocytes. The more rapid sedimentation of the human red cells thus
serves to enhance the separation of human and rat erythrocytes by partitioning.

The upper and lower right panels of Fig. 5 show experiments conducted as in the
respective left panels of the figure except that Charge-sensitive phase system IV was
used. In the top right panel (high-phase columns) the percentage of partitioned cells
(solid symbols) in the top phase diminishes with time (from about 68 to 48%) while the
RSA values increase (from 1.45 to 2.00). In the corresponding sedimentation
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Fig. 5. Mixtures of 51Cr-labeled rat red blood cclls plus unlabeled human erythrocytes (l:4) were partitioned
or permitted to sediment in a manner as described for Fig. I. Partitioning (solid symbols) and sedimentation
(open symbols) data are presented superimposed in the graphs. Left panels show experiments in
non-charge-sensitive system III and right panels show experiments in charge-sensitive system IV. Top panels
represcnt high-phase column partitioning or sedimentation; bottom panels, low-phase columns. Rat
erythrocytes have higher partition ratios than human red cells in both systems 1II and IV. They are also
smaller. Note that unlike the results obtained with the closely related rat red cells of different age (Fig. I),
sedimentation in low-phase columns also causes marked changes in the RSA values reOecting a more rapid
sedimentation of human as opposed to rat red cells during the 2-h course of the experiment. For additional
discussion see text.

experiment (open symbols), the percentage of cells in the top phase hardly diminishes
over the 2-h experiment and the RSA values remain a constant 1.00.

In the bottom right panel (low-phase columns) the percentage of cells
partitioned in the top phase again diminishes with time (from about 90 to 15%) and the
RSA values increase (1.07 to 2.64). In the sedimentation experiment the decrease of
cells in the top phase, as they form sediment in a low-phase column, is appreciable over
the 2 hperiod (about 100 to 30%) and is comparable in magnitude to the change in the
P value observed with low-phase partitioning. Again, as in Fig. 5, lower left panel, the
RSA value of a mixture of cells of appreciably different sizes also changes on
sedimentation (in the present case from 0.97 to 1.42) again reflecting a fractionation on
the basis of size.

Partition and sedimentation studies on a mixture ofsheep 51 Cr-labeled redblood cells and
an excess ofhuman unlabeled erythrocytes. Experiments in high- and low-phase columns

Fig. 6 depicts superimposed partitioning and sedimentation data obtained in
a manner similar to that described for Fig. 5 but with a mixture of 51Cr-Iabeled sheep
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Fig. 6. Mixtures of 51 Cr-labeled sheep red blood cells plus unlabeled human erythrocytes (1:4) were
partitioned or permitted to sediment in a manner as described for Fig. l. Partitioning (solid symbols) and
sedimentation (open symbols) data are presented superimposed in the graphs. Left panels show experiments
in non-charge-sensitive system III and right panels show experiments in charge-sensitive system IV. Top
panels represent high-phase column partitioning or sedimentation; bottom panels, low-phase columns.
Sheep erythrocytes have much lower partition ratios than human red cells in system III and slightly lower
partition ratios in system IV. They are also much smaller. Since the partition ratio of human red cells is
higher than those from sheep but human red cells sediment more rapidly (shown by the increase in the RSA
values on sedimentation in low-phase columns, lower panels), the initial low RSA value in the partitioning
experiments increase with longer settling times (partitioning data in lower panels). For discussion see text.

red cells plus an excess of human unlabeled erythrocytes. In the top left panel
vertical-phase settling results in non-charge-sensitive phase system III are shown. The
percentage of partitioned cel1s (solid symbols) in the top phase diminishes with time
(from about 50 to 15%) while the RSA value, reflecting the very low P value of the
labeled sheep red cells, is and remains low (ranging from 0.17 to 0.08). In the
sedimentation experiment (open symbols), the percentage of cel1s in the top phase
diminishes only slightly over the 2 h experiment and the RSA values remain close to
1.00.

In the lower left panel, low-phase column partitioning and sedimentation data
in system III are presented. With longer settling times the percentage of partitioned
cel1s in the top phase again diminishes (from about 75 to 10%) and the RSA values at
first remain low (0.12 to 0.20) but with extended sedimentation (i.e., beyond 1 h)
increase to 0.47. In the corresponding sedimentation experiment the decrease of cel1s in
the top phase, as they sediment in a low-phase column, is appreciable over the 2-h
period (about 100 to 20%). As with the results in Fig. 5, but unlike those in Figs. 1and
3 which have closely related cell populations, the RSA value changes (in the present
case from 0.99 to 1.69). This again reflects the more rapid sedimentation of the larger
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human red cells in the mixture yielding an increasing ratio of radioactively labeled
sheep to human erythrocytes. The increase in RSA values with prolonged partitioning
times (i.e., beyond 1 h) is due to the differential sedimentation of human and sheep red
blood cells. Because both the sedimentation rate and the partition ratio of human red
cells is greater than those of sheep erythrocytes, sedimentation tends to reduce the
separation of human and sheep erythrocytes by partitioning. Sedimentation effects on
the separation by partitioning of human and sheep red cells is shown even more
dramatically in Fig. 6, right (see below).

The upper and lower right panels of Fig. 6 show experiments conducted as in the
respective left panels of the figure except that charge-sensitive phase system IV was
used. In the top right panel (high-phase columns) the percentage of partitioned cells
(solid symbols) in the top phase diminishes with time (from about 55 to 30%) while the
RSA values decrease minimally (from 0.68 to 0.54). In the corresponding sedimenta
tion experiment (open symbols), the percentage of cells in the top phase hardly
diminishes over the 2-h experiment and the RSA values remain a constant 1.00.

In the bottom right panel (low-phase columns) the percentage of cells
partitioned into the top phase again diminishes with time (from about 90 to 10%) but,
unlike the data in the upper right panel, the RSA values increase from less than to
greater than 1.00 (0.90 to 1.46). (RSA values less than 1.00 reflect a smaller P value for
sheep red cells than for human red cells while RSA values greater than 1.00 indicate the
opposite.) The explanation for the change in RSA values is to be found in the
corresponding sedimentation experiment in which the decrease of cells in the top
phase, over the 2 h period in a low-phase column, is accompanied by an increase in
RSA values all the way to 1.76. The increase in RSA values on prolonged
sedimentation thus affects the apparent red cell P values. The larger human
erythrocytes sediment more rapidly than the sheep red cells making it appear that the
sheep red cell, which actually has a lower P value than the human red blood cell in
phase system IV, has a higher P value.

DISCUSSION

It is known that cell partitioning is a kinetic process which depends on cell- and
phase-specific interactions wherein cells bind to droplets of one phase (in the present
case, the dextran-rich phase) suspended in the other (PEG-rich phase) after mixing
followed by the delivery of droplet-bound cells to the bulk interface [4]. Thus the
partition ratio, P, of cells depends on the time chosen for analysis. Furthermore, since
the height of the phase column influences the speed of phase settling, with smaller
heights resulting in faster settling, cell separation by partitioning is also affected by the
geometry of the vessel used. More efficient fractionations are obtained in high rather
than small phase columns [8]. The reason suggested for this finding is that with
low-phase column heights, phase separation proceeds too rapidly for cells to attach to
the phase droplets. (Hence the use of a Craig counter-current distribution apparatus
[17] with high-phase columns is of more advantage when fractionating cells than the
more commonly used Albertsson thin-layer unit [18].)

In the present work we have further explored the efficiency of cell fractionation
by partitioning in two-polymer aqueous-phase systems in both high- and low-phase
columns vs. time. The contribution of cell sedimentation in the phases (in the absence
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of partitioning) was also examined. We studied both closely related cells (i.e., rat
erythrocytes containing 59Fe-labeled cells of different ages) and mixtures of red blood
cells ofdifferent sizes (i.e., human plus rat, human plus sheep) in which the smaller cells
(sheep or rat erythrocytes) were isotopically labeled with 51Cr and mixed with an
excess of the larger cells. Efficiency of fractionation was determined by measuring the
changes in relative specific radioactivity (RSA) with time.

A surprising result of our experiments is the fact that cel partitioning proceeds
for (at least two) hours. This is indicated by the change in RSA value (e.g., Fig. 1, top
left) with time in the absence of cell sedimentation (i.e., without an appreciable change
in the percentage of cells present in the top phase, see e.g., Fig. 1, top right) or even in
the presence of cell sedimentation where the latter does not result in changes in RSA
values (e.g., Fig. 1, bottom right). A practical result of the finding that the partitioning
process continues for a long period of time, yielding ever-lower P values with higher
proportions of separated cells, is that a time interval may be chosen which balances
relative cell purity in a given phase and yield.

With high-phase columns and closely related cells (i.e., cells of similar size) cell
sedimentation is negligible (over the 2-h period of the experiment) and no fractionation
of the cells due to sedimentation is observed. With low-phase columns and closely
related cells sedimentation is appreciable, although without cell fractionation since the
RSA value remains constant at 1.0, (e.g., Figs. 1 and 3, bottom right). The decrease in
the percentage of added cells due to sedimentation does not differ much from the
percentage of cells in the top phase found on partitioning (see Figs. 1 and 3, bottom).
The partitioning and sedimentation processes are thus not "additive" and it is
tempting to speculate that cell partitioning actually slows the sedimentation of some
cells.

As previously reported [8] the RSA value obtained with the same cell population
in the same phase system at a given partition ratio, P value, is always higher in vertical
(high) than in horizontal- (low) phase columns (see e.g., Figs. 1, left; 2; 3 left). The
current data show that one can, in some phases (see the left side of Fig. 3 as well as Fig.
4), attain the same RSA values with horizontal-phase settling as with vertical-phase
settling but then only at a lower P value (i.e, lower cell yield).

With high-phase columns and mixtures of cells of different sizes, cell sedimenta
tion is not significant (over the 2 h period of the experiment) and no fractionation of
the cells due to sedimentation occurs (Figs. 5, top and 6, top). With low-phase columns
and such cell mixtures, sedimentation is appreciable and affects cell separation. In the
case of rat red blood cells which are smaller than human ones but have a higher
partition ratio in these phases [5], the more rapid sedimentation of the larger human
erythrocytes leaves more rat red cells in the top phase. Sedimentation, in this case,
would thus serve to enhance the separation (Fig. 5, bottom). Sheep red blood cells are
also smaller than human erythrocytes but have a slightly lower P value in
charge-sensitive phases and a much smaller P value in non charge-sensitive phases [5].
The RSA value of sheep red blood cells should therefore be less than 1.0 and diminish
with time. The removal of human red blood cells by sedimentation actually increases
the observed RSA values (see Fig. 6, bottom).

The reports that increasing the settling time in low-phase columns (as on
a thin-layer countercurrent distribution apparatus) improves the fractionation of cells
by partitioning [9,10] was unexpected in light of the cell partitioning mechanism [8].
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Our current studies show that the enhanced fractionation of bone marrow cells by
partitioning [9,10] must be a function not of enhanced partitioning but of differential
cell sedimentation. Such an improvement in separation cannot, however, be taken as
a general rule [9,10], since a partitioning separation can equally well be diminished by
cell sedimentation (see e.g., Fig. 6).

CONCLUSIONS

Cell partitioning in two-polymer aqueous-phase systems proceeds for (at least
two) hours. With high-phase columns one obtains, with time, ever-lower cell partition
ratios containing greater proportions of cells with a higher P value. With low-phase
columns the partitioning ofcells ofdifferent sizes is affected by cell sedimentation with
extended times. Depending on the relative partition ratios of the larger and smaller
cells being separated, sedimentation can serve to enhance or diminish the separation by
partitioning.

Extending the settling time of phases in cell separation procedures using
low-phase columns (e.g, on a thin-layer counter-current distribution apparatus), as
has been reported [9,10], must result, when working with populations of different cell
size, in fractionations which depend on both cell surface properties (partitioning) and
size (sedimentation). Such separations cannot thus be interpreted on the basis of cell
surface properties [9,10].

Partitioning cells in high-phase columns is not only of advantage with respect to
increasing separation efficiency [8] but also with respect to virtually eliminating the
influence of other physical parameters (i.e., cell size) on the fractionation.
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ABSTRACT

In our previous paper (J. Chromatogr., Vol. 467, p. III) we reported a modified variant of the
purge-and-trap gas chromatographic analysis of volatile organic carbon compounds in water. In this paper
we report the application of the modified open-loop dynamic headspace technique for the stripping and
trapping of volatile organic compounds (VOCs) from estuarine sediments. Sediment samples (ca. 300-400
g wet weight) arc transferred into all-glass I-I bottles and purged at 60T for 70 min in an ultrapure helium
gas stream. Volatile eluates are quantitatively trapped onto three different sorbent beds arranged in series.
Analysis is then performed using thermal desorption with capillary column chromatography and simulta
neous flame ionisation with ion-trap detection. As with water samples, stripping temperature had the
greatest effect upon compound recovery, with smaller variances in recovery observed when comparing
different sediment types.

The method is capable of quantifying many individual volatile organic compounds down to a detec
tion limit between 10 and 100 ng kg- 1 (dry weight). The linear dynamic range for a broad range of
compounds fell between the lower limit of detection to approximately 500-700 fIg kg- t (dry weight). The
results of a case study on sediments taken from the Southampton Water estuary are presented as an
example of the method application. A list of component concentration ranges are also presented.

INTRODUCTION

Within the past ten years much attention has been focused on the detection and
quantification of volatile organic compounds (VOCs) in sludges, muds and sediments.
Many types ofVOC, originating from diverse sources ranging from oil spills [1,2] and
industrial wastewaters [3], to natural, biogenic compounds [4] have been identified in
estuarine sediments. Some of these compounds are mutagens, teratogens or car
cinogens [5,6] and resistant to microbial or photochemical degradation [2]. Studies
concerning their occurrence, behaviour and fate in estuarine sediments are com
paratively limited, a fact which reflects the necessity for research and vigilance in this
area.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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There has been extensive reporting ofanalytical methods for measuring low level
concentrations of VOCs in surface waters. These are based mainly on static
(equilibrium) and purge-and-trap (non-equilibrium) headspace analysis [7-12]. How
ever, the direct application of these methods for analysing VOCs in sediments is not
straightforward and must take account of complicating factors such as sediment
composition, the physico-chemical properties of the sediments and the organic
compound classes involved. These properties may also necessitate an appreciation of
factors such as particle-size distribution, organic carbon content and the geographical
variability of different sediment types [13].

Previous research on the composition of sediments as media for sorbing organic
compounds has provided clues regarding the key factors which determine sorbability.
Examples of such research included studies of the relationship between the partition
coefficients (Kp) of hydrophobic organic compounds and the sediment matrix [14]. An
important conclusion arising from this work stated that sorptive action by shallow
estuarine sediments was directly involved in the removal of individual VOCs from
overlying waters, regardless of the sediment type. Accordingly, much research has
been aimed at studying the affinity of different sediment types for various classes of
organic compounds [15].

Unfortunately, there are no universally recognised and approved methods for
the analysis of VOCs in sediments, especially marine sediments. Rigorous analytical
approaches have been used to evaluate the efficiency of static (equilibrium) headspace
methods for determining VOCs in coastal sediments [16] and in estuarine sediments
[17]. Similarly, purge-and-trap stripping methods have been applied with a degree of
success to the laboratory analysis of sediments [18, I9] and in field studies of sediment
and fish tissues [20]. Purge-and-trap methods utilise purging of the sample matrix by
purified inert gases, followed by trapping of the volatile compounds onto adsorbent
beds, typically Tenax or carbon-based sorbents. Another interesting analytical variant
used vacuum-extraction techniques to partition VOCs from solid materials, followed
by transfer of the extracted organic vapour to a conventional purge-and-trap device.
Analysis was then conducted according to standard gas chromatographic (GC)
protocols [21].

One of the most commonly used purge-and-trap methods used for stripping
VOCs from sediment matrices is the United States Environmental Protection Agency
Method 5030. This method is used for volatile organics, defined as those organic
compounds with boiling points below 200°C and which are insoluble or only slightly
soluble in water. Method 5030 includes a low-level variant intended for samples
containing less than I mg kg-1 of individual VOCs, although it is limited to sediment
samples that are ofa similar (granular and porous) consistency. Volatile water-soluble
(i.e. alcohols and ketones) compounds can be included in this method. However, as
a general observation, quantitation limits [by GC or gas chromatography-mass
spectroscopy (MS)] were stated to be approximately ten times higher than non-polar
hydrophobic organic compounds, because of their poor purging efficiencies.

In this sediment purge-and-trap method, VOC were purged from sediment
samples at elevated temperatures onto a similar three-stage sorbent trap. After the
purging step, the trapping tube arrangement was disconnected, and the individual
tubes thermally desorbed using a Perkin-Elmer automated thermal desorber (ATD-50;
Perkin-Elmer, Beaconsfield, U.K.). The ATD-50 is a multi-functional instrument
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developed initially for the United Kingdom Health & Safety Executive environmental
laboratories [22]. The principal role of the ATD-50 is for the analysis of organic
vapours at low concentrations (sub-ppm). An integral two-stage desorption facility is
available whereby organic compounds desorbed from adsorption tubes, within an
oven held at 150a C, are then re-trapped inside an electronically cooled cold-trap
packed with a secondary adsorbent bed, at a temperature down to - 30a C. The
cold-trap is then electronically heated at a rate exceeding 1000a C min-1 to an upper
limit of300aC, sending a discrete band ofconcentrated sample through the fused-silica
transfer line to the GC capillary column where the transferred components are
chromatographed.

The sediment purging method, which uses the ATD-50, has separated over 100
volatile organic compounds found mainly as trace contaminants or naturally
occurring compounds in estuarine sediments within approximately 70 min. The
method utilises flame ionisation detection (FID) with the added facility of ion-trap
detection to provide confirmation of peak identity. This work conducted on VOCs in
British estuarine sediment [23] and water samples [24] has revealed a wide range of
volatile compounds to be present.

EXPERIMENTAL

The experimental details have been described previously [24]. However, this
section shall include details pertinent to the analysis of sediment, as opposed to water
samples.

Reagents
Standards were prepared using re-distilled analytical grade materials (Aldrich,

Wimborne, U.K.). Stock standard mixtures were prepared gravimetrically in all-glass
containers according to both EPA [25] and CONCAWE [26] methods. Replicate
standards containing organic compounds covering materials varying in boiling point
range from n-pentane to n-octadecane were prepared in I-litre flasks, inverted, and
spiked through aluminium-coated teflon septa using plunger-in-needle hypodermic
syringes (SGE, Milton Keynes, U.K.). Sodium azide, recommended as a poison to
prevent further biological reaction after sampling [27], was added to all samples.
Internal standards, i.e. I-chloroalkanes, were obtained from Aldrich.

Organic-free water was prepared by purging pure AnalaR grade water (BDH,
Poole, U.K.) overnight in a stream of purified nitrogen. Aliquots (500 ml) were then
heated at 95°C for 30 min to remove any remaining volatile components, cooled under
a purified nitrogen blanket, and stored under zero-headspace immediately prior to use.

Standard sediment
The optimum standard matrix to use has been stated to be that of the sample

matrix itself [28]. Sediment particle size distribution and organic matter content tend to
vary between and within estuarial sites, and may affect the sorption and subsequent
desorption of volatile organic compounds on sediments [14]. According to Bartlett
[29], the majority of sediments within the 10-km length of Southampton Water exhibit
seasonally constant physical characteristics which show little variation from year to
year. Individual grain size properties of Southampton Water sediments were
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determined using standard techniques developed and reported by Little et al. [30] and
McLaren [31]. The organic matter content of the sediments was determined using the
simple combustion method reported by Froelich [32].

Sediment grain size data for representative sediment samples taken from the
head (sediment 1), mid-point (sediment 2) and mouth (sediment 3) of the estuary are
presented in Table I. All three sites are composed of a mixture of good to moderately
sorted fine silts (e.g. 70-80% silt), although some poorly sorted silts are found at the
fringes of the estuarine mouth where the estuary opens into the Solent waterway. Clay
contents increase from the head towards the mouth of the estuary, whereas silt
contents follow the opposite trend. The organic matter content of the sediments
follows the same pattern as silts, i.e. decreasing steadily from the head towards the
mouth of the estuary.

TABLE I

SEDIMENT GRAIN SIZE DATA FOR SAMPLES TAKEN FROM THE HEAD (SEDIMENT I),
MID-POINT (SEDIMENT 2), AND MOUTH (SEDIMENT 3) OF THE ESTUARY

Sediment Depth Mud Gravel Organic matter Sorting Wentworth
(cm) (%) (%) (%) index grade

I 0-10 94.56 0 20.79 Good Fine silt
2 0-10 97.45 0 15.14 Good Fine silt
3 0-10 94.70 0 13.21 Moderate Fine silt

Grain size distribution"

Grain size Sediment I Sediment 2 Sediment 3

Sand 1.35 2.18 5.31
Silt 80.29 72.78 70.35
Clay 18.36 20.04 24.34

" Grain size key: sand = 7.07' 10-1 to 6.25' 10-2 mm; silt = 6.25' 10-2 to 3.91 . 10-3 mm; clay =
3.91' 10-2 to 1.38' 10-3 mm (Reference: British Standards Institution, (1975) BS 1377).

Sediments from the head, mid-point and mouth of the estuary were taken in
order to prepare "blank" organic-free sediment suitable for spiking experiments.
These were prepared according to protocols already described by Bianchi and Varney
[17], and Lee et al. [33]. Procedures intended to remove volatile organics from
sediments may modify adsorptive sites within the particle matrix. However, a suitable
compromise was sought between the practical necessity to prepare "blank" sediment
material and the retention of the basic physico-chemical integrity of the original,
unaltered estuarine sediment.

Preparation of spiked blank sediment
Sub-samples of dried sediment (300 g) were gravimetrically added to a I-litre

glass vessel with a metal spoon. The vessels were prepared in a glass-blowing workshop
from I-litre "Dreschel" jars. These were fitted with 19/26 mm ground-glass necks and
ground-glass stoppers. Aliquots (100 ml) of spiked standard water were added to the
sample vessels, shaken vigorously for 10 min and let to stand under purified nitrogen
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for 15 min at 4°C. Pure gaseous standards, e.g. chloromethane, (obtained from BDH)
were added by injecting known aliquots of diluted gas from Tedlar gas bags (SKC,
Shaftesbury, U.K.) directly into inverted vessels containing blank sediment slurry.
These were injected through I-litre glass vessels fitted with PTFE-coated silicone septa
lined caps using IO-fll gas syringes (SGE) and shaken gently for 5 min. Samples were
then purged according to the protocol described in the following section.

Sorbents and tubes
Tenax-TA, Chromosorb-106 and Spherocarb sorbents (all 60-80 mesh),

obtained from Perkin-Elmer, were conditioned overnight according to manufacturers
instructions in i in. diameter stainless-steel tubes in a flow of purified nitrogen. After
conditioning, sorbents were packed into desorption tubes (90 mm x 5 mm LD.). Each
tube set, containing sequentially, Tenax-TA, Chromosorb-l06 and Spherocarb were
inter-connected using standard i in.-i in. PTFE ferrules and *in. stainless-steel
Swagelok unions.

Sampling apparatus
The purge-and-trap stripping apparatus consists of an all-glass I-litre bottle

(nominal capacity, 1150 ml). A modified dreschel head assembly incorporating
a ground-glass collar (19/24 mm) was inserted into the ground-glass neck of the sample
bottle (19/24 mm) and locked using a PTFE cage. Ultrapure helium was metered via
a metal-glass joint into a 7-mm 0.0., 7-cm length of glass tubing fabricated onto the
inlet of the purge head assembly. The internal glass tubing of the inlet purge head was
fitted with a coarse porosity frit (Grade 2) suitable for producing sufficient agitation
within the sediment slurry mixture. A schematic of this arrangement is shown in Fig. 1.
The heated "jaws" unit consists ofa thermostatically controlled, spring-loaded, heated
metal block which clamps over the exit tubing. By heating the glass tubing the unit
minimises the collection of water vapour droplets which condense out on the inner
walls. The strip gas then passes directly through the three trapping tubes which are
connected in series. The apparatus was immersed in a heated water bath (Grant
Instruments, Cambridge, U.K.), and agitated at regular intervals allowing 30 min for
thermostatic equilibrium to be attained.

Instrumentation and capillary column
The automated thermal desorber (ATD-50) was connected to a Perkin-Elmer

8700 gas chromatograph via a l-m length of deactivated fused-silica transfer line, 0.22
mm LD., held at 150°C [24].

The gas chromatograph was fitted with a cradle-mounted, 50 m x 0.22 mm LD.
OV-1701 wall coated open-tubular fused-silica-capillary column, 0.5-flm film thickness
(SGE). This column was found to offer satisfactory performance for the analysis of
volatile compound in sediments and was used as the basis for many of the following
experiments. The exit point of the column was connected to a twin-hole split ferrule
permitting 50% of the column eluant to be routed to a flame ionisation detector. The
remaining 50% is swept via a second 1-m length of transfer line at 250°C into an
ion-trap detector (Finnigan MAT).

Carbon dioxide gas for cooling the chromatograph oven below ambient
temperature was piped iiTlo the rear of the oven via a 4-m length of3.0 mm 0.0. copper
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tubing. The feed rate for carbon dioxide gas is gauged by a microprocessor-controlled
valve in the gas chromatograph.

Analytical operating conditions
Carrier gas. Ultrapure helium 5.5 grade (Air Products, Basingstoke, U.K.);

carbon dioxide (Air Products, Southampton, U.K.).
ATD-50. Cold-trap packing, 10 mg Tenax-TA + 10 mg Chromosorb-106;

cold-trap low temperature, - 30°C; cold-trap high temperature, 250°C; split ratio
(combined), 100: 1; desorption oven temperature, 250°C; adsorbent tube desorption
time, 10 min; desorption gas flow-rate, 10 ml min-I, carrier gas pressure, 25 p.s.i. (i.e.
174 kPa).

Gas chromatograph. Detector temperature, 300°C; carrier gas flow-rate, 1 ml
min-1 (20 em S-l at 10°C). Temperature conditions: oven temperature, 10°C;
isothermal time 1, 10 min; ramp rate 1, 6°C min-I; oven temperature 2, 300°C; final
hold time 2, 10 min.

Ion trap detector. Ionisation voltage, 70 eV; s/scan, 1.0; mass range, 25-250 mass
units; transfer temperature, 250°C; ion source temperature, 250°C; multiplier delay,
200 s; mass defect, 100 m.m.u.jIOO a.m.u.; acquire time, 70 min.

Collection of sediment samples
Since it is very difficult to assess the losses of volatile compounds from sediments

after sampling, care and speed is necessary to transfer sediments into sealed glass
containers as quickly as possible after sampling. Sediment samples [ca. 300-400 g (wet
weight)] were immediately transferred after sampling into clean I-litre glass purging
vessels. Mid-estuarine samples were collected using a shipborne Wan-Ween sediment
grab, cored with an all-glass cylinder, and inserted into the glass vessel. Solid materials
such as stones or shells were quickly removed by hand before placing into the glass
vessels. Intertidal mud samples were sampled using steel corers and inserted into the
glass vessel. Sodium azide (ca. 0.5 g) was promptly added to sediment samples, and
sample vessels immediately chilled on dry-ice inside sealed polystyrene lined "cool
boxes". As the sample storage vessels are then directly used for the purge analysis,
volatilisation losses are kept to a practical minimum.

Analysis of sediment samples
After preliminary addition of (i) standard spiked water (100 ml) to standard

blank sediment, or (ii) organic-free water (100 ml) to estuarine sediment samples, all
samples were shaken gently for 10 min. Following this,standard samples were stood
for 15 min under nitrogen at 4°C to allow mixing thens~tt1ing of the spiked organic
material into the sediment and the supernatant liquid.---rn order to determine longer
term changes in composition arising from storage, duplicate standards were spiked
with sodium azide, chilled in a refrigerator at -4°C and subsequently analysed after 24
and 48 h respectively.

After assembly of the apparatus, standard and estuarine sediment samples were
immersed in the heated water bath. After 30 min equilibration, samples were purged in
a flow of ultrapure helium (5.5 grade) for 70 min at 100 ml min-I. All connections
between the purge-gas line, purge-head and adsorbent "tube-train" were checked for
leakage of purging gas using a soap solution. The effluent gas leaving the final tube of
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the trapping arrangement was also connected to an on-line flowmeter (Chrompack
U.K., London, U.K.). The initial purge rate through the purging apparatus was set at
100 ml min-1 and monitored throughout the purging cycle for loss of flow due to
a leakage in the system.

The purging experiments were performed initially at 30°C, then at 60°C.
Following the purge and trap cycle, the purge gas was switched off and disconnected.
The trap tubes were removed from the sample vessel, disconnected and independently
analysed on the thermal desorber-gas chromatographic system. This involves placing
analytical end-caps on each tube, locating the tube in the desorber carousel and
activating the desorption mechanism on the ATD. The tubes are analysed on the
ATD-50 thermal desorber by placing stainless-steel pressure caps (or "analytical"
end-caps) on the ends of the tubes [22]. These caps contain a small valve which opens
when a discrete gas pressure is applied by the desorption unit on the ATD-50. The
tubes are placed sequentially in 'a carousel arrangement which is pre-programmed to
interface the tubes to the desorption mechanism according to a user-specified method.
Before analysis, each tube is individually pressurised by the ATD-50 to check for
leakage in the end-cap seals (if the leak check cycle identifies loss ofpressure, the tube is
rejected for analysis). If the leak-test is successful, the desorption cycle is automatically
implemented. Basically, the tube is heated within the oven unit of the desorption unit
whilst a flow of pure helium carrier gas is passed through each tube. Organic vapours
are desorbed off the tube to be passed onto the cold-trap. Here, the organic vapours are
cooled and re-trapped. Following a desorption time of 10 min, the cold trap is "fired",
which sends the organic vapours to' the GC column via the fused-silica transfer line.

The results of recoveries of VOCs from water, at these stripping temperatures,
have already been reported [24], and were used as a basis for investigating similar
effects on sediments. Following stripping, attention was paid to the identification of
any apparent losses or thermal degradation effects on organic compounds with
increasing stripping temperature. Internal standards, I-chlorohexane and I-chloro
octane were initially used as a means ofmonitoring recoveries. For routine analyses, an
external standard calibration technique was used. The concentration of individual
components were determined by multiplying component peak area by the external
standard response factor. Response factors were calculated directly from calibration
standard data. Hence, it was necessary to determine the linear dynamic range of the
method before starting sample analyses.

Calculation of absolute dry weights (i.e. of sediments) and recovery data on
actual samples were made by decanting off separated supernatant liquid several hours
after the purging. The remaining slurry was then collected in a pre-weighed,
wide-mouth pyrex glass dish (500 ml), cooled further and then evaporated to dryness in
an oven held at 105°C for 8-12 h. The dried residue was then placed in a dessicator for
2 h, and re-weighed to obtain the absolute dry weight. The mean recovery for
reweighed sediments was 99.41 ± 0.19%, based on 44 consecutive sediment samples.

RESULTS AND DISCUSSION

Detection limits
The lower detection limit in GC analysis is generally considered to be that

amount ofanalyte which gives a peak area response three times as great as the standard
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deviation of the response obtained from the blank. In equilibrium headspace
experiments developed to detect trace organochlorine compounds in effluent water,
Pizzie [28] defined the lower detection limit (DL) mathematically as:

where 0b is the standard deviation of the blank response, and m is the slope (or
sensitivity) of the calibration curve for the analyte in question. Using this definition,
the lower limits ofdetectability for a range ofVOCs using the purge-and-trap stripping
method were determined. These data are presented in Table II.

Linear dynamic range
The linear dynamic range of the method was investigated by preparing and

analysing serial dilutions of master standard mixtures. The bottom of the range is set
by the limits of detection for each component. However, at higher concentrations,
diminishing recoveries and/or overloading of the sample tube with analyte occurs,
leading to loss of linear response at the flame ionisation detector. To test for linearity,
the response factor for each component was compared with the actual peak area and
the known concentration in the calibration blends. The response factor should yield
the correct concentration for the component (allowing for the accuracy and precison of
the method) within the linear range of the component. Linear dynamic range data for
a series of volatile organic compounds are also presented in Table II.

Repeatability
The short term precision (i.e. repeatability) of the purging method is expressed as

the relative standard deviation (R.S.D.) over three concentration levels. This data is
presented in Table III. The data illustrate that the R.S.D. decreases with increasing
concentration for all the model VOC classes tested during these experiments.
However, not all compound classes yielded similar values. For example, volatile
alcohols and ketones exhibited R.S.D. values up to 12.2% for alcohols (i.e. n- and
2-butanol), and up to 24.2% for ketones (i.e. 2-decanone). Conversely, alkanes,
aromatics and halogenated compounds exhibited R.S.D. values between 1.1 and 4.3%
at the 100 f1.g kg-1 concentration level.

Accuracy
Accuracy is expressed as the bias. Bias is a directional value which shows how

much the sample results differ from the reference value. This can be summarised as
(bias = average value - reference value). The bias value can therefore be positive or
negative. The bias values for the model VOC at three concentration levels are
presented in Table IV. Accuracies were generally within ± 20% at the 100 ng kg-1

level, ± 3.8% at the 1000 ng kg-1 level, and ± 6% at the 100 f1.g kg-1 concentration
level. This indicates that the method accuracy is highest mid-way between the dynamic
linear range of the method, diminishing slightly towards the lower and upper limits
respectively.
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TABLE II

LlMITS OF DETECTION AND LINEAR DYNAMIC RANGE FOR SELECTED VOLATILE
ORGANIC COMPOUNDS RECOVERED FROM SEDIMENTS AT 60°C

Compound Name Limits of detection Linear dynamic range (dry weight)
(ng kg-I, dry weight)

Lower limit (ng kg-1 ) Upper limit (J.lg kg-I)

n-Pentane 10 10 550
n-Hexane 30 40 510
n-Hcptane 30 60 510
n-Octane 40 75 500
n-Nonanc 50 80 500
n-Decane 80 100 490
n-Undecane 100 115 490
n-Dodecanc 100 120 480
n-Tridccane 100 120 480
n-Tctradecane 100 150 460

Isopcntanc 30 10 550
3-Methyl-I,3-butadicne 30 40 600
2,2-Dimethylbutanc 40 50 520
2,3-Dimcthylbutane 40 50 520
2-Methylpcntane 45 60 520
3-Methylpcntane 45 60 520
Cyclopentane 50 70 500
2,2,4-Trimethylpentane 70 90 450
2,4,4-Trimcthylpcntene-2 90 110 440

Benzcne 10 10 650
Mcthylbcnzene 10 10 660
1,3-Dimethylbenzene 20 25 600
1,2-Dimethylbcnzenc 20 25 600
Ethylbcnzene 20 25 600
Isopropylbenzenc 30 45 590
n-Propylbenzene 30 50 550
1,2,3-Trimethylbenzcne 40 70 490
1,2,4-Trimethylbenzene 40 70 480
1,3,5-Trimethylbenzene 40 70 480
1,2,3,4-Tetramethylbenzene 70 110 460
1,2,3,5-Tetramethylbcnzene 70 110 460

1,2-Dichlorobenzcne
,

60 90 380
Dichloromcthane 10 20 370
Trichloromethane 10 30 360
I, 1,1-Trichloroethane 10 70 340
Trichloroethylcne 15 130 340
Chloroethane 30 250 130
I, I ,2-Trichlorotrifluoroethane 40 170 50

Dimethylsulphide 10 10 700
Dimethyldisulphidc 10 10 700
Dimethyltrisulphide 20 40 670
2-Methylthiophene 60 90 580

Ethanol 200 280 200
Propanol 270 300 300
tert.-Butanol 270 330 380
n-Butanol 300 330 380
2-Butanol 300 370 370
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TABLE II (continued)

Compound Name Limits of detection Linear dynamic range (dry weight)
(ng kg-I, dry weight)

Lower limit (ng kg-I) Upper limit (J1g kg-I)

Propanal 50 70 480
Pentanal 50 70 480
Hexanal 70 80 470
Heptanal 70 80 470
Benzaldehyde 70 90 450

2-Butanone 300 390 390
2-Pentanone 300 300 390
2-Heptanone 300 300 370
2-Decanone 320 350 290

Naphthalene 100 120 430
Indene 100 120 430
1,3-Dimethylnaphthalene 170 190 400
1,2-Dimethylnaphthalene 165 190 400

2-Methylfuran 40 70 450
2,5-Dimethylfuran 40 70 450

I-Chloroheptane 40 180 400
I-Chlorooctane 50 190 400

The effect of sediment type
The effect of different grain size distribution and organic matter content on the

efficiency of the stripping method was examined. Analysis was performed on samples
from the head (sediment 1), mid-point (sediment 2) and mouth of the estuary (sediment
3). The physical data was presented in Table I. Briefly, sediment I contains the lowest
clay (18.36%) and sand (1.35%) content and highest organic carbon (20.79%) and silt
(80.29%) content. Sediment 2 contains the highest proportion of mud (97.45%).
Sediment 3 contains the highest proportion of sand (5.31 %) and clay (24.34%) and the
smallest proportion of organic matter (13.21 %) and silt (70.35%).

The recoveries of volatile organic compounds from each of the three sediment
types were measured. These experiments were conducted at 30°C and 60°C to
determine the relative effect of sediment type and stripping temperature upon
recovery. The results are presented in Table V.

Inspection of the data show that, in general, high clay and sand contents
correspond with lowest recoveries, i.e. sediment 3 recoveries were up to 2-4% lower
than sediment I, which contains the highest proportion of silt. A similar observation
was made by Karickhoff et al. [15] who stated that the linear partition coefficients (Kp)

were directly related to organic carbon content for different particle size isolates in
different sediments. In particular, the sand fraction (> 50 ,um particle size) acts as a less
effective sorbent. Less conclusive funtional relationships were found when comparing
relative recoveries with the percentage of organic carbon and clays within the
sediments. However, the general observation was made that the higher the silt
contents, the better the recoveries. This observation was also reflected in data reported
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TABLE III

THE REPEATABILITY OF MODEL VOLATILE ORGANIC COMPOUNDS PURGED FROM
SEDIMENTS AT 60°C

Short term precision is expressed as % relative standard deviation (R.S.D.) at three concentration levels.

Compound name Concentrations (dry weight)

100 ng kg-1 1000 ng kg- 1 100 Jig kg- 1

n-Pentane 5.5
n-Hexane 5.7
n-Heptane 5.7
n-Octane 5.9
n-Nonane 6.2
n-Decane 6.7
n-Undecane
n-Dodecane
n-Tridecane
n-Tetradecane

Isopentane 4.4
3-Methyl-I,3-butadiene 4.3
2,2-Dimethylbutane 4.4
2,3-Dimethylbutane 4.4
2-Methylpentane 4.3
3-Methylpentane 4.3
Cyclopentane 5.0
2,2,4-Trimethylpentane 5.6
2,4,4-Trimethylpentene-2

Benzene 3.3
Methylbenzene 3.3
1,3-Dimethylbenzene 3.4
1,2-Dimethylbenzene 3.4
Ethylbenzene 3.5
Isopropylbenzene 3.7
n-Propylbenzene 3.7
1,2,3-Trimethylbenzene 3.8
1,2,4-Trimethylbenzene 3.9
1,3,5-Trimethylbenzene 4.1
1,2,3,4-Tetramethylbenzene
1,2,3,5-Tetramethylbenzene

1,2-Dichlorobenzene 4.4
Dichloromethane 3.2
Trichloromethane 3.7
1, I, I-Trichloroethane 3.1
Trichloroethylene
Chloromethane
I, I,2-Trichlorotrifluoroethane

Dimethylsulphide 3.2
DimethyJdisuJphide 3.3
Dimethyltrisulphide 3.4
2-Methylthiophene 3.7

4.6 1.9
4.6 2.0
4.7 2.0
4.8 2.2
4.9 2.2
5.1 2.3
5.0 2.5
5.2 2.6
5.2 2.9
5.9 3.0

4.7 2.2
4.3 2.1
4.1 2.1
4.1 2.1
4.1 2.0
4.1 2.0
4.3 2.1
4.5 2.2
4.6 2.3

2.6 1.1
2.7 1.2
2.9 1.3
2.9 1.4
2.8 1.3
3.0 1.5
3.0 1.7
3.1 1.9
3.4 2.1
3.6 2.2
3.6 2.5
3.7 2.5

4.1 2.4
3.9 1.8
3.0 2.1
2.9 2.1
2.9 2.2
3.4 2.7
5.4 4.3

2.2 1.2
2.3 1.4
2.5 1.6
2.3 1.9
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TABLE III (continued)

Compound name Concentrations (dry weight)

100 ng kg- 1 1000 ng kg- 1 100 Jig kg- 1

Ethanol 9.9 8.4
Propanol 10.1 8.8
tert.-Butanol 11.2 9.0
n-Butanol 12.2 10.3
2-Butanol 12.2 10.3

Propanal 4.8 4.0 3.4
Pentanal 4.8 4.2 3.7
Hexanal 4.9 4.8 3.9
Heptanal 4.9 4.7 3.9
Benzaldehyde 4.0 3.4 2.2

2-Butanone 16.2 13.4
2-Pentanone 17.2 14.7
2-Heptanone 24.6 18.3
2-Decanone 30.1 24.2

Naphthalene 5.1 4.2
Indene 5.1 4.3
1,3-Dimethylnaphthalene 5.2 4.5
1,2-Dimethylnaphthalene 5.2 4.7

2-Methylfuran 5.4 4.6 3.9
2,5-Dimethylfuran 5.5 4.9 3.9

I-Chloroheptane 3.1 2.5
I-Chlorooctane 3.3 2.8

by Charles and Simmons [13]. In their report, which investigated the stripping of
chlorinated solvents from sediments at ambient temperatures, the authors concluded
that neither sediment weight, sediment type, nor the conductivity of the desorbing
solution had noticeable effects on the recovery performance of a simple purge-and
trap method. Using their method, recoveries were quoted of 38% for trichloro
methane, 48% for trichloroethylene and 54% for chlorobenzene. However, concern
over the wide variance in reproducibility (i.e. between 4% and 55%) was expressed
[13]. Our experiments using the modified open-loop stripping method [24], revealed an
improvement in the recovery of the same compounds (i.e. trichloromethane, 84%;
trichloroethene, 87%; and chlorobenzene, 84%, respectively), with a standard
deviation (n = 15) for all compounds ofless than 10%. These improvements reflect the
comparative influence of method parameters on overall recoveries, relative to
differences in sediment type.

The efficiency of multi-sorbent trapping
The use of a multi-sorbent trapping system for trace VOC analyses have been

previously discussed by the authors [24]. The combination of sorbents, with individual
affinities and retentive capacities for different compounds, traps those compounds
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TABLE IV

THE ACCURACY OF MODEL VOLATILE ORGANIC COMPOUNDS PURGED FROM SED
IMENTS AT 60°C

The accuracy is expressed as the bias of the method for individual VOCs at three concentration levels.

Compound name Concentrations (dry weight)

100 ng kg- 1 1000 ng kg- 1 100 Jlg kg- 1

n-Pentane 9 -15 6
n-Hexane 7 16 2
n-Heptane 7 19 2
n-Octane 9 19 2
n-Nonane 12 19 2
n-Decane 17 -II -3
n-Undecane 20 5
n-Dodecane 22 6
n-Tridecane -32 -9
n-Tetradecane 29 7

Isopentane 4 17 2
3-Methyl-I,3-butadiene 3 13 I
2,2-Dimethylbutane 9 -II 2
2,3-Dimethylbutane 12 -23 4
2-Methylpentane 9 28 5
3-Methylpentane 10 19 3
Cyclopentane 12 -23 4
2,2,4-TrimethyIpentane 5 II 3
2,4,4-Trimethylpentene-2 10 23 -I

Benzene 8 4 -1
Methylbenzene 9 4 -I
1,3-Dimethylbenzene II 5 2
1,2-Dimethylbenzene 12 4 I
Ethylbenzene 13 3 2
Isopropylbenzene -16 7 -I
n-Propylbenzene 17 7 -1
1,2,3-TrimethyIbenzene -II 2 3
1,2,4-Trimethyl benzene -12 7 3
1,3,5-Trimethylbenzene 18 23 3
1,2,3,4-Tetramethylbenzene 24 -2
1,2,3,5-Tetramethylbenzene -30 2

1,2-Dichlorobenzene 10 19 I
Dichloromethane 16 19 -2
Trichloromethane 9 10 2
1, 1,1-Trichloroethane 9 II 2
Trichloroethylene 16 -I

Chloromethane -33 -5
I, I ,2-Trichlorotrifluoroethane -28 -3

Dimethylsulphide 2 5 I
Dimethyldisulphide 3 8 I
Dimethyltrisulphide 4 5 2
2-Methylthiophene 7 3 1
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TABLE IV (continued)

Compound name Concentrations (dry weight)

100 ng kg- 1 1000 ng kg- 1 100 /lg kg- 1

Ethanol - 9 -4
Propanol - I -5
tert.-Butanol 3 -3
n-Butanol - 2 -3
2-Butanol - 2 -3

Propanal 5 4 I
Pentanal 8 - 2 I
Hexanal II - 3 2
Heptanal -23 - 3 I
Benzaldehyde 21 5 2

2-Butanone -23 -2
2-Pentanone -24 -2
2-Heptanone -35 -2
2-Decanone -38 -3

Naphthalene 28 2
Indene 24 2
I,3-Dimethylnaphthalene 30 -1
1,2-Dimethylnaphthalene 28 -2

2-Methylfuran 7 10 -2
2,5-Dimethylfuran - 5 -10 1

I-Chloroheptane II 1
I-Chlorooctane 13 -1

which would otherwise be unretained by single adsorbent traps. Multi-sorbent
trapping has therefore been an increasingly popular approach in purge-and-trap
analysis in recent years. In general, Tenax-TA quantitatively retains most volatile
compounds in a boiling-point range extending roughly from benzene and n-heptane
upwards, although it will retain more volatile compounds at very low concentrations.
Tenax has a limited retention volume capacity for low boiling organics and more
efficient sorbents must be substituted [34] to achieve quantitative trapping. Although
this method uses Chromosorb-106 and Spherocarb as the second and third traps
respectively, newer sorbents such as Carbopack B, a graphitised carbon black, offer
realistic alternatives. M ulti-sorbent trapping also minimises overloading which is
encountered when employing single tubes, with organics, and interferences which may
occur between the sorbates. The practical value of employing this three-stage trapping
arrangement was also discussed in more detail in the previous paper [24].

The eHect of stripping temperature
The results of these experiments show that the stripping temperature of the

sediments has a significant effect on compound recovery. When compared to the
recoveries ofVOCs from water samples [24], Table V shows that, in general, recoveries
at both 30°C and 60°C are lower from sediments.
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TABLE V

RECOVERIES OF VOLATILE ORGANIC COMPOUNDS FROM DIFFERENT SEDIMENT TYPES
AT 30°C AND 60°C

Conditions: helium flow-rate, 100 ml min-I; sampling time, 70 min.

Compound name Sediment Molecular Boiling Recovery
type mass point (0C)

30°C 60°C

n-Pentane I 72.1 35 84 97
2 82 95
3 81 93

n-Hexane I 86.2 69 84 88
2 83 87
3 82 86

n-Heptane I 100.2 98 76 85
2 75 83
3 75 82

n-Octane 1 114.2 126 73 79
2 72 78
3 71 77

n-Nonane I 128.2 151 73 77
2 72 76
3 71 75

n-Decane I 142.3 174 70 74
2 69 73
3 67 71

n-Undecane I 156.3 196 65 71
2 63 70
3 61 69

n-Dodecane I 170.3 216 59 67
2 56 66
3 55 64

n-Tridecane I 198.4 234 53 65
2 50 63
3 47 61

n-Tetradecane I 198.4 254 46 65
2 65 62
3 64 60

Isopentane I 72.1 28 87 95
2 86 94
3 85 93

3-Methyl- I ,3-butadiene I 68.1 34 85 92
2 84 91
3 81 90

2,2-Dimethylbutane I 86.2 50 79 84
2 78 84
3 78 83

2,3-Dimethylbutane I 86.2 58 77 83
2 76 82
3 75 81

2-Methylpentane I 86.2 62 76 85
2 75 84
3 73 83
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TABLE V (continued)

Compound name Sediment Molecular Boiling Recovery
type mass point COc)

30°C 60°C

3-Methylpentane I 86.2 64 75 84
2 75 84
3 74 83

Cyclopentane I 70.1 50 77 85
2 76 84
3 74 82

2,2,4-Trimethylpentane 1 114.2 98 75 86
2 73 85
3 74 82

2,4,4-Trimethylpentene-2 1 112.2 102 73 84
2 70 83
3 69 82

Benzene I 78 79 80 92
2 80 90
3 80 90

Methylbenzene 1 92.\ 83 78 84
2 77 83
3 76 82

1,3-Dimethylbenzene I 106.2 139 68 78
2 67 77
3 66 76

1,2-Dimethylbenzene 1 106.2 144 66 77
2 65 76
3 64 75

Ethylbenzene I 116.2 135 59 78
2 58 77
3 57 76

Isopropylbcnzene 1 120.2 153 57 76
2 56 75
3 55 74

n-Propylbenzene 1 120.2 159 55 74
2 54 73
3 50 71

1,2,3-Trimethylbcnzene I 120.2 176 57 74
2 55 73
3 53 71

1,2,4-Trimcthylbcnzene 1 120.2 168 54 73
2 52 72
3 49 70

1,3,5-Trimethylbcnzene 1 120.2 163 54 75
2 54 74
3 52 71

1,2,3,4-Tetramethylbenzcne 1 134.2 205 47 68
2 45 68
3 44 65

1,2,3,5-Tetramethylbenzene 1 134.2 199 48 69
2 45 68
3 44 65

(Continued on p. 430)
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TABLE V (continued)

Compound name Sediment Molecular Boiling Recovery
type mass point (0C)

30°C 60°C

1,2-Dichlorobenzene I 147 179 56 73
2 55 72
3 53 71

Dichloromethane I 86.9 40 85 92
2 83 91
3 80 89

Trichloromethane I 120.4 61 69 85
2 68 85
3 68 84

1, 1,1-Trichloroethane I 133.4 75 73 87
2 71 86
3 69 85

Trichloroethylene I 131.4 86.9 71 86
2 69 85
3 69 84

Chloromethane I 51 -24 83 94
2 80 92
3 75 89

I,1,2-Trichlorotrif1uoroethane I 187.4 47 71 87
2 68 87
3 66 85

Dimethylsulphide I 62 38 71 91
2 70 90
3 70 87

Dimethyldisulphide I 94.2 109 69 79
2 69 77
3 67 77

2-Methylthiophene I 98.2 113 68 84
2 67 83
3 65 82

Ethanol I 46 78 45 70
2 45 70
3 42 67

2-Propanol 1 60 82 44 69
2 45 69
3 44 67

tert.-Butanol I 75 118 38 61
2 38 60
3 35 58

n-Butanol I 75 118 37 61
2 37 60
3 35 57

2-Butanol I 74 98 37 69
2 34 63
3 34 60

,Propanal I 58 48 80 88
2 77 86
3 74 84



Total recoveries in excess of 50% were obtained for a broad range of organic
compounds stripped at 30°C. Strip recoveries were increased by amounts ranging from
10-40% for most compounds when strip temperatures were raised to 60°C, regardless
of differences in the physical composition of the sediments. This effect may be
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important when very low concentrations (ng kg-I) need to be purged from the
sediment matrix or when poor recoveries are achieved when using ambient strip
temperatures, as experienced by Charles and Simmons [13].

However, at temperatures above 60°C, recoveries of some volatile compounds
such as chloromethane and 3-methyl-I,3-butadiene began to fall off with increasing
temperature, regardless of their physical composition. This may have occurred as
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Fig. 2. The variation in recovery of (a) chloromethane and (b) 2-methyl-I,3-butadiene with increasing
stripping temperature.
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a result of thermal degradation or following reaction with other analytes. This effect is
illustrated in Fig. 2 which shows the loss in recovery of both analytes as the stripping
temperature is stepped above 60°C. There was no evidence of leakage from the
stripping apparatus, and the selective removal of these compounds suggests a degrad
ative pathway specific to these compounds.

The effect of boiling point on recovery
According to Charles and Simmons [13], the performance of sediment purge

and-trap methods are primarily dependent on the physico-chemical properties of the
analytes, rather than intrinsic properties of the sediments. Three of the most common
physico-chemical properties of VOCs are their boiling points, vapour pressures and
aqueous solubilities. Table V included corresponding boiling points of the model
VOCs used in this study listed alongside the recoveries of the same VOCs from the
three different sediment matrices. When the recoveries of all 60 tabulated compounds
(at 60°C) are plotted against their respective boiling points, the correlation coefficient
(R = -0.806) suggests that a reasonably good correlation exists between both
parameters. This is illustrated in Fig. 3a. However, most of the individual plotted data
points which fall below the line in Fig. 3a correspond to the values for volatile alcohols
and ketones. When the recovery values for the alcohols and ketones are excluded from
the correlation data table, the modified correlation coefficient value (R = -0.955)
shows a much higher correlation between boiling point and recovery for the remaining
compounds. See Fig. 3b. This indicates that the relationship between recovery and
boiling point depends significantly upon the functional organic compound class.
Hence, comparatively non-polar, hydrophobic compounds such as the volatile
alkanes, aromatics and organohalogens, for example, exhibit a more consistent and
linear relationship between boiling point and recovery (i.e. at 60°C) than the polar,
hydrophilic alcohols and ketones, especially when purging is carried out at above
ambient temperatures.

The effect of vapour pressure on recovery
There are less data in the literature on the vapour pressures of organic

compounds than corresponding boiling point data. However, when recovery was
plotted against vapour pressure (mmHg at 20°C) for a representative group of the
model VOCs (i.e. for which vapour pressure values are available, listed in Table VI),
a moderate correlation coefficient (R = 0.715) was obtained. As a general observation,
organic compounds with recoveries below 80% and/or vapour pressures below 30
mmHg at 20°C correlated only marginally (i.e. R = <0.5). As Table V and VI show,
these compounds correspond mainly with the volatile alcohols, ketones or with those
n-alkanes with boiling points above lOO°C. However, by excluding compounds with
recoveries below 80% and vapour pressures less than 30 mmHg at 20°C from the
original data set, the correlation coefficient (R = 0.733) improves only slightly. Hence,
the experimental data obtained from this study suggest that, in general, the higher the
vapour pressure of the selected VOC, the better the recovery. The relationship between
vapour pressure and recovery is, however, less well established than the relationship
between boiling point and recovery.
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Fig. 3. (a) Correlation line obtained by plotting recovery (at 60°C) from sediment against the boiling points
CC) of 60 model VOCs listed in Table V; y = 92.31 - (-0.1338)x, ,. = -0.806. (b) Correlation line
obtained by replotting the data in (a) excluding all the data points for the volatile alcohol and ketone
compounds; y = 95.10 ~ (- 0.1364)x, ,. = - 0.955.

The effect of solubility on recovery
When recoveries were plotted against the corresponding aqueous solubility data

(also presented in Table VI), a very low correlation coefficient (R = -0.414) was
obtained. However, as Table VI shows, the solubilities of the model VOCs vary widely
from, for example, 0.009 mg 1-1 for n-decane to 353000 mg 1-1 for 2-butanone.
According to McAuliffe [35], it is the nature of the chemical bonding and size of
individual organic compounds which largely determines their solubility in water.
Research by McAuliffe concluded that for each homologous series of hydrocarbons,
the logarithm of the solubility in water is a linear function of the hydrocarbon molar
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TABLE VI

SOLUBILITIES (AT 25°C) AND VAPOUR PRESSURES (AT 20°C) OF SELECTED VOLATILE
ORGANIC COMPOUNDS

Data from refs. 35 and 40.

Compound Vapour pressure Solubility
(mmHg at 20°C) (mg 1-1 at 25°C)

n-Pentane 430 38.5
n-Hexane 120 9.5
n-Heptane 35 293
n-Octane II 0.66
n-Nonane 3.22 0.07
n-Decane 2.70 0.009
n-Undecane 0.90

3-Methyl-l ,3-butadiene 493 642.0
2,2-Dimethylbutane 18.4
2,3-Dimethylbutane 200
2-Methylpentane 190 (approximate) 13.8
3-Methylpentane 12.8
Cyclopentane 300 (approximate) 156.0
Isopentane 47.8
2,2,4-Trimethylpentane 2.44

Benzene 76 1780
Methylbenzene 22 515
[,3-Dimethylbenzene 6
l,2-Dimethylbenzene 5 175
Ethylbenzene 7 [52
1,2,4-Trimethylbenzene 57
Isopropylbenzene 50

1,2-Dichlorobenzene I 100
Dichloromethane 349 20000
Trichloromethane 160 8000
I, [, I-Trichloroethane 100 4400
Trichloroethylene 60 1100
1,1,2-Trichlorotritluoroethane 270

Dimethylsulphide 420 6300

Ethanol 43.9
Propanol 14.5
tert.-Butanol 31
n-Butanol 4.4
2-Butanol 12 125000

Propanal 235
Pentanal 48

Heptanal 2
Benzaldehyde 0.8

2-Butanone 77.5 353000
2-Pentanone 12
2-Heptanone 2.6

Naphthalene 0.4 (approximate)

2-Methylfuran 142
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volume. Solubility decreases in the order alkynes > alkenes > alkanes. McAuliffe also
stated that branching of the molecule increases the water solubility for alkane, alkene
and alkyne hydrocarbons but not for cycloalkane, cycloalkene or aromatic hydro
carbons. However, for a given carbon number, ring formation increases water
solubility. Double bond addition to a molecule, ring or chain also increases water
solubility. The increased solubilities due to branching are not due to structural features
of the molecules, but to the higher vapour pressure of the branched chain
hydrocarbons relative to the corresponding alkane or alkene hydrocarbon.

Hence, it is more useful to compare the experimental recoveries of VOCs from
sediments with the solubilities of VOCs from within their own particular functional
class, rather than across compounds with, for example, similar boiling ranges. When
this is done, the increased correlation coefficients obtained (n-alkanes, R = 0.864;
aromatics, R = 0.916; organohalogens, R = 0.721) show that improved correlations
between the recovery and solubilities ofgroups ofcompounds are obtained. Solubility
is therefore a reasonable guide to recovery of VOCs from the sediments found in
Southampton Water, second to the boiling points.

Once again, it is the nature of the individual functional class which determines
the reliability and predictability of these relationships. This suggests that by
developing sound, experimentally based performance models for groups of com
pounds within individual organic classes, purge-and-trap analysis of sediment
matrices can be reliably performed to obtain good quality analytical data.

Losses of VOCs following storage of sediments
Analysis of standard samples stored for 48 h in the refrigerator at -4°C were

found to be within the repeatability (i.e. short term precision, R.S.D.) of the method
for all 60 model volatile compounds at three concentration levels (as quoted in Table
III). The retention ofchilled sediment samples under zero headspace in all-glass vessels
is therefore an effective short-term storage option should it not be possible to
immediately analyse samples. We did not determine the lifetime of chilled samples
beyond a 48-h storage period.

Since most samples were analysed within 24 h of sampling, losses due to
microbial attack, respiration and chemical alteration were minimised. However, for
sediment samples kept in the laboratory at ambient temperature which were not spiked
with sodium azide, it was observed that volatile organosulphide concentrations began
to increase with time. For example, after 48 h storage at 24°C, dimethylsulphide,
dimethyldisulphide and dimethyltrisulphide were recovered at higher concentrations
(i.e. typically by 5-10%) relative to spiked samples analysed shortly after sampling.
This phenomenon was previously noticed by Schwarzenbach et al. [36] who considered
the in-situ synthesis of volatile organosulphides to be due to ongoing anaerobic
microbial activity taking place after the samples were taken.

The Solent estuary -a case study
The Solent estuary forms a body of water separating the Isle of Wight from the

submerged channel of Southampton Water on the coastline of central southern
England. Southampton Water isa semi-industrialised estuary accommodating
a broad range of activities including oil-refining, petrochemical processing, electricity
generation and intense recreational and merchant-marine activities. In addition, the
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estuary receives input from six sewage treatment plants, agricultural run-off and
flush-water from enclosed marinas. The latter developments present a growing
pollution problem for estuarine ecosystems. For example, Bianchi et ai. [37] found
high levels of volatile aromatic compounds (i.e. > 500 Ilg 1-1 per compound) in anoxic
sediments adjacent to a new marina site in Southampton Water. Spillages of fuels
occur from time to time and lead to localised contamination of water and underlying
sediments. For example, Fig. 4a shows a reconstructed ion-chromatogram (RIC)
obtained from the upper 5-cm of sediment in the River Itchen following the spillage of
gasoline from a barge moored alongside fuel storage tanks. Fig. 4b and c show the
respective ion-chromatograms obtained following purging of the Tenax-TA tube with
a mixture of "blank" water and "blank" sediment before and after the Ttchen sediment
sample was analysed. The total mass of organic; material (i.e. total area under the
summed peaks) due to the petroleum spill was calculated to be 395 Ilg kg-I. An
interesting observation from this analysis is that some of the more volatile compounds
(e.g. C4 and Cs compounds) have been recovered from the sediment and trapped/
desorbed from the Tenax-TA tube. It was also noted that the comparatively high mass
of gasoline components sorbed onto the surface sediments effectively "blanks-out"
any natural, biogenic VOC present in the sediments at much lower concentrations
from the analysis.

With so many potential sources of organic compounds it has become a major
analytical challenge to identify, categorise and quantitate every single volatile
compound found during purge-and-trap analysis of large numbers of water and
sediment samples. Tables of concentration ranges of key compounds are a valuable aid
in understanding how sediments act as repositories for VOCs. Sediments have the
potential to accumulate and concentrate much higher levels of VOCs than might
normally be found in the water column, especially within estuaries where large
volumes of anthropogenic substances are channelled in the path from rivers to the
open sea. Table VII shows the broad range of VOCs found in the estuarine sediments
as well as the typical variation in concentrations which were observed between water
and sediment samples over an IS-month period. The majority of the compounds listed
in Table VII were found in all three sediments, i.e. head, mid-point and mouth of the
estuary. This suggests that the many of the mechanisms responsible for their
production and/or deposition in sediments behave similarly across the length of
Southampton Water. Apart from random pollution related events (i.e. oil spills), the
most significant variations in VOC concentrations occurred as a result of seasonal
changes. For example, total VOC concentrations in sediments reach their minimum
during July-August and their maximum from October-January. Higher summer
temperatures accelerate evaporation from surface water relative to sorption and
deposition processes. During autumn and winter, cooler sea-surface temperatures
combined with significant increases in organic load to the estuary from its source rivers
contribute to the build-up of VOCs in sediments from both synthetic and natural
sources, e.g., autumn leaf-fall. Increases in the anthropogenic input to the estuary
during autumn (i.e. from increased rainfall run-off, increased use of fossil fuels and
urban pollution) also contribute additional VOCs to the sediments. A gas chromato
gram (i.e. Fig. 5a, obtained by desorption of a Chromosorb-106 trap tube) of surface
sediment taken from the Test river during October illustrates the diversity of VOCs
which can be recovered during the autumn cycle. Fig. 5b shows the respective "blank"
analysis performed on the same tube prior to analysis of the sample.
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TABLE VII

COMMON VOLATILE ORGANIC COMPOUNDS RECOVERED FROM WATER AND SEDI
MENT SAMPLES IN SOUTHAMPTON WATER OVER AN 18-MONTH PERIOD

Compound

Methanethiol
n-Butane
2-Methylpropane
2-Methyl-I,3-butadiene
n-Pentane
Isopentane
2-Methylbutene-1
Propanone
Dichloromethane
Dimethylsulphide
Carbon disulphide
Propanal
Propanol-I
Propanol-2
Freon-I 13
Propanethiol
2,2-Dimethylbutane
2,3-Dimethylbutane
Methyl tert.-butyl ether
Butanone-2
Butanone-I
n-Hexane
Pentanone-2
2-Methylpentene-1
Trichloromethane
2-Methylfuran
1,2-Dichloroethane
I, I,I-Trichloroethane
Benzene
2,2,3-Trimethylbutane
Carbon tetrachloride
n-Butanol
2-Butanol
Thiophene
4-Methyl-2,3-dihydrofuran
3- Methyl-2-butenal
1,2-Dibromoethane
Cyclohexane
Trichloroethylene
Pentanal
2,2,4-Trimethylpentane
2,4,4-Trimethylpentene-2
2,5-Dimethylfuran
n-Heptane
Methyl isobutylketone
Dimethyldisulphide
Methylcyclohexane
I, 1,2,2-Tetrachloroethylene
Methylbenzene
3-Ethylhexane
Chlorodibromomethane
3-Methylthiophene

Concentration ranges

Water (ng 1-')

10-73
28-60199°
50-60100
5-1233

25-327
25-250
50-700

< 10-300
15-1004
10-814b

10-100
30-300
60-430
70-300
25-70

< 10-70
33-94
38-109
15-81
25-240
25-200
47-496
35-230

130-700
10-7502
10-17
15-955

< 5-2788
100-55380
85-290

< 10-311
< 10-440
< 10-400
< 10-190
< 10-200
< 10-180
<10-176

30-801
< 10-603
< 10-170
< 10-400
< 10-490
< 10-50

50-260
< 10-347
< 10-5250b

< 10-100
< 10-343

10-48850
50-110
10-2200

< 10-50

Sediment (ng kg-I)

103-1950
55-86353°
70-80000
28-97951
50-35292°
70-10100

100-1110
150-380
20-2742

10105-350900'
10-747

120-350
350-980
350-700
170-21550
200-3200

68-12019
60-13786
15-20645

390-570
400-450

70-1335
100-380
489-1590
97-22940
75-496
70-11045
70-31031

298-96735
200-580

75-1856
335---{j07
350-380
95-174
90-550

100-390
65-6442

100-1440
70-4005
75-208

100-15150
170-3000
100-312
80-19400

300-420
55-72000

100-300
85-20177

548-120200
200-400
150-27350
120-410
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Compound

Hexanal
n-Octane
Octene-I
1,3-Dimethylbenzene
1,2-Dimethylbenzene
ChIorobenzene
Ethylbenzene
Tribromomethane
Styrene
Dimethyltrisulphide
n-Nonane
Nonene-I
Isopropylbenzene
1,5-Cyclooctadiene
Cyclooctene
<x-Pinene
Camphene
2,4-Dimethyl-4-vinylcyclohexane
n-Propylbenzene
Benzaldehyde
p-Cymene
1,3,5-Trimethylbenzene
1,2,4-Trimethylbenzene
1,2,3-Trimethylbenzene
2,3-Dihydroindene
Limonene
Indene
1,2-Dichlorobenzene
n-Undecane
1-Methyl-3-propylbenzene
1- Methyl-2-propylbenzene
1,4-Dimethyl-3-ethylbenzene
1,3-Dimethyl-3-ethylbenzene
2-Dimethyl-4-ethylbenzene
1,3-Dimethyl-4-ethylbenzene
1,2,3,5-Tetramethylbenzene
1,2,3,4-Tetramethylbenzene
Naphthalene
n-Dodecane
Biphenyl
2-Methylnaphthalene
I-Methylnaphthalene
1,3-Dimethylnaphthalene
1,2-Dimethylnaphthalene
n-Hexadecane
n-Heptadecane
n-Octadecane
Pristane
n-Nonadecane
Phytane
n-Eicosane

Concentration ranges

Water (ng I-I)

< 10-100
90-290
25-75
10-402070
10-400020

< 10-120
10-312008
10-2597
30-296
25-411
95-357
90-300
10-47307

< 10-400
< 10-380

25-412
25-99
45-31
15-2391
15-569
35-45
20-1500
20-8000
50-6200
30-400
25-633
55-277
35-107
87-619
25-550
25-590
25-200
25-210
30-100
35-120
25-1430
25-1247
45-894
95-707
15-42
15-490
55-450
55-403
25-356
30-238
15-209
35-300
30-155
35-250
30-200
55-73

Sediment (ng kg-I)

80-260
154--25700

10-130
875-480200
870-480560
95-550

505-201100
75-62609
50-2930

125-795
100-41627
130-\50
250-43370
170-1000
230-980
150-506
170-303
155-290
60-20004
95-11937

200-350
80-7397

100-1570
90-11775

200-950
105-807
125-1702
95-1055

115-1056
120-3020
120-3010
90-1000
90-1120

110-980
135-1200
130-4205
150-8767
125-25766
190-1966
29-6052
87-11020
80-10202

200-20300
220-20530
160-23040
170-25035
200-18030
170-1010
200-14300
180-1120
180-300

a High concentrations mainly from sewage outfalls.
b High concentrations associated with plankton blooms.
, High concentrations associated with anaerobic marsh sediments.
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The functional organic distribution of the major VOCs in water and sediments
fall into five major groups. These are (i) the volatile aromatics, (ii) alkanes and alkenes,
(iii) oxygen-containing compounds such as alcohols, ketones, ethers and aldehydes,
(iv) organosulphur compounds and (v) organohalogens. Although many of these
compounds are of anthropogenic origin, many individual compounds such as the
terpenes, aldehydes, organosulphides and some of the substituted alkanes (e.g.
2,2-dimethylbutane) are contributed to sediments by biological processes.

Volatile aromatics are ubiquitous in the estuary, accounting for between
48-74% of all VOCs found in water samples and 32-78% of all VOCs found in
sediments, taking into account variability due to time and place of sampling. This
explains why there are such broad concentration ranges for aromatic compounds listed
in Table VII. Their sources are numerous and equally as diverse, ranging from exhaust
gases from fossil fuel powered engines and ballast water from marine craft to inputs
from raw sewage, road run-off and industrial effluents. Methylbenzene is the only
volatile aromatic in Southampton Water which has a natural as well as anthropogenic
source. The stepwise generation of biogenic methylbenzene has been determined
previously in sediments at the bottom of anoxic lakes, showing that methylbenzene
also has several discrete biological formation pathways via microbiological mecha
nisms [38]. Recent studies by the authors suggest that methylbenzene is generated by
identical processes in situ within surface sediments in Southampton Water, especially
in the weeks following the autumn leaf fall. Methylbenzene was also synthesised in
river bed sediments 15 miles upstream of the Test river. This was monitored in an
unpolluted rural area, in the complete absence of any other aromatic compounds.

Volatile alkane and alkene compounds comprise up to 40% of VOCs in both
water and sediments throughout the estuary. They are therefore numerically the
second major class ofVOCs found in the estuary. Although many of these compounds
originate from industrial effluents, they are also produced as a by-product following
intense planktonic activity occurring in the estuary. During the midsummer "red-tide
bloom" of the photosynthetic ciliate "Mesodinium rubrum", concentrations of
substituted alkenes, including terpenes such as 2-methyl-I,3-butadiene (isoprene),
iX-pinene and limonene increase significantly to very high relative concentrations (i.e.
90000, 500 and 800 ng kg-1 respectively, in sediments). During autumn, concen
trations of isoprene show a second sharp seasonal increase, suggesting that this simple
terpene compound is a major participant or intermediary in biologically related
processes in Southampton Water.

Volatile organosulphides, notably dimethylsulphide, are consistently found at
high concentrations (i.e. up to 360000 ng kg-1

) in Southampton Water sediments.
Dimethylsulphide is the single most abundant non-aromatic volatile compound
occurring in sediments, rarely found in concentrations less than 1000 ng kg- 1

. It is
produced in-situ within the anoxic muds and sediments in Southampton Water by
biological fermentation processes. However, it is also found in surface water samples
(a) near sewage outfalls, and (b) during the mid-summer plankton "blooms". During
the Mesodinium rubrum bloom, concentrations of the disulphide homologue, di
methyldisulphide, reach an annual maximum both in water and sediments, exceeding
even the concentrations of dimethylsulphide in the water column. This annual peak in
dimethyldisulphide concentration is uniquely due to the June-July proliferation of the
plankton in the estuary. Dimethyldisulphide is formed by the oxidative coupling of
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methyl mercaptan, a simple organosulphide which is bio-synthesised in situ by the
organisms [39]. By early autumn, dimethyldisulphide concentrations dwindle rapidly
to background concentration levels determined by constant low-level inputs supplied
by sewage effluents and microbial fermentation processes in muds.

In contrast, volatile organohalogens in Southampton Water originate almost
exclusively from the activities of man and are commonly found around both raw and
treated-sewage outfalls. Highest concentrations are found in effluent discharge zones
around the city of Southampton. Compounds such as carbon tetrachloride, 1,1,1
trichloroethane and 1,2-dichlorobenzene are consistently found at concentrations up
to ten times higher in sediments than in water. Unlike many of the other volatile
organic compound classes, these compounds are also found in deeper sediments (i.e.
down to 50-cm in depth), suggesting that they can migrate readily through sediments
and are comparatively resistant to biodegradation. As such, they are probably the
most stable volatile compounds found in sediments.

Oxygen-containing volatiles, such as aldehydes, ketones and alcohols were
found generally at lower concentrations than the VOCs mentioned in the foregoing
discussion. Aldehydes, especially pentanal, hexanal and benzaldehyde were found all
year round in water and sediments. Their concentrations varied mainly with
planktonic activity, reaching their annual maxima in conjunction with the midsummer
peak in Mesodinium rubrum and chlorophyll a.

This brief discussion of the VOCs found in Southampton Water shows that
volatile organics are contributed from both man-made and natural sources. This field
study also demonstrates how the application of the stripping method has revealed
much detailed information about the occurrence and behaviour ofVOCs in estuarine
environments. Hence, it offers additional insight into geochemical and environmental
processes.

CONCLUSIONS

This study shows that the modified purge-and-trap method, developed initially
for the analysis of water samples, can be usefully applied to detect VOCs in estuarine
sediments. The adoption of a simple purging apparatus with multi-sorbent trapping
facilitates quantitative trapping ofVOCs at very low concentrations. The sorbent traps
are adapted for use from well established analytical methodologies. Thermal
desorption analysis and gas chromatography can be automated, making it possible for
laboratories to analyse significant numbers of samples with more efficient use of
manpower.

Results of basic studies on the recovery of VOCs from different sediment
matrices illustrate that desorption was marginally affected by differences in the
physical composition of different sediment types representative of the Southampton
Water estuary. This may not be the case when stripping different sediment matrices,
e.g. those containing an exceptionally high clay or sand content. Major factors
affecting the stripping of sediments include the efficiency of the method, the
concentration of the VOCs and physico-chemical properties (e.g. boiling point, vapour
pressures and aqueous solubilities) of the functional classes of organic compounds
present. Consequently, it is the ability of the analytical method to quantitatively strip
VOCs from the sediments that determines the efficiency and usefulness of the
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technique to the environmental chemist. Knowing the composition of VOCs in
sediments is potentially very useful for determining the pollution status of an estuary
and for providing an improved understanding of the nature of both biogenic and
anthropogenic inputs.
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ABSTRACT

Gas chromatographic (GC) techniques for the determination of the major biologically active mono
terpenoids in peppermint, fennel, garden sage and creeping thyme plant material and water infusions were
developed. The analysis requires 1~2 g of plant material or 100-200 g of infusion and takes no more than
1.5 h, including distillation and Gc. The techniq~es allow the analysis of the herbs and infusions· without
the determination of the total essential oil content and weighing of isolated oils for chromatography. It was
found that the essential oil component ratios were changed on dissolution in water during the preparation
of infusions. The average values of the extraction factors for monoterpene alcohols, ketones, phenols and
peroxides extracted from plant material are ten times those for related hydrocarbons and ethers extracted
under the same conditions.

INTRODUCTION

Essential oil medicinal herbs are widely used in the U.S.S.R.in traditional and
scientific medicine for treating many diseases [1,2]. The following components of
essential oils are considered to be the most important biologically active substances in
different medicinal herbs: menthol, menthyl acetate and methone for peppermint
(Mentha piperita L.), fenchone and anethole for fennel (Foeniculum vulgare Mill.),
cineole and camphor for garden sage (Salvia officinalis L.) and thymol and carvacrol
for creeping thyme (Thymus serpyllum L.) [1].

Infusions are most often used for phytotherapy. According to the U.S.S.R.
Pharmacopoeia [2], they represent aqueous extracts of plant materials and contain
complex mixtures of water-soluble low- and high-molecular-weight compounds of
various classes. It may be expected that infusions of the plant material are likely to
contain only small amounts of essential oil constituents.

The aim of this work was to develop simple and rapid methods for the determi
nation of the main biologically active terpenoids in plant material and infusions of
peppermint, fennel, garden sage and creeping thyme, in order to allow us to deter
mine objectively the quality of plant raw material and related medicines, to optimize
their methods of production and to solve some other problems.

Terpenoids are usually determined by gas chromatography (GC) of essential

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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oils isolated from samples by various methods. For essential oil isolation different
methods are used, e.g., extraction with organic solvents [3,4], hydrodistillation [5,6],
the headspace method [7], retention by sorbents [8] or cooling traps [9], evaporation
in a modified injector [10] and combinations of these methods.

For the isolation of essential oil components from plant materials and infusions
we selected the hydrodistillation method, owing to its simplicity and rapidity, the
relative stability of the analytes and the possibility of their quantitative isolation
during distillation. Hydrodistillation can also be combined with GC using the in
ternal standard method. As a result, we developed methods that are simpler and
faster than those described in the literature for the determination of terpenoids in
plant materials and water infusions.

EXPERIMENTAL

Distillation apparatus and distillation
The apparatus used is a modified version of that applied to for the determina

tion of essential oils in plant materials according to the U.S.S.R. Pharmacopoeia [II]
and the British Pharmacopoeia [12] methods. The modified apparatus is approxi
mately half the size and has a more effective inverse condenser and other construc
tional improvements. The apparatus is shown in Fig. I (dimensions are given in
millimetres). Condenser A is connected with chamber C, which is the oil and water
condensate receiver. The receiver has orifice B closed with a stopper during distil
lation. The level of liquid in the receiver is maintained by arm D, which returns
condensed water to flask.

Accurately weighed plant material (1-2 g) and 100 ml of water or 100-200 g of
infusion, 20-40 g of sodium chloride (salting-out agent) and a few small pieces of
porous earthenware were placed in a 500-ml flask, which was then joined to the
apparatus. Before distillation, water was poured into the apparatus up to maximum
level and 0.2-0.5 ml of a 4.95% (wjv) solution of methyl salicylate (internal standard)
in hexane was accurately measured and introduced into receiver C through orifice B.

Fig. I. Apparatus for essential oil isolation.
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The internal standard solution was used as the collecting solvent for the hydrodis
tilled oil constituents.

During distillation, the essential oils and water vapour condensed in the con
denser and the condensate dropped into the reciver. The terpenoids were dissolved in
a mixture of hexane and internal standard but water was automatically returned
through arm D into the flask with plant material or infusions. Because of the high
partition coefficient between hexane and water, virtually full retention of oil compo
nents by hexane was achieved during distillation.

A distillation time of 45 min was estimated to be adequate for complete isola
tion of the analytes from all the herbs and infusions studied. After the end of distil
lation, 0.2-0.5 III of the obtained mixture of isolated oils and internal standard were
injected into the gas chromatograph.

To establish possible losses of analytes, the major components in peppermint,
fennel, garden sage and creeping thyme oils were determined before and after distil
lation. Essential oils (0.2 g) with known composition were accuratley weighed and
placed in a flask containing 100 ml of 20% sodium chloride solution when distilled for
45 min. A mixtgure of distilled essential oil with internal standard in hexane was
chromatographed and the distillation recovery for the analytes was calculated. The
results obtained (from 93.2 to 100.0%) indicated that the losses were insignificant.

The reproducibility of the isolation method was determined by distillation of
five peppermint leaf samples with the same mass a~d composition. These samples
were selected from well milled and mixed peppermint leaves. The essential oil from
each sample was isolated and the determination of menthol, menthyl acetate and
menthone was carried out. The results of statistical treatment [relative standard de
viation (n = 5) for menthol = 1.98%, for menthyl acetate = 2.66% and for men
thone = 3.57%)] confirm the high reproducibility of both isolation and analysis.

Gas chromatography
An LHM-80 (the 6th model) gas chromatograph equipped with a flame ion

ization detector was used. Thymol and carvacrol determinations were carried out on
a 2 m x 3 mm 1.D. stainless-steel column packed with 5% Superox 20M on Chromo
sorb W-HW (100-120 mesh) (Alltech) with temperature programming from 100 to
2200C at 4°Cjmin. In other instances a 3 m x 3 mm I.D. column with the same
stationary phase was used and the temperature was programmed from 100 to 190°C
at 3°Cjmin. The carrier gas (helium) and hydrogen flow-rates were 25 ml/min and the
air flow-rate was 250 ml/min. The injector and detector were thermostated at 190 and
220°C, respectively.

The chromatography takes 30 min and full analyses, including hydrodistilla
tion, not more than 1.5 h.

The determination of analytes was carried out by the internal standard method
with methyl salicylate [4.95% (w/v) solution in hexane] as the internal standard.
Mixtures of internal standard and essential oils isolated from each sample were chro
matographed five times. The content was calculated by comparing the areas under the
peaks of the analytes and internal standard and taking into account the response
factors.

Menthol, camphor and thymol which corresponded to the U.S.S.R. Pharmaco
poeia requirements, were used as standard substances. Menthone was obtained by
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oxidation and menthyl acetate by acetylation of menthol. Other reference substances
were isolated from essential oils: cineole from eucalyptus oil by a-cresol extraction,
anethole by cooling from an ethanolic solution of fennel oil, fenchone from fennel oil
by preparative column chromatography on silica gel using gradient elution with hex
ane-diethyl ether and carvacrol by alkaline extraction from thyme oils which are rich
in carvacrol. Their authenticity was confirmed by IR spectrometry and their purity
was determined by GC.

The response factors of analytes measured with respect to methyl salicylate
under the conditions mentioned above were menthol 0.529, menthyl acetate 0.644,
menthone 0.503, fenchone 0.498, anethole 0.531, cineole 0.497, camphor 0.504, thy
mol 0.513 and carvacrol 0.502.

Plant material and infusions
All the medicinal plant raw material samples investigated corresponded to the

U.S.S.R. Pharmacopoeia [2] requirements and were bought in pharmacies. Fennel
fruits were milled using a coffee grinder before analysis and preparation as infusions.

The infusions were prepared by the U.S.S.R. Pharmacopoeia [Il] method: the
plant material and water, taken in ratios appointed above, were heated in a special
eathenware beaker for 15 min on a water-bath, then cooled by air to room temper
ature for 45 min and filtered. The ratios of plant material to water were taken accord
ing to the literature [13]: for leaves of peppermint and garden sage 1:40, for fennel
fruits and for creeping thyme herb 1:20.

RESULTS AND DISCUSSION

It was found that complete distillation of analytes from all the species of plant
materials and infusions investigated took 45 min. The dependences of the amounts of
menthol, menthone and menthyl acetate isolated from peppermint leaves on distil
lation time are shown in Fig. 2.

Limonene has a retention time near to that of cineole using Superox 20M as
stationary phase and would interfere in the determination of cineole. However, using
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Fig. 2. Dependences of amounts of (1) menthol, (2) menthone and (3) methyl acetate isolated li'om pepper
mint leaves on duration of distillation.
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a column with 3% OV-17 on Chromosorb W-HP (lOO~120 mesh) it was found that
garden sage oils isolated from the investigated plant material samples contain only
traces of limonene and cineole could be reliably determined.

The contents of major monoterpenoids in a set of peppermint leaves, fennel
fruits, garden sage leaves and creeping thyme herb were determined by the developed
methods. It can be seen from Table I that samples of one herb may have wideley
differing contents and ratios of oil constituents. It is evident that medicinal prep
arations from these samples can vary in their medicinal efficacy.

The results of the determination of monoterpenoids in infusions (Table 11)
indicate that the contents of these compounds in infusions also differ significantly.

These methods allow the quantitative evaluation of the efficiency of the
U.S.S.R. Pharmacopoeia method for infusion preparation. For this purpose we cal-
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culated the extraction factor, which is the ratio between the amounts of a substance in
the initial plant material and dissolved in water.

It was found that aqueous infusions of individual samples of herbs prepared
under standard conditions show differing extraction efficiencies for the main constitu
ents of the essential oils. Table II shows that the extraction factors for various sub
stances are from only 1.0 to 45.2% at best. This illustrates the low efficiency of the
infusion preparation method because the majority of the biologically active com
pounds is not used.

The extraction factors for a particular substance from different plant material
samples are similar under the same conditions, indicating that the monoterpenoid
content in infusions is approximately proportional to their content in the initial plant
material and that infusions with higher concentrations of monoterpenoids can be
preparated from herbs with high contents of these compounds.

Comparing the chromatograms of essential oils isolated from plant material
and related infusions (Fig. 3), it can be noted that the ratio of the main components of

TABLE II

RESULTS OF MONOTERPENOID DETERMINAnON IN INFUSIONS PREPARED BY U.S.S.R. PHARMA-
COPOEIA METHOD [2]

Plant material Compound determined
sample taken
for infusion Content R.S.D." E.F." Content R.S.D." E.F b Content R.S.D." E.F b

preparation x 10- 3 (%) (%) x 10- 3 (%) (%) x 10- 5 (%) (%)
(%, w/w) (%, w/w) (%, w/w)

Infusions of
peppermint (1:40) Menthol Menthane Menthyl acetate

20985 8.25 1.91 30.1 1.21 1.87 26.3 3.64 5.84 1.5
20986 2.62 2.34 37.7 1.02 1.44 27.3 4.11 6.78 1.2
1460787 7.82 1.02 37.1 0.69 3.52 28.4 4.37 7.12 1.0

In/usions 0.1
fennel (I :20) Anethole Fenchone

80288 2.38 2.41 1.9 5.13 2.18 21.1
90288 2.43 2.03 1.8 4.75 2.24 14.3
100288 1.89 2.19 1.5 3.99 3.42 13.7

Infusions ofgar-
den sage (1:40) Cineole Camphor

50283 0.44 3.99 27.8 0.99 1.15 40.2
70687 0.75 3.55 22.6 3.98 1.83 45.2
161287 0.24 2.39 31.9 1.62 1.92 38.1
181287 0.78 2.44 24.1 1.73 1.24 35.8
20388 1.31 1.25 35.7 2.37 1.52 43.9

Infusions
of creeping
thyme (1.20) Thymol Carvacrol

10684 3.72 3.51 17.9 5.02 3.35 18.4
20684 3.49 2.69 20.2 12.33 3.47 23.4
150684 3.61 2.77 14.7 3.99 2.88 15.5

" Relative standard deviation.
b Extraction factor.
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Fig. 3. Chromatograms of essential oils isolated from (A) peppermint, (B) fennel, (C) garden sage and (D)
creeping thyme plant material samples (1) and infusions (II) prepared from them. Peaks: I = menthone;
2 = menthyl acetate; 3 = menthol; 4 = methyl salicylate (internal standard); 5 = fenchone; 6 = anethole;
7 = cineole; 8 = camphor; 9 = thymol; 10 = carvacrol.

essential oils is significantly changed when dissolved in water during the preparation
of infusions. Fig. 3 and Tables I and II show that the preparation of infusions
significantly lowers the proportion of menthyl acetate, menthone, etc., in peppermint
oil, of anethole in fennel oil, of cineole and other constituents in garden sage oil and
of monoterpene hydrocarbons and other constituents in creeping thyme oil.

The substances with an "open" oxygen-containing group such as the alcohols
menthol, thymol and carvacrol and the ketones camphor, menthone and fenchone
are more readily extracted by infusion than compounds where oxygen is "blocked"
such as the ether anethole or the ester menthyl acetate. The epoxide cineole gives an
anomalously high extraction factor.

To obtain comparable results we also studied the fennel and creeping thyme
infusions made at a plant material-to-water ratio of I:40. The extraction factors
under these conditions were as follows: for fenchone 19.8-26.6%, for anethole 2.0
4.8%, for thymol 27.7-34.8% and for carvacrol 26.8-38.1 %. The extraction factors
of monoterpene hydrocarbons from all herbs were 0.7-2.1 %.

Under these conditions the monoterpene alcohols, phenols, ketones and epox
ides have extraction factors of more than 20%, on average ten times those of related
hydrocarbons, ethers and esters.
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ABSTRACT

Free solution capillary electrophoresis has been investigated as an alternative to isoclectric focusing
for the separation of the glycoforms of recombinant human erythropoietin (r-HuEPO), a primary regu
lator of erythropoiesis. A systematic approach was used to study the effect of pH, buffer type and organic
modifiers on the resolution of the microheterogeneity of erythropoietin. The main factors for improving
the resolution were the regulation o(the electroosmotic flow of the running buffer and the reduction of
solute-wall interaction. The best resolution of the glycoforms of r-HuEPO was obtained with a mixed
buffer pH 4.0 (100 mM acetate-phosphate, to h preequilibration time).

INTRODUCTION

Erythropoietin (EPO) is a glycoprotein hormone which is produced primarily in
the kidney of adult mammals and which acts on bone marrow erythroid progenitor
cells to promote development into mature red blood cells [I]. The molecular mass of
EPO is in the range of34 000-38 000 with approximately 40% of its weight attributed
to its carbohydrate structure [2]. The molecule has a peptidic backbone of 165 amino
acids (pI 4.5-5.0) and contains two types of carbohydrates: three N-linked complex
polysaccharide antennaries at the asparagine positions 24,38 and 83, and one O-linked
polysaccharide chain at the serine position 126 [2].

Since EPO is present at picomolar levels in the serum and urine, it was not
purified until 1977 [3] and it has only recently become available as recombinant human
EPO (r-HuEPO). Like the naturally occurring hormone, r-HuEPO exhibits micro
heterogeneity" in the charged carbohydrate moieties bound to the protein. As the only

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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major charge-bearing component of the r-HuEPO carbohydrate, sialic acid has been
shown to be the origin of different charge classes of r-HuEPO (Fig. I). These classes
differ from each other in the degree of sialylation of the polysaccharide chains [4],
where sialic acid is linked to the terminal end of the polysaccharide chain through the
hydroxy group located at position 2 of the pyran ring.

The critical role of sialic acid in the in vivo activity of r-HuEPO has been well
established [5]. Therefore, it is of interest to examine the relative proportion of the
glycoformsb contained in the purified r-HuEPO.

Currently, the technique ofisoelectric focusing (IEF) offers an unrivaled method
for screening the pattern of glycoforms [6]. Because of the labor involved in IEF using
conventional slab gels and the semi-quantitative nature of the assay, capillary
electrophoresis (CE) has been investigated as an alternative method for determining
the ratio of EPO glycoforms. This technique is based on the same principles as
traditional slab gel electrophoresis, but offers on-line injection and detection.
Although spectacular results have been reported in the use of the JEF mode in capillary
electrophoresis [7,8], the technique does require the use of a coated capillary column
(i.e. polyacrylamide or methylcellulose). Currently, because of the short lifetime of
these columns under severe operating conditions such as wide pH range and high
operating voltage, the IEF mode of electrophoresis in capillary columns is not yet
suitable for routine analysis. Among different CE modes, free solution capillary
electrophoresis (FSCE) is the simplest and the most widely used. We report here the
use of FSCE as an alternative method to IEF for the separation of the glycoforms of
r-HuEPO. The effects of separation variables such as pH, buffer type and organic
modifiers (methanol, acetonitrile, ethylene glycol, polyethylene glycol) were evaluated
as part of this study.

MATERIALS AND METHODS

Apparatus
Separations were carried out on a capillary electropherograph System PlACE

~
H

OH
OH
00-

OH 2

C02H

NAc

Fig. I. Structure of sialic acid (N-acetyl neuraminic acid). Ac = Acetyl.

a Microheterogeneity, as used herein, is defined as variation in carbohydrate primary structure
between molecules of a glycoprotein, such as variation in the number of terminal sialic acid residues with the
same chain length or variation in the number of branches (e.g. di-, tri-, tetraantennary structures ofN-linked
chains).

I> Glycoform, as used herein, is defined as a subset of glycoprotein molecules sharing an identical
polypeptide backbone but differing in carbohydrate structure (i.e .. sequence or disposition).
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2000 (Beckman Instruments, Palo Alto, CA, U.S.A.) equipped with a capillary
cartridge, 75!lm LD. x 375!lm O.D.; the total length of the capillary was 27 em (20
em effective length) for runs at low pH values (2.0, 3.0 and 4.0) and 57 em (50 em
effective length) for runs at higher pH values (6.0, 7.0, 8.0 and 9.0). Prior to use the
capillary was pretreated successively with 0.1 M HCI and 0.1 M NaOH for 10 min
each, then rinsed with water and electrolyte. The column temperature was maintained
at 25 ± 0.1 °C by means of a fluorocarbon liquid continuously circulated through the
cartridge. A deuterium light source with a 214-nm bandpass filter was used and
absorbance was monitored at a range of 0.02 a.u.f.s. Injection was made by nitrogen
pressure with sample concentrations ranging from 0.1-0.3 mg/m!. Data analysis and
collection was accomplished using the Beckman System PlACE 2000 software, version
1.0.

Materials
The phosphate buffers (100 mM, pH 2.0, 3.0 and 4.0) were prepared by titrating

a solution of 0.1 M phosphoric acid (Baxter Health Care Corp., McGraw Park, IL,
U.S.A.) with 0.1 M sodium hydroxide to the desired pH. The acetate buffer (100 mM,
pH 4.0) was prepared by titrating a solution of 0.1 M of acetic acid (Mallinckrodt,
Paris, KY, U.S.A.) with a solution of0.1 M sodium acetate (Mallinckrodt) to a desired
pH. The acetate-phosphate buffer (100 mM, pH 4.0) was prepared by titrating
a solution of 0.1 M sodium acetate with a solution of 0.1 M phosphoric acid to the
desired pH. The phosphate buffer (100 mM, pH 4.0) was prepared by titrating
a solution of 0.1 M of phosphate monobasic with a solution of0.1 M phosphoric acid.
The 2-[N-morpholino]ethanesulfonic acid (MES) (50 mM, pH 6.0), bis[2-hydroxy
ethyl]imino-tris[hydroxymethyl]methane (Bis-Tris) (50 mM, pH 7.0), and tricine (50
mM, pH 8.0) were prepared by titrating a solution of 0.05 M of the corresponding
product (Sigma, St. Louis, MO, U.S.A.) with a solution 1.0 Mhydrochloric acid to the
corresponding pH.

Viscosity measurements
The kinematic viscosities and densities of buffer solutions were measured using

the Cannon-Ubbelohde viscometer and a Kimble pycnometer, respectively. The
absolute viscosity of a solution is a product of the kinematic viscosity and density. All
measurements were performed at 25 ± O.OSOC and are the mean of five independent
measurements for each buffer solution.

RESULTS AND DISCUSSIONS

Effect of pH and organic modifiers in the separation of r-HuEPO glycoforms
In FSCE, ionic species are separated on the basis of the differential electro

phoretic mobilities of the analytes. According to Jorgenson and Lukacs [9] the
resolution (Rs) of two zones in FSCE can be given by eqn. 1:

(1)

where uep is the electrophoretic mobility of an ionic solute, Ueo is the electroosmotic
flow of the running buffer, V is the applied voltage, D is the diffusion coefficient of the
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ionic solute in the running buffer system, I and L are the effective length of the capillary
column between the inlet and the detector and the total length of the capillary
respectively.

As indicated in eqn. 1, the resolution in FSCE could in principle be improved by
increasing the difference in electrophoretic mobility of the two separated zones or by
reducing the electroosmotic flow of the running buffer. To test this hypothesis, our
initial attempts at separating the glycoforms of r-HuEPO were performed at pH 6.0,
7.0,8.0 and 9.0 of the running buffer. At these pH values, r-HuEPO (p14.5-5.0) exists
as a negative species and the interaction between solute and the capillary wall is
minimized. Fig. 2 illustrates the overlayed electropherograms ofr-HuEPO obtained at
pH 6.0, 7.0, 8.0 and 9.0. At pH 9.0 where the osmotic flow is the fastest in the range of
pH selected, r-HuEPO eluted as a sharp peak with no separation of glycoforms
observed. Some sign of separation was observed at a lower pH of8.0 or 7.0 and clearly
improved at pH 6.0. At this pH, a combination of two effects, reduction in the
electrophoretic flow and increase in differences in charge between glycoforms are
presumably the origin for the separation observed.

To ascertain that these multiple peaks originate from the microheterogeneity of
the product, r-HuEPO was incubated with neuraminidase, an enzyme known to
selectively remove sialic acid from the polysaccharide backbone. The neuraminidase
treated r-HuEPO converged into a single peak when subjected to capillary electro
phoresis. These results strongly suggest that the multiple peaks observed at pH 6.0
originate from the microheterogeneity ofr-HuEPO. To further improve the separation
between glycoforms, the osmotic flow of the running buffer was reduced by increasing
the viscosity of the solution. Several organic modifiers with different viscosities and
dielectric constants were selected and are listed in Table 1. The main consequences
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Fig. 2. High-performance capillary electrophoresis of r-HuEPO in free solution. The electropherograms
were obtained using a fused-silica capillary tube 50 cm x 75 flm J.D. (A) pH 6.0 (50 mM MES, 25 kY, 44
flA); (B) pH 7.0 (50 mM Bis-Tris, 25 kY, 15 flA); (C) pH 8.0 (50 mM tricine, 25 kY, 70 flA); (D) pH 9.0 (50
mM tricine, 25 kY, 85 flA).
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TABLE I

LIST OF DIFFERENT ORGANIC MODIFIERS USED IN THE MANIPULATION OF VISCOSITY
OF THE RUNNING BUFFER

Alcohol

Methanol [I I]
Ethanol
I-Propanol [12]
2-Butanol'

Diols

Ethylene glycol
Glycerol
1,2-Butanediol
1,3-Butanediol
1,4-Butanediol
trans-Cyclohexane- I,2-diol
cis ,trans-Cyclohexane-I ,2-diol
PEG-200
PEG-400

Others

Acetonitrile [12,13]
Sucrose

resulting from the addition of an organic modifier to a running buffer consisted of
multiple changes, i.e. of the viscosity and the ionic strength of the buffer. However, an
effect such as the binding of the organic modifier to the capillary wall, through
hydrogen bonding or dipole interaction, could induce a drastic change of the osmotic
flow caused by the change of the net charge of the capillary surface or the local
viscosity of the double layer [10]. To simplify the interpretation of the observed results,
the ionic strength of the organic-buffer solution was kept constant during the addition
of the organic modifier. Therefore the change of the osmotic flow induced by the
presence of organic modifier in a capillary column is mainly due to the change of the
viscosity of the resulting buffer, and the change of the net charge of the capillary wall
resulting from the binding of the organic molecule to the capillary wall. The selection
of organic modifiers (i.e. positional isomers 1,2-, 1,3- and 1,4-butanediol or isomers of
cis,trans-cyclohexane-I,2-diol) was intended to detect the effect of binding of diol
compounds onto the capillary wall since the viscosities of the neat solvent of the
corresponding isomer compounds are identical. Different binding constants of
corresponding isomers onto the wall could induce different changes of the osmotic
flow of the running buffer.

Figs. 3 and 4 illustrate the effect of organic additives on the viscosity and the
electroosmotic flow of the running buffer tricine buffer (50 mM, pH 8.0). In the series
of organic additives selected (Table I), acetonitrile is the least efficient in modifying the
viscosity of the running buffer. Acetonitrile could be added up to 30% (v/v) without
inducing a significant change in the viscosity of the running buffer while a different
pattern was observed for the osmotic flow (Fig. 4). With 5% (v/v) of acetonitrile added
to the running buffer, a 10% change was observed for the osmotic flow which stayed
constant within the range of 5-25% of acetonitrile added. The change of osmotic flow
observed with 5% of acetonitrile could originate from the dipole interaction of
acetonitrile with the capillary wall causing a change in the net charge and the local
viscosity of the double layer. The binding of acetonitrile to the wall seems to be
saturated at the 5% level of organic solvent added since the osmotic flow remained
constant within the range of 5-25% of acetonitrile added. A significant reduction of
the osmotic flow up to 40% was observed when the level of added acetonitrile reached
30% and the phenomena still remined unclear. These results are in agreement with the
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Fig. 3. Absolute viscosity as a function of the percentage of organic modifier. For conditions see
Experimental.

recently reported results by VanOrman et al. [10]. On the other hand, methanol was
shown to be clearly more efficient in increasing the viscosity and decreasing the
electroosmotic flow of the buffer when compared to acetonitrile (Figs. 3 and 4). The
dependency of the electroosmotic flow on the chain length of the alcohol follows the
order: methanol < ethanol < propanol < butanol. Diol compounds are more
efficient than alcohol in increasing the viscosity or decreasing the electroosmotic
flow of the running buffer. As indicated by the viscosities of the neat solvent, the
efficacy of all diol compounds selected increased from ethylene glycol < glycerol <
1,2-butanediol, 1,3- or 1,4-butanediol < trans or cis,trans-cyclohexane-1,2-diol <
PEG-200 < PEG-400 and are clearly more efficient than methanol. The geometry or
the location of the diol groups (i.e. 1,2-, 1,3- and 1,4-butanedio1 and cis,trans
cyclohexane-1,2-diol) does not play an important role in the binding to the capillary
wall as indicated by their effect on the osmotic flow.

When acetonitrile was used as the organic modifier, the separation of the
glycoforms of r-HuEPO was evident as illustrated in Fig. 5. At a level of 5%
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Fig. 4. Effect of organic modifier on the electroosmotic flow, u,o, of the running buffer. Conditions:
fused-silica capillary column 50 cm x 75 Jlm J.D.; voltage 25 kV.
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acetonitrile in tricine buffer (50 mM, pH 8.0), the product eluted as a multiplet,
however the resolution deteriorated when more organic modifier was added.

In contrast, when methanol or ethylene glycol was used as the organic modifier,
the separation of glycoforms improved between 5% and 30% of organic modifiers
(Figs. 6 and 7) and began to decrease at higher concentrations. When the percentage
of methanol and ethylene glycol reached the 50% level, the resolution clearly
deteriorated. These results were observed for all linear diols or polydiols selected
(Table I). The same results were obtained at pH 6.0 (50 mM, MES).

Since the electrophoretic mobility is dependent on the osmotic flow of the
running buffer (eqn. 2), a plot of the product of viscosity and the electrophoretic
mobility versus the percent of organic solvent illustrates the effect of organic additives
on the ionic state and shape of r-HuEPO during electrophoresis.

Uep = viE = ql6nrll (2)

where uep is the electrophoretic mobility, v is the migration velocity, E is the electric
field strength, q is the net charge on the molecule, Yf the solvent viscosity and r is the
apparent Stokes radius of the molecule.

Fig. 8 shows the plot of uep . Yf vs. the percent of organic additives. The origin of
a negative slope observed for acetonitrile may be due to the change in ionic state of
r-HuEPO caused by the low dielectric constant of the solvent used or the change in
conformation of the product. Measurement of the UV and UV second derivatives
spectra ofr-HuEPO in the presence of 30% of acetonitrile in 50 mM tricine buffer (pH
8.0) corroborate this hypothesis. A shift to the far UV was observed when the UV
spectrum of r-HuEPO was recorded in 30% acetonitrile in tricine buffer (50 mM, pH
8.0).

(8) 10%
'~."""",.,....

j

(0) 40%

o 5 10
TIME (min)

15 20

Fig. 5. High-performance capillary electrophoresis of r-HuEPO in free solution. The electropherograms
were obtained using a fused-silica capillary tube 50 crn x 75 j1rn 1.0. (A) 5% Acetonitrile in 50 rnM tricine
buffer pH 8.0 (25 kV; 18 j1A); (B) 10% acetonitrile in 50 rnMtricine buffer pH 8.0 (25 kV; 16 j1A); (C) 30%
acetonitrile in 50 rnMtricine buffer pH 8.0 (25 kV; 14 j1A), (0) 40% acetonitrile in 50 rnM tricine buffer pH
8.0 (25 kV; 12 j1A)
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Fig. 6. High-performance capillary electrophoresis of r-HuEPO in free solution. The electropherograms
were obtained using a fused-silica capillary tube 50 cm x 75 pm J.D. (A) 5% methanol in 50 mM tricine
buffer pH 8.0 (25 kV; 20 pAl; (B) 10% methanol in 50 mM tricine buffer pH 8.0 (25 kV; 18 pAl; (e) 30°/.,
methanol in 50 mM tricine pH 8.0 (25 kV; 15 pAl, (D) 30% methanol in 50 mM tricine buffer pH 8.0 (25 kV;
13IlA).

Similar to acetonitrile, the addition of methanol to the running buffer also
induces a negative slope on the plot of the product of electrophoretic mobility and
viscosity versus percent organic modifier (Fig. 8). However when compared to

~l
«
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Fig. 7. High-performance capillary electrophoresis of r-HuEPO in free solution. The electropherograms
were obtained using a fused-silica capillary tube 50 cm x 75 pm J.D. (A) 5% ethylene glycol in 50 mM
tricjne buffer pH 8.0 (25 kV; 27 pAl; (B) 10% ethylene glycol in 50 mM tricine buffer pH 8.0 (25 kV; 21 pA);
(C) 30% ethylene glycol in 50 mM tricine buffer pH 8.0 (25 kV; 10 pAl.
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Fig. 8. Plot of the product of electroosmotic flow and viscosity of glycoforms of r-HuEPO as a function of
the organic modifier. For conditions see Fig. 4.

acetonitrile, the slope is slightly less pronounced when compared to acetonitrile.
A shift to the far UV was observed when the UV and its second derivative spectra of
r-HuEPO were recorded in 30% methanol in tricine buffer (50 mM, pH 8.0). With
polydiols, and especially polyethyleneglycol, the slope observed is clearly much less
affected by increasing the concentration of organic modifier (Fig. 9). Unlike methanol
and acetonitrile, the addition ofPEG-200 to the running buffer does not cause a drastic
change in the dielectric constant of the media, and provides less perturbation of the
ionic state of the protein.

Eflect olacetate, phosphate and sulphate ions in the separation ofr-HuEPO at low pH
At low pH, the resolution in FSCE should in principle be improved since the

electroosmotic flow of the bulk solution is drastically reduced [14, IS]. Our initial
attempts at separating the glycoforms of r-H uEPO were performed at pH 2.0, 3.0 and
4.0 of the running buffer. At these pH values r-HuEPO (pI 4.5-5.0) exists as a positive
species. Fig. 9 shows an overlay of three electropherograms ofr-HuEPO performed at
pH 2.0 (100 mM phosphate buffer), pH 3.0 (100 mM phosphate buffer) and pH 4.0
(l00 mM acetate buffer). At pH 2.0, where the osmotic flow is the slowest in the range
of pH selected, r-HuEPO eluted as a sharp peak with some separation observed. The
poor peak shape observed at pH 3.0 is not due to sample overload on the column but
rather originates from the microheterogeneity of the product. A solute-capillary
interaction is also possible since the operating pH is below the pI of the r-HuEPO.

At pH 4.0, the product eluted as a broad single peak. Unlike the migration of
r-HuEPO occurred at the pH of 2.0 and 3.0, the product eluted behind the neutral
marker. Since the operating pH is closer to the pI of the product, the overall positive
charge of the molecule is reduced and the friction between solute and the buffer is
dominant.
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Fig. 9. High-performance capillary electrophoresis of r-HuEPO in free solution. The electrophcrograms
were obtained using a fused-silica capillary tube 20 cm x 75ltm J.D. (A) pH 2.0 (100 mM phosphate buffer,
10 kY, 65 itA); (B) pH 3.0 (100 mMH 3P04 , 10 kY, 80 itA); (C) pH 4.0 (100 mM acetate buffer, 10 kY, 3 pAl·
Phenol was used as neutral marker.

The critical role of the phosphate ion in improving the separation was
demonstrated when a mixed buffer (l00 mM acetate-phosphate, pH 4.0) was used.
The sample was resolved into four different major and one minor glycoforms (Fig.
lOB). The presence of phosphate resulted in a better separation. A decrease in the
migration time of the product in the mixed buffer, as compared to the migration time
obtained with the acetate buffer (l00 mM, pH 4.0) was due to a change in
electroosmotic flow. These results may indicate, as suggested by McCormick [15], that
phosphate binds strongly to the silica surface of the capillary wall. Such binding could
convert the residual acidic silanols to a more easily protonated silica-phosphate
complex at pH 4.0, thereby reducing surface charge on the capillary wall. To obtain
good and reproducible results (e.g. electrophoretic mobility, area counts and
electroosmotic flow relative standard deviation < 2%) the column must be equilib
rated in the mixed buffer for 4 h before use. Reproducible results can be achieved for at
least 30 injections as long as no washing step with NaOH and waiting period are
included into the running sequence. If the column starts to lose its performance, the
phosphate layer can be regenerated by washing the column with NaOH (0.1 M). The
capillary column must be equilibrated in the mixed buffer (100 mM acetate-phosphate
buffer, pH 4.0) for 4 h before use.

The migration time of the product and the electroosmotic flow of the running
buffer was further decreased with the mixed buffer (100 mM acetate-sulphate, pH 4.0)
(Fig. 10C); however resolution of the glycoforms is not as good as observed with the
acetate-phosphate buffer.



FSCE OF MICROHETEROGENEITY OF r-HuEPO

(A) CH,COONa-CH,COOH

469

o

(C) CH,COONa-H,SO,

5
TIME (min)

10 15

Fig. 10. High-performance capillary electrophoresis of r-HuEPO in free solution. The electropherograms
were obtained using a fused-silica capillary tube 20 cm x 75 j.tm LD. (A) pH 4.0 (100 mM acetate buffer, 10
kY, 30 j.tA); (B) pH 4.0 (100 mM acetate-phosphate buffer, 10 kY, 120 j.tA); (C) pH 4.0 (100 mM
acetate-sulfate buffer, 10 kY, 200 j.tA).

Better separation was obtained when equilibration time of the column is
extended to 10 h (Fig. 11) prior to use.

The long period required for equilibration time of the column before use is due to
the presence of the acetate ions in the buffer. The same resolution can be achieved with
much shorter preequilibration time (30 min) when phosphate buffer pH 4.0 is used.
Since this buffer did not have a good buffering capacity, the inlet and outlet reservoir
of the running buffer needs to be replaced after every three runs to avoid the pH drop.
Such change will cause a lack of reproducibility from run to run. Because of the short
equilibration time required, the pH 4.0 phosphate buffer is useful for proteins which
need to be washed with NaOH after each run.

CONCLUSIONS

This work provides very encouraging results for the separation of the glycoforms
of r-HuEPO using FSCE with a fused silica at low pH. The best condition found was
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(A) 4 h equilibration time

(B) 10 h equilibration time
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Fig. II. High-performance capillary electrophoresis of r-HuEPO in free solution. The electropherograms
were obtained using a fused-silica capillary tube 20 em x 75,um J.D. (A) pH 4.0 (100 mM acetate
phosphate buffer, 10 kV, 120 ,uA); the column was filled with the running buffer and equilibrated for
4 h prior to usc. (B) same conditions as (A) with the column equilibrated in the running buffer for 10 h prior
to usc.

with buffer pH 4.0 (l00 mM acetate-phosphate, 10 h preequilibration time). The
resolution of glycoforms obtained by this technique is close to those obtained by
conventional isoelectric focusing slab gel.
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ABSTRACT

Micellar electrokinetic chromatography (MEKC) of priority phthalate esters was investigated. A
commercial photodiode-array ultraviolet-visible detector was modified for on-column detection in an
MEKC system. For the separation of phthalate esters, electrophoretic media with sodium dodecyl sulphate
in phosphate-borate buffer were used. The retention behaviour of the phthalate esters at different concen
trations of micellar solution and at different pH values of the electrophoretic media was investigated. In
addition, the effect of different voltages across the capillary tubing was examined. The results successfully
demonstrated the application of MEKC for the separation of a group of six phthalate esters, five of which
are priority pollutants.

INTRODUCTION

Interest in the use of high-performance capillary electrophoresis (CE) in
separation science has been tremendous in recent years. The rapid developments in this
area could be largely attributed to the many advantages of this technique, including its
exceptionally high efficiency, rapid rate of separation and relatively simple instru
mentation.

An example of the CE techniques is micellar electrokinetic chromatography
(MEKC), first developed by Terabe et al. [I]. The instrumental set-up is the same as
that in conventional capillary electrophoresis, but a micellar solution is usually
employed as the electrophoretic medium. The main advantage of MEKC is that both
neutral analytes and charged solutes can be separated, There have been numerous
reports in which MEKC has been successfully used for separating chemical and
biological compounds [2,3], However, to the best of our knowledge MEKC has not
been employed to separate phthalates,

Phthalates are used extensively as plasticizers in the formulation of polymers [4],
As these plasticizers are not chemically bonded to the polymer, they can migrate from
the plastics into the environment under suitable conditions [5], The widespread use of
these compounds and their presence in the environment have promoted great interest
in the development of chromatographic methods for their detection [6,7],

This paper describes the use of MEKC for the separation of six phthalate esters,

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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five of which are listed by the United States Environmental Protection Agency
(USEPA) as priority pollutants. In a previous study [8], five of the phthalates
investigated were successfully separated using isocratic high-performance liquid
chromatography (HPLC). However, the sixth phthalate, bis(2-ethylhexyl) phthalate,
was found to be satisfactorily separated only with gradient elution [9].

In this application of MEKC, an on-column photodiode-array detector was
used for detection. Sodium dodecyl sulphate (SDS) in borate-phosphate buffer was
used as the electrophoretic medium. The effects of various experimental parameters,
including the pH of the buffer, the SDS concentration in the electrophoretic medium
and the voltage used, on the retentions of the phthalates were investigated.

EXPERIMENTAL

The experiments were performed on a laboratory-built MEKC instrument. The
on-column detection of the peaks was effected on a Shimadzu (Kyoto, Japan)
Model SPDM6A detector. The detector cell was modified according to the procedures
described elsewhere [10]. Briefly, the laboratory-built cell was erected on two metal
blocks between which the separation column was mounted. The window for the UV
light path was made by removing a small portion of the polyimide layer on the capillary
tubing. A fused-capillary tube, 50 cm x 50 ,um J.D. (Polymicro Technologies,
Phoenix, AZ, U.S.A.), was used as the separation column. The power supply was
a Spellman Model RHR 30PNIO/RVC capable of delivering up to 30 kV.

All chemicals were of analytical-reagent grade unless specified otherwise. The
buffer solution was prepared by dissolving sodium dihydrogenphosphate dihydrate
and sodium tetraborate in water purified with a Millipore system. The electrophoretic
medium consisting of SDS micelles in phosphate-borate buffer was prepared as
described previously [1]. The structures of the six phthalates studied are shown in
Fig. I. The standard solution of the phthalates and Sudan III was prepared in
HPLC-grade methanol (1. T. Baker, Phillipsburg, NJ, U.S.A.) at a concentration of
500 ppm for each of the species. All of these chemicals were supplied by Fluka (Buchs,
Switzerland).

Introduction of sample was made manually by gravity feed, by placing the tip of
the capillary at the high-potential end into a sample vial at a level 5 cm higher than the
buffer reservoir. The time for each injection was 5 s. The amount of sample injected by
this method was typically about 1.5 nl. The capillary end was subsequently rinsed by
dipping it in a rinsing solution similar to that of the reservoir. It was then returned to
the buffer reservoir before the power was switched on.

RESULTS AND DISCUSSION

All six phthalates were successfully analysed in a single run by MEKC. The
separation was achieved by optimizing the pH of the buffer, SDS concentration and
voltage across the separating column.

Preliminary experiments were first conducted at pH 6.0 and 7.5 without SDS in
the electrophoretic medium. These conditions are similar to those used in conventional
capillary zone electrophoresis (CZE). In both instances, a single broad peak was
observed for all the phthalates, indicating that all the solutes possess similar charges
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Fig. I. Structures of the phthalates studied and their log P values.

under these pH conditions. The electrophoretic medium in the absence of the micelles
does not seem to provide sufficient selectivity to separate the six phthalates. On the
other hand, with SDS, the components in the mixture sample can be separated on the
basis of the relative affinity for the micellar environment or the bulk aqueous phase.
The more hydrophobic phthalates would tend to be strongly associated with the
micelles and thus be eluted later than the hydrophilic species. This is one of the unique
features of the MEKC system which enables the phthalates in the mixture to be
separated.

Efj'ect aj'pH
The experimental conditions used for the investigation of the effect of pH on the

migration of the phthalates are listed in Table 1. The results obtained are shown

TABLE I

EXPERIMENTAL CONDITIONS EMPLOYED TO INVESTIGATE THE EFFECT OF pH ON THE
SEPARATION OF PHTHALATES AND EXPERIMENTAL fo/f m , RATIOS

Parameter Experiment No.

2 3 4

pH
Applied voltage (kV)
Length (cm)
Tubing I.D. (11m)
Electrophoretic solution
fo/f m,

6.0 6.6 7.0 7.5
15 15 15 [5
~ ~ ~ ~

~ ~ ~ ~

[0 mM SDS in 0.1 M borate-0.05 M phosphate buffer
0.21 0.21 0.20 0.22
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graphically in Fig. 2. The capacity factor, k', used in this investigation was calculated
using the equation [11]

k' = tr - to
to[1 - (tr/t mc )]

(1)

where t" to and tmc are the migration times for the solute, the insolubilized solute
(methanol) and the micelles (measured using Sudan III as the marker), respectively.

Fig. 2 indicates that there was no change in the migration order for the six
phthalates throughout the whole range of pH examined. The migration times for the
phthalates increased in the order DMP < DEP < DAP < BBP < DBP < BEHP, and
their hydrophobicities (log P) (see Fig. I) in the order log POMP < log PDEp < log
P OAP < log PHIlP < log P OBP < log P BEHP' By correlating these two series, it can be
deduced that the phthalates might be in the neutral form in the pH range investigated.
Consequently, their migration order would be dominated by their log P values, i.e., the
more hydrophobic phthalates are eluted later.

An interesting trend observed was that at higher pH (7.5), there was a marked
increase in the migration times for some of the phthalates (DBP and BEHP in
particular). This observation seems to contradict the fact that if the phthalates are in
the neutral form they should not be affected by any changes in pH. A possible reason
for this discrepancy could be that preferential dissociation of some of the phthalates
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Fig. 2. Plot of capacity factors versus pH. Other conditions are given in Table I.
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might occur at pH 7.5. These negatively charged phthalates would then be affected by
the electrophoretic attraction towards the anode. Therefore, it is expected that there
will be competition between the micelles and the anode for these partially negatively
charged species. The electrophoretic attraction is a much stronger electrostatic type of
interaction than the Van der Waal's type of interaction for micellar solubilization.
Therefore, in spite of the fact that the SDS concentration remained constant in all these
experiments, an increase in the migration times was observed for these species at
pH 7.5.

Effect of SDS
Experiments at three different SDS concentrations were performed. The

experimental conditions for these three experiments are listed in Table II. The results
obtained are given in Fig. 3, where the capacity factors are plotted against SDS
concentration.

There was an increase in the migration times of the phthalates when the SDS
concentration in the electrophoretic solution increased. This increase can be accounted
for by the fact that at higher SDS concentrations the phase ratio of the micelle to the
aqueous phase would be larger. Hence the probability of solubilization of the
phthalates by the micelles would be higher, resulting in an increase in the migration
times for these compounds, as observed. This trend is also consistent with those
observed previously by Terabe and co-workers [12,13].

Effect of voltage
The application of a higher voltage increases the resolution in CE [14]. As our

attempts to optimize the separation of the phthalates based on SDS concentration and
pH failed, the effect of higher voltages on the separation was examined. The
experimental conditions for this investigation are listed in Table III.

The results obtained are shown in Fig. 4. The migration order was observed to be
the same for all four sets of experiments and the order is governed by the log P values.
Sharper peaks were observed at higher voltages. The increase in efficiency due to the
higher voltages seems to improve the overall peak shape and resolution. It is worth

TABLE II

EXPERIMENTAL CONDITIONS EMPLOYED TO INVESTIGATE THE EFFECT OF VARYING
SDS CONCENTRATION ON THE SEPARATION OF PHTHALATES AND EXPERIMENTAL
la/1m, RATIOS

Parameter Experiment No.

3 5 6

SDS concentration (mM)
Applied voltage (kV)
Length (em)
Tubing 1.0. (/lm)
pH
Electrophoretic solution
lo/lm<

10 20 30
15 15 15
50 50 50
50 50 50
7.0 7.0 7.0
0.1 M borate-O.OS M phosphate buffer
0.20 0.19 0.17
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Fig. 3. Plot of capacity factors versus SDS concentration. Other conditions are given in Table II.

noting that the values of the ratio to/tmc. obtained for experiments conducted at higher
voltages (see Table III) are generally smaller than those shown in Tables I and II. The
ratio to/tmc indicates the elution range for the solute under a given set of experimental
conditions. A smaller to/tmc ratio offers a wider elution range, which to a certain extent
enhances the separation of peaks [12]. Therefore, it is expected that the experiments
performed at higher voltages would give better separations. In fact, the two
experiments conducted at 25 and 30 kV have the smallest to/tmc values and complete
separation of all six phthalates was achieved.

The corresponding chromatograms are shown in Figs. 5 and 6. From Fig. 5, it
can be seen that all six phthalates are satisfactorily separated within 40 min. However,
at 30 kV, even though all six phthalates were satisfactorily separated, an additional
peak (peak 7 in Fig. 6) was observed. This could be due to the stronger electric field at
the higher voltage, which tends to produce excessive Joule heat [14]. The excessive heat
generated at such a high potential could have promoted the hydrolysis of the phthalate
ester to give an alcohol and an acid (probably phthalic acid).

Amongst the six phthalates, it seems that bis(2-ethylhexyl) phthalate is the one
most prone to hydrolysis at the higher voltage. This is probably due to its bulky
substituent groups which make it very unstable. After further investigation, it was
found that the extra peak was indeed due to phthalic acid, the hydrolysed product of
bis(2-ethylhexyl) phthalate. Hence, even though the higher voltage ono kV resulted in
a higher efficiency, because of the possibility of side-reactions (hydrolysis) occurring
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TABLE III

EXPERIMENTAL CONDITIONS EMPLOYED TO INVESTIGATE THE EFFECT OF VOLTAGE
ON THE SEPARATION OF PHTHALATES AND EXPERIMENTAL 10/lmc RATIOS

Parameter Experiment No.

7 8 9

Applied voltage (kV)
Length (em)
Tubing I.D. (pm)
pH
Electrophoretic solution
lo/f mc

15 20 25 30
~ ~ ~ ~

~ ~ ~ ~

6.0 6.0 6.0 6.0
10 mM SDS in 0.1 M borate-O.OS M phosphate buffer
0.21 0.18 0.14 0.12

during the separation, the optimum voltage for the separation of the phthalates was
found to be 25 kY in these experiments.

It should be noted that generally with increasing applied voltage, a corre
sponding decrease in migration time would be expected for most solutes. This
observation can be accounted for by the fact that at a higher voltage, the
electroosmotic velocity (Vos) would be increased. At the same time, a corresponding
increase in the electrophoretic velocity (Vep) would also be observed. However, it was
found that in most instances, under normal circumstances the increase in Vos is often
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Fig. 4. Plot of capacity factors versus voltage. Other conditions are given in Table III.
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Fig. 5. Electrokinetic chromatogram of the six phthalate esters: I = methanol; 2 = DMP; 3 = DEP;
4 = DAP; 5 = BBP; 6 = DBP; 7 = phthalic acid; 8 = BEHP; 9 = Sudan III. Conditions as in Fig. 5, except
voltage = 30 kV.

more pronounced than Vep- Consequently, an overall decrease in migration time is
expected. The results of our study, with the exception of those obtained using 30 kV,
seem to be in agreement with the above trend. At 30 kV, a reversal in this trend was
observed for most of the phthalates. A possible reason could be the heat generated at
the relatively higher applied voltage. It is known that in such a system, Ver would be
affected such that the electrophoretic mobility would be increased. In fact, it was found
that Ver increases at a rate of ca. 2%;aC [15]. Therefore, in this instance, the increase in
Vos in the system can no longer compensate for the larger increase in Vcp
Consequently, there is an overall increase in the migration times for the phthalates at
30 kV. From Fig. 4 it was noted that the increase is less apparent for those phthalates
with shorter migration times. This is expected, as the fact that these phthalates are
eluted earlier suggests that they are not much influenced by the electrophoretic
interaction. Hence it would be reasonable to expect that any changes in Ver would not
be significant enough to cause any drastic change in their migration times.

Fig. 6. Electrokinetic chromatogram of the six phthalate esters: I = methanol; 2 = DMP; 3 = DEP;
4 = DAP; 5 = BBP; 6 = DBP; 7 = BEHP; 8 = Sudan III. Electrophoretic solution, 10 mM SDS in 0.1 M
borate-0.05 M phosphate buffer; pH, 6.0; separation tube, 50 cm x 50 J.lm J.D. fused-silica capillary;
voltage, 25 kV; detection wavelength, 210 nm; volume of sample injected, 1.5 nl.
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This work has successfully demonstrated the use ofMEKC for the separation of
priority phthalates. By optimizing parameters such as the pH and SDS concentration
of the electrophoretic media and the voltage across the capillary tubing, high-resolu
tion separations can be easily achieved. From the promising results obtained, it is
believed that this technique can be extended to the analysis of other groups of priori ty
pollutants.
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ABSTRACT

A capillary electrophoresis (CE) method with UY detection is described for the separation and
determination of underivatized toxins associated with paralytic shellfish poisoning (PSP). Confirmation of
the electrophoretic peaks was facilitated by mass spectrometric (MS) detection using an ionspray CE-MS
interface and by high-performance liquid chromatography with fluorescence detection. The determination
of PSP toxins, such as saxitoxin and neosaxitoxin, in toxic dinoflagellates and scallops is demonstrated and
comparisons are made with existing techniques.

INTRODUCTION

Paralytic shellfish poisoning (PSP) is a severe form of seafood poisoning which
results from the ingestion of contaminated shellfish [1-4]. It presents a real threat to
public health as no antidote has yet been found and it is not possible to detoxify the
contaminated shellfish efficiently. Symptoms of PSP are primarily neurological and
can vary from facial paresthesis, nausea and vomiting to death resulting from respira
tory paralysis, which can occur within 12 h after ingestion of toxic shellfish.

Toxic phytoplankton blooms, which occur sporadically along many coasts
around the world, are the primary source for the toxification of filter-feeding shellfish
[3]. Toxicity and toxin profiles vary widely among PSP-producing dinoflagellates and
as much as 20 fmol per cell of the potent saxitoxin (STX) has been reported for a Bay
of Fundy strain of Alexandrium tamarensis [5]. Toxins associated with PSP include
STX, neosaxitoxin (NEG) and a complex suite-of sulfate and N-sulfonate analogues
[I]. Their structures are characterized by a five-membered ring fused on a perhydro
purine skeleton (Fig. 1).

The development of reliable analytical techniques for the detection of these
toxins has become important not only in view of the small amounts of toxins reported
to cause illness (6-40 J.1gjkg [6,7]) but also for a greater understanding of the biogen-

a NRCC No. 31946.

b Under contract from SCIEX, 55 Glen Cameron Road, Thornhill, Ontario, L3T [P2.
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Fig. 1. Structures of toxins associated with paralytic shellfish poisoning.

esis and metabolic pathways of the toxins involved. At present the official analytical
procedure which supports the majority of toxin-monitoring programs in shellfish is
the mouse bioassay [8,9]. This procedure allows the determination of the "total toxic
ity" of a biological extract and provides adequate sensitivity with respect to the
permissible limit for human consumption (80 J.lg per 100 g of shellfish meat) [3].
However, its narrow dynamic range, coupled with its wide variability (effects of salts,
susceptibility to mouse strains), difficulties in the supportive logistics and increasing
pressure to discontinue the use of animal bioassays have stimulated the development
of alternative methods [10].

The detection of PSP toxins has provided a considerable challenge to the devel
opment of analytical techniques. The lack of useful UV chromophores absorbing
above 220 nm [11] and the low volatility and highly polar nature of these compounds
are some of the difficulties that prevent their separation and detection by convention
al techniques. Tn spite of these obstacles, a variety of separation procedures have been
reported for the isolation and determination of PSP toxins, including column chro
matography [12,13], thin-layer chromatography [14] and cellulose acetate electropho
resis [15]. The instrumental technique most commonly used for the routine determi
nation of PSP toxins involves reversed-phase high performance liquid
chromatography using ion-pairing reagents and post-column reaction permitting flu
orescence detection (HPLC-FLD) [16]. The post-column reaction system consists of
an alkaline oxidation reaction which converts the native toxins into their correspond
ing fluorescent derivatives [16]. Although the method offers good sensitivity and dy
namic range for the separation and detection of different PSP toxins, the sensitivity is
dependent on parameters such as reagent concentrations, reaction times, pH and
temperature of the oxidation reaction [17]. In addition to the elaborate procedure
required to achieve reliable and reproducible results, a significant drawback of the
alkaline oxidation reaction is the reliance on fluorescence response factors for the
different PSP toxins based on that of the only commercially available standard, STX
[16,18].

The successful separation of these marine toxins by both ion-exchange chroma
tography and cellulose acetate electrophoresis [15] prompted us to investigate the
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application of capillary electrophoresis (CE) for their analysis. Also, the recent in
vestigation of ionspray mass spectrometry of marine toxins [19] using flow-injection
analysis indicated a useful detection limit for STX (30 pg) and suggested that mass
spectral detection of PSP toxins following separation by CE would be practical,
provided that a suitable interface is built. Owing to its high-resolution separation
capability (up to 106 theoretical plates in less than 20-25 min [20-22]) and its ease of
operation, the CE technique has aroused considerable interest for the analysis of
complex polar biomolecules including marine toxins. Wright et al. [23] recently dem
onstrated the applicability of CE using laser-induced fluorescence detection for the
analysis of derivatives of marine toxins including STX. The method has permitted
high-resolution separations, with an attomole-range detection limit for the o-phthal
dialdehyde derivative of STX [23]. However, in view of the desired application to the
analysis of biological extracts, the use of chemical derivatives could potentially lead
to problems of highly variable response factors, interferences due to reagents and
other non-PSP compounds and complications arising from the instability of the de
rivative and the extensive work-up required.

This paper describes the application of CE with UV detection to the determina
tion of PSP toxins in marine samples. Confirmation of the chemical identities of
electrophoretic peaks is made using an improved mass spectrometric interface. A
preliminary evaluation of the factors affecting the separation and detection of these
toxins is also reported.

EXPERIMENTAL

Chemicals
Saxitoxin was obtained from Calbiochem Biochemicals (San Diego, CA,

U.S.A.) as a I pmol/ml solution in 0.0 I M acetic acid and used without further
purification. Analytical reagent grade acetic acid (Caledon Laboratories, George
town, Ont., Canada), sodium citrate (Sigma, St. Louis, MO, U.S.A.) and water puri
fied with a Milli-Q system (Millipore, Bedford, MA, U.S.A.) were used to prepare the
buffer solutions.

Biological samples
Toxins from either cultured algal cells (1-10 g wet weight) or homogenized

scallop livers (15 g wet weight) were extracted by sonication in 0.1 M acetic acid.
Freeze-dried cells of the cyanobacterium Aphanizomenon fios-aquae were provided
from Dr. W. W. Carmichael (Wright State University, Dayton, OH, U.S.A.). Cell
and tissue debris were removed by centrifugation at 20 000 g for 30 min and the
supernatant fluid was then freeze-dried. The resulting solid was dissolved in 5 ml of
0.1 M acetic acid, adjusted to pH 5 and then passed through a 90 x 1.6 cm 1.0.
Bio-Gel P-2 column (Bio-Rad Labs., Mississauga, Ont., Canada) previously equili
brated with water and eluted with 0.1 M acetic acid. Fractions of 1.5 ml were collected
and subsequently analysed by high-voltage paper electrophoresis (HVPE).

High-voltage paper electrophoresis
HVPE was conducted in a similar manner to that described by Leggett-Bailey

[24]. Aliquots of 10-20 It! of each fraction were spotted across a sheet of Whatman
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No.1 paper (46 x 57 em). After drying of the sample line, the paper was wetted with
the electrolyte [10% (v/v) acetic acid] on either side of the origin and excess of electro
lyte was removed with blotting paper. A glass chromatographic tank (Shandon, Lon
don, U.K.) containing 5 I of the electrolyte as the anode reservoir was used for
electrophoresis. The paper was suspended from the cathode at the top of the tank.
The remainder was filled with toluene cooled by a convoluted glass tube through
which cold tap-water flowed. Electrophoresis was conducted at 3 kV for 30 min, after
which the paper was dried in a vented oven at 100°C. PSP toxins were detected with a
long-wavelength UV light source after spraying with 1% hydrogen peroxide solution
and heating for 5 min at 100°C.

Capillary electrophoresis
An Applied Biosystems (Foster City, CA, U.S.A.) Model 270A capillary elec

trophoresis system was used for all CE experiments. An untreated fused-silica capil
lary column (Polymicro Technologies, Phoenix, AZ, U.S.A.) of 50 J1m J.D. and
length 90 cm (68 cm to the detector) was used in all separations. Sample introduction
was performed using either hydrodynamic (vacuum) or electrokinetic (voltage) in
jections. In hydrodynamic injection, a preset vacuum (17 kPa) was applied to the
detector end of the capillary for 3 s, whereas electrokinetic injection used a potential
of 5 kV applied to the capillary end for 30 s. Unless specified otherwise, electrophoret
ic separations were carried out in either 20 mM sodium citrate buffer (pH 2) or 0.1 M
acetic acid (pH 2.9). UV detection was performed at 200 nm. Data acquisition and
handling were accomplished using a Hewlet-Packard HP 3396A integrator linked to
an MS-DOS microcomputer using the Chrompetfect data acquisition-processing
software package (Justice Innovations, Palo Alto, CA, U.S.A.).

Mass spectrometry
All mass spectrometric experiments were performed on a SCIEX (Thornhill,

Ont., Canada) API III triple quadrupole mass spectrometer equipped with an atmo
spheric pressure ionization (API) source operated in the ionspray mode. For f1ow
injection analyses (FIA) samples were injected via a O.l-J1lloop Valco injector (Chro
matographic Specialties, Brockville, Ont., Canada) into a stream of acetonitrile
water (1: 1) containing 0.1 % trifluoroacetic acid, delivered by a Brownlee syringe
pump operating at a flow-rate of 50 J11/min.

The CE-MS interface is shown schematically in Fig. 2. The interface was con
structed from a modified commercial IonSpray (ISP) probe and was based on a
co-axial column arrangement, similar in design to that described by Smith et al. [25].
The CE fused-silica column (90 cm x 50 J1m J.D. x 350 J1m O.D.) was connected to
the interface via a zero dead volume (ZDV) tee, mounted externally on the pressur
ized probe handle. A make-up solution (0.1 M acetic acid) was delivered at a flow-rate
of 20 J11/min to the probe tip via the interspace between the CE capillary and the outer
capillary (42 cm x 400 J1m J.D. x 530 O.D.) using a syringe pump (Harvard Appara
tus, Southnatick, MA, U.S.A.). Optimization of the CE-MS system was achieved by
injecting a standard into the make-up flow stream using a O.l-J1l loop Valco injector
as described above. The ISP probe tip consisted of a 20-gauge stainless-steel tube and
was held at a potential of ca. 6 kV. Air was used as a nebuliser gas at a flow-rate of
1.5-2.0 l/min. The potential difference between the CE electrode and the ISP needle
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Fig. 2. Schemalic diagram of the CE-MS interface.

therefore defined the CE field gradient. Electrokinetic injections (30 s) were made in
all CE-MS experiments. The CE column terminated ca. 0.5 mm inside the ISP needle.
This arrangement minimized column peak broadening and ensured good electrical
contact between the ISP needle and the CE electrolyte. Mass spectral acquisition was
performed using dwell times of 5 and 200 ms per channel for full mass scan (either
50-350 dalton in CE-MS or 200-500 dalton in FIA-ISP-MS analyses) and selected
ion monitoring (SIM) experiments, respectively. A Macintosh IIx computer was used
for instrument control, data acquisition and data processing.

RESULTS AND DISCUSSION

Determination of PSP toxins by CE-UV following sample fractionation
With the exception of C compounds (Fig. I), PSP toxins have an overall posi

tive charge under acidic conditions, making them ideal candidates for separation
based on ionic state. Their basic nature is attributed to the delocalized guanidinium
groups, centered on Cs and C2 , which have pKa values of 8.22 and 11.28 in the case of
STX [26]. In this study, electrophoretic separation of PSP toxins by HYPE was con
ducted to establish toxin profiles as they eluted from the Biogel P-2 gel permeation
column. This method is similar to that previously reported using cellulose acetate
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electrophoresis [15], except that the acetic acid buffer system chosen here facilitates
solvent evaporation and its larger scale allows 50-100 samples to be run simultane
ously. Further, the time for electrophoresis was typically 30 min compared with 3 h
on cellulose acetate [15]. The P-2 column was used prior to electrophoresis as PSP
toxins could easily be separated from salts, proteins, carbohydrates and most non
PSP compounds present in plankton and more particularly in scallop extracts.

A typical two-dimensional analytical chromatogram (P-2 column fractions on
the horizontal axis with electrophoretic separation on the vertical axis) of PSP toxins
is presented in Fig. 3 for the analysis of an extract isolated from 109 of sonicated cells
of Alexandrium tamarensis. Most non-PSP compounds were found in fractions 15-30
and did not show any fluorescence on oxidation with hydrogen peroxide but stained
strongly with ninhydrin. PSP toxins eluted later in fractions 40-104, which exhibited
a blue fluorescence on oxidation and drying. Based on a previous report [27], these
different migration bands can be separated into three main toxin groups in descend
ing order of net charge: fractions 40-58 containing both STX and NEO (2 +), frac
tions 52-66 containing the GTX toxins (I +) and fractions 80-104 containing the C

Fig. 3. High-voltage paper electrophoretic separation of PSP toxins following Bio-Gel P-2 column frac
tionation. Electrophoresis was conducted at 3 kV for 30 min on Whatman No.1 paper (46 x 57 cm) using
10% (vjv) acetic acid electrolyte. PSP toxins were identified as a blue fluorescent band after H 20 2 ox
idation and heating at 100'C for 5 min. Non-PSP compounds were found in fractions 14--18. STX and
NEO were found in fractions 21-24 and did not separate from each other. GTX toxins eluted in fractions
24--27 and the C toxins appeared in fractions 30-37.
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toxins (no net charge). Although the C toxins have no net charge in dilute acetic acid,
they do migrate from the electrophoretic origin owing to the electroendosmotic flow.
Fractions corresponding to each of these three groups were also analyzed by ionspray
mass spectrometry in order to validate this qualitative assignment (see below). The
fluorescent band seen in fractions 68-80, having a mobility slightly higher than the
eiectroendosmotic flow, was not identified but may be due to a PSP degradation
product.

Although the separation of PSP toxins into three groups was readily achieved
on the P-2 column and by HVPE, it was anticipated that CE would provide more
efficient separation. However, some of the inherent difficulties in analyzing such com
pounds are the lack of a chromophore absorbing in the usual UV range and the
unavailability of standards to confirm the electrophoretic peak identity. With respect
to the detection capability, it is expected that PSP detection using a conventional
deuterium lamp would be difficult if not impossible, in view of the low molar absorp
tivities (e.g., < I .10- 3 mol/cm above 220 nm for STX [11]). However, STX shows a
rise in its molar absorptivity below 220 nm [11]. This, coupled with the fact that the
signal-to-noise characteristics of the UV detector used in this present study provide
better sensitivity at 200 nm on compounds such as peptides [28], prompted us to
investigate the practical applications of this instrument to PSP toxins.

In situations where the electrophoretic peak identity could present some un
certainties, or if standards are not available to correlate with the peak of interest, it is
desirable to use a complementary technique. Mass spectrometric detection using neb
ulizer-assisted electrospray ionization (ionspray) was chosen for this purpose, as its
excellent sensitivity observed for PSP and other marine toxins [19] renders detection
of STX possible within the concentration and injection volumes used in the CE
experiment. A CE-MS interface inspired by a co-axial capillary arrangement carrying
both the CE buffer and make-up flow initially described by Smith et al. [25] was
designed and constructed in this laboratory. Although other CE-MS interfaces using
a "liquid junction" remote from the ion source have been demonstrated successfully
[29,30], the co-axial design has the advantage of removing dead volume associated
with the "liquid junction" in addition to minimizing band broadening arising from
the dynamic mixing of the make-up flow and CE stream [31].

Initial investigations of PSP toxin analysis by CE were made using a buffer
system similar to that used in the HVPE experiment. In addition to enhancing pro
tonation, the acetic acid buffer has the advantage of being compatible with the CE
MS interface and can also be used as make-up flow, thus preventing changes in the
CE buffer composition during a run. The results of analyses of an extract of A.
tamarensis by CE-UV and CE-MS are presented in Fig. 4. The sample chosen for the
CE experiment originated from fraction 52 from the Bio-Gel P-2 column separation
and showed a fluorescent band in the NEO-STX region of the HVPE analysis. The
electropherogram of fraction 52, using UV detection at 200 nm, is shown in Fig. 4a.
This separation corresponds to an electrokinetic injection of 30 s and was achieved at
a field strength of 220 V/cm. As indicated in Fig. 4a, three major components are
observed at 7.41,7.46 and 7.58 min. The resolution of the last two peaks was estimat
ed to be only 0.50.

The analysis of fraction 52 by CE-MS is presented in Fig. 4b and c, correspond
ing to the reconstructed ion electropherograms of the protonated molecules (MH+)





CE OF SHELLFISH POISONS 49\

of STX and NEO, respectively. The migration times observed for the two toxins are
remarkably close to those observed in the CE-UV experiment and confirmed the
identity of the two electrophoretic peaks. Independent injections of STX standard,
using both CE-UV and CE-MS with full mass acquisition of mlz 100-400 dalton
(data not shown), provided additional evidence of the peak identity. In addition to
the good correlation of migration times observed in the two experiments, it is note
worthy that the peak widths at half-height differed by at most 3 s in the two experi
ments, indicating that loss of separation efficiency due to large dead volume was
minimal with this CE-MS interface. As a result, the resolution for STX and NEO
obtained in the CE-MS analysis was similar to that observed with the CE-UV; a
value of ca. 0.7 was obtained for the former technique as opposed to 0.5 in the latter.

Although no effort was made to improve the detection limit of the CE-MS
interface, adequate signal-to-noise ratios were obtained in the analysis of fraction 52.
As will be described later, this fraction contained STX and NEO in concentrations of
32 and 83 /lg/ml, respectively. The amount of sample loaded on the CE column by
electrokinetic injection was established by comparing area counts with those obtained
using vacuum injection, the latter being calibrated by measuring the amount of sam
ple drawn into the cappillary using a coloring agent prepared with the sample solvent.
These experiments indicated that ca. 500 pg of STX were loaded on the column
during the CE-MS experiment. For such amounts a signal-to-noise ratio of 15: 1 was
obtained, suggesting that an instrumental detection limit of ca. 100 pg is achievable.
This result is consistent with data obtained independently with flow-injection analysis
of STX using ionspray [19], where a detection limit of 30 pg was obtained with a
signal-to-noise valid ratio of 2. The difference in sensitivity can be explained by the
larger peak width observed with the combined CE-MS technique.

Determination of STX and NED concentrations in biological extracts
Further to the preliminary work on the separation of NEO and STX described

above, work was needed to enhance the separation efficiency of the CE technique and
to facilitate the confirmation and determination of these toxins in natural extracts.
Buffer composition and acidity were investigated to establish their effects on plate
counts, resolution and background contribution.

Variation of the buffer acidity had a considerable effect on the separation of
NEO and STX. Increasing the acetic acid content of the buffer from 0.1 to 5.0 M
resulted in a pH change from 2.9 to 1.9. Using a field strength and capillary identical
with those described in Fig. 4, it was observed that the resolution improved progres
sively with decreasing pH up to the point where these peaks were resolved completely.
For example, using solutions of approximately equal concentration of STX and
NEO, pH values of 2.9, 2.4 and 1.9 resulted in resolution values (Rs) of 0.5, 1.6 and
2.7, respectively. At pH 1.9 the efficiency of separation (N) obtained from the conven
tional equation for plate numbers using peak widths at half-height was 53 800, an
improvement of ca. 2-fold over the same analysis conducted at pH 2.9.

Lowering the pH of the buffer also affected the analysis time. At pH 1.9 the
migration of both STX and NEO was completed in 24 min as opposed to 8 min at pH
2.9. This increase in migration time is due to electroendosmosis where the bulk flow of
liquid progressively increases with increasing pH. The electroendosmotic flow arises
from solvated cations from the double layer adjacent to the capillary wall migrating
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to the cathode. At low pH, where the silanol groups of the capillary wall are protonat
ed, there is very little coulombic interaction between the analyte cations, buffer ions
and the capillary wall, hence decreasing the electroendosmotic flow [32,33].

Other buffer systems were also investigated in an attempt to improve the sep
aration efficiency. Better resolution and sensitivity were achieved by changing the
buffer to a 20 mM solution of sodium citrate adjusted to pH 2.1. An example of such
a separation is presented in Fig. 5 for the analysis offraction 52 from the A. tamm'en
sis extract. The CE analysis performed under these conditions yielded three distinct
peaks with an Rs value of 2.6 for NEO and STX. The identity of the first peak
observed at 14.68 min is unknown. However, this compound is not an isomer of
either STX or NEO as no corresponding signal was observed in the SIM traces in Fig.
4b or c. Owing to the low concentration of this component and the amount of sample
that could be loaded on the capillary, the identification of this compound using
CE-MS with full mass scan acquisition was not possible. It is possible that this
compound is a decarbamoyl derivative of STX which was previously found to have a
mobility slightly higher than that of STX [15].

In terms of separation efficiencies, the number of theoretical plates achieved
with the sodium citrate buffer was ca. 46000. Although this is less than that with the
acetic acid buffer of pH 1.9, the use of sodium citrate buffer has the advantage of
reducing the analysis time to 18 min, in addition to providing better signal-to-noise
ratios (typically four times better than with acetic acid at pH 1.9). It is noteworthy
that a gain of a factor of 2 in sensitivity could be achieved by setting the UV detector
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Fig. 5. Capillary electrophoresis of fraction 52 from the A. tamarensis extract using UV detection at 200
nm, 3-s vacuum injection, +20 kV, 20 mM sodium citrate buffer. The electropherogram represents an
injection of 320 and 830 pg of STX and NEO, respectively.
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to 190 nm instead of 200 nm. However, in view of the stability of the baseline noise
over a day-long operation, analysis at 200 nm was preferred.

In order to improve the separation efficiency and reduce the analysis time still
further for routine analysis, the CE separation was carried out at 30 kV using the
sodium citrate buffer. Under these conditions, migration of STX was achieved within
10 min with N values at least 4-5 times greater than those obtained in the same
experiment performed at 20 kV. Reproducibility of migration times was adequate to
ensure proper peak assignment; extremes of migration times varied by no more than
2% on a daily basis. These fluctuations could also be corrected by using a mobility
standard.such as lysine, thereby reducing these variations to less than 1%. In terms of
reproducibility for determination, replicate injections (n = 6) of solutions containing
both STX and NEG indicated that the standard deviation of the integrated areas was
ca. 4% for each compound.

The CE separation developed here for the determination of STX and NEG also
provided good linearity over the concentration range 1.5-300 .ug/ml. A typical cali
bration graph for STX is presented in Fig. 6. This graph shows a good linear response
over at least two orders of magnitude, with a correlation coefficient of 0.998. The
mass detection limit was reached for a ca. 15-pg injection of STX. The inset in Fig. 6
shows the CE analysis achieved at this detection limit for STX with a signal-to-noise
ratio of 2.

We found that the response for NEG at 200 nm is slightly lower than that for
STX. Studies performed using NMR [34] established the molar ratio of NEG and
STX in a synthetic mixture of these two toxins. Results from analytical techniques
such as FTA-ISP-MS and CE-UV were compared with data obtained from NMR
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Fig. 6. Calibration curve for STX in the concentration range 1.5-300 Itg/m!. Conditions: UY detection at
200 nm, 3-s vacuum injection, + 30 kY, 20 mM sodium citrate butTer. The mass detection limit was reached
for a ca. 15-pg injection of STX. The inset shows the CE analysis achieved at the detection limit for STX
with a signal-to-noise ratio of 2.
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spectroscopy. Correlations amongst these different techniques indicated that the re
sponse observed for NEG should be corrected by aJactor of 1.18 in order to compen
sate for the lower sensitivity of this compound with UV detection at 200 nm. Based on
this information, it was possible to determine the amount ofSTX and NEG present in
fraction 52 from the A. tamarensis extract (Fig. 5). This quantitative analysis revealed
that the concentrations ofSTX and NEG were 32 ± I and 83 ± 2Ilg/ml, respectively.

The results from applying the CE-UV determination of STX and NEG to
fractions from phytoplankton, a cyanobacterium and contaminated scallops are pre
sented in Fig. 7. The sample of contaminated scallop livers was from a material
a
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Fig. 7. CE analysis of toxin fractions isolated from different matrices. (a) Fraction 47 from an extract of
sonicated cells of A. tamarensis; (b) combined fractions 46-50 from an extract of sonicated cells of Aph.
.flos-aquae; (c) fraction 57 from toxic scallop liver extract. Conditions: detection at 200 nm, 3-s vacuum
injection, + 30 kV, 20 mM sodium citrate buffer.
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currently under evaluation for its suitability as a PSP reference material. In each
instance extracts from sonicated cells were fractionated using a Bio-Gel P-2 column
as described previously. Fig. 7 illustrates the electropherograms obtained for three
arbitrarily chosen fractions of each biological matrix. The migration times observed
for STX and NEG were consistent with those previously obtained on different sam
ples. Although the presence of a high salt content (possibly sodium) could be detected
easily by the fronting peak at 6.5 min in Fig. 7b and c, the migration times were
reproducible to within 2% on any given day. In addition to observing STX and NEG
at the correct migration times, several unknown compounds (possibly amino acids or
other dicationic PSP toxins) were also detected, as illustrated in Fig. 7b and c.

Although the migration times for STX and NEG were consistent for all samples
analysed, it was observed that high salinity of the sample could complicate the peak
assignment. In experiments using solutions of STX prepared in buffers of various
salinities, ranging from 0 to 0.5 M NaCl, it was found that variation of migration
times of more than 2% was observed only when the sample contained more than ca.
0.3 M NaCl. Above this concentration, loss of resolution between STX and NEG and
increased background contribution were also noted. These observations can be ex
plained by the rise in electrophoretic current with increasing salt concentration, re
sulting in changes in temperature and consequent effects including convection.

The determination of STX and NEG in the fractions from biological extracts
presented in Fig. 7 is summarized in Table I. Where possible, the results from the
quantitative analysis obtained using CE-UV were correlated with those given by
FIA-ISP-MS [19]. However, the latter technique can be used only with relatively pure
samples of STX and NEG, as salts and other contaminants present in the fraction
interfere in the analysis by forming adduct ions, which reduce the abundance of the
protonated molecular ion. In spite of this limitation, useful comparisons were ob
tained for samples of low salt content, such as fraction 47 from the A. tamarensis
extract (Fig. 7a). In this instance the two techniques yielded comparable results for
the determination of NEG, i.e., ll5 ± 5 pg/ml by CE-UV compared with 121 ± 2
pg/ml by FIA-ISP-MS.

Table II illustrates the detection limits for NEO and STX using different analyt
ical techniques for PSP toxin monitoring. It can be seen that in terms of mass detec-

TABLE I

DETERMINAnON OF STX AND NEO IN ALGAL AND MOLLUSC EXTRACTS USING CE-UV

Detection at 200 nm, 3-s vacuum injection, + 30 kV, 20 mM sodium citrate buffer.

Sample Concentration (,ug/ml)

A. lamarensis. Fraction 47
Aph. jlos-aquea, Fractions 46-50
Toxic scallop liver, Fraction 57

NEO"

115 ± 5d

4.1 ± O.l d

6.4 ± 0.3'·d

STX

n.o b

3.7 ± O.ld
14.9 ± 0.8d

" Corrected response for NEO.
" Corresponds to ca. 5.1 /lg/g of wet liver tissue.
, Not observed ( < 1.5 Ilg/ml).
d Standard deviation, n = 3.
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TABLE II

DETECTION LIMITS OF STX AND NEO USING DIFFERENT TECHNIQUES

Technique

Mouse bioassay [35]"
HPLC-FLD [35]b
FIA-ISP-MS [19]
CE-UV (this study)

NEO STX

Concentration Amount injected Concentration Amount injected
(JiM) (ng) (JiM) (ng)

0.4 120 0.5 150
0.065 0.39 0.014 0.08

0.1 0.03
5.6 0.018 5.0 0.015

" Based on a I-ml injection.
b Based on a 20-JiI injection.

tion limits CE-UV is considerably more sensitive than the mouse bioassay. It also
offers better detection limits than HPLC-FLD [16,35] and flow-injection analysis
using FIA-ISP-MS. However, owing to the limited sample (a few nanolitres) which
can be loaded on the CE column, the CE-UV technique lacks the ability to provide
good detection limits for samples of low concentration (sub-micromolar range).
From a practical standpoint, this limitation can be circumvented by concentrating the
sample before analysis by CE-UV, as only a limited amount of sample is required.
Further, in situations where the sample is dissolved in a solution of lower conductiv
ity than the running buffer, one can apply sample "stacking", where a large volume of
a dilute solution is injected on the CE capillary [28]; this permits injection of a solu
tion typically 3-5 times less concentrated without degradation of signal-to-noise ra
tios or loss of resolution [28].

Application of CE-UV to the determination of GTX and C-type PSP toxins
In addition to STX and NEO, GTX toxins (Fig. 1), more specifically GTX 2 and

GTX3, are often found in toxic shellfish and dinoflagellates [2,14]. During the analysis
of biological extracts by CE-UV, GTX toxins migrated more slowly than STX and
NEO as they have an overall charge of + 1 under the electrophoretic conditions used.
An electropherogram corresponding to the analysis of a purified fraction of GTX
toxins isolated from A. tamarensis is presented in Fig. 8a. This sample contained a
high proportion of GTX toxins, as indicated by the peaks in the region of 16 min. A
small amount ofNEO (4.4 ,Ltg/ml) was also found in the same sample, as evidenced by
a peak at 9.17 min. The ionspray mass spectrum of the same fraction is presented in
Fig. 8b. An abundant protonated molecular ion was observed at m/z 396, which
confirmed the presence of the GTX toxins. Fig. 8a also shows a prominent ion at m/z
316, thought to be a fragment ion corresponding to the loss ofan S03 group from m/z
396. Although the ion at m/z 316 also corresponds to the MH+ of NEO, the low
concentration of this compound found in the CE-UV trace (Fig. 8a) could not ac
count for such an intense peak in the mass spectrum. The assignment of the ion at m/z
316 was confirmed by tandem mass spectrometry (MS-MS), which showed that this
ion is indeed a fragment ion of GTX toxins, rather than the MH + ion of NEO.

Owing to the unavailability of standards, the assignment of individual GTX
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toxins remains difficult at this stage. In order to facilitate the assignments, the peak
areas observed in the electropherogram in Fig. 8a were correlated with the results
from the HPLC-FLD analysis using post-column reaction modification [16]. Using
the latter technique it was found that the purified fraction of GTX toxins contained
mainly GTX 3 and GTXz, at concentrations of320 and 130 flg/ml, respectively (molar
ratio 2.5: 1). This result is in reasonably good agreement with that observed in the
CE-UV analysis, where a molar ratio of 3.8:1 was obtained for GTX3:GTXz. Based
on this observation, it was deduced that the early migrating peak at 15.79 min was
GTXz, followed by GTX 3 at 16.00 min.

The preliminary work described above indicates that GTX, NEO and STX
toxins can all be identified in a single CE-UV experiment within less than 20 min.
However, the conditions chosen here for the analysis of these toxins do not permit the
detection of the C toxins as these compounds have no net charge at pH 2.1, and thus
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would migrate only with the electroendosmotic flow. The inability to separate the
different C toxins is also encountered with the HPLC-FLD method [16], where these
compounds are not retained by the column and elute with the solvent front. Work is
in progress to establish a direct CE-UV method for the detection of these electrically
neutral toxins.
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Fig. 9. Analysis of a fraction of C toxins isolated from A. lamarensis. Capillary electrophoretic separation
of C toxins (a) before and (b) after hydrolysis to the corresponding GTX toxins. Hydrolysis performed
with 0.1 M HCI at lOOT for 10 min. Electrophoretic conditions as in Fig. 7.
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Indirect determination of the C toxins by CE-UV can be achieved by mea
suring their hydrolytic products. Conversion of the C toxins into the corresponding
GTX forms is achieved by briefly heating in 0.2 M hydrochloric acid [17]. This proce
dure is used in the standard AOAC mouse bioassay method [8], which converts the
latent C toxins into the more toxic GTX forms. A pooled fraction containing mostly
C toxins was divided into two equal samples, one of which was subsequently hydro
lyzed with 0.1 M hydrochloric acid at lOO°C for 10 min whereas the other was left
intact. The CE-UV trace corresponding to the native C fraction is presented in Fig.
9a, and shows that no GTX toxins are observed at 16 min. However, this sample
contained an unknown constituent at 11.28 min, which could be a degradation prod
uct of C toxins resulting in the formation of a dicationic product. In comparison, the
hydrolyzed fraction of C toxins (Fig. 9b) clearly shows two peaks at 15.80 and 16.05
min, which correspond to GTX 2 and GTX3 , respectively. The ratio of the areas of
these two peaks is 0.22. From the hydrolytic products of this reaction it was conclud
ed that the pooled C fraction contained mainly C t and C 2 toxins.

The sample corresponding to the hydrolyzed C toxins was later subjected to the
HPLC-FLD analysis to establish the toxin concentrations. This analysis confirmed
the presence ofGTX2 and GTX 3 at concentrations of29 and 70 lig/ml, respectively, a
ratio of 0041. Assuming that the concentrations of the GTX toxins are accurate, in the
absence of pure standards the electropherogram in Fig. 9b corresponds to injections
of ca. 290 and 700 pg of GTX 2 and GTX 3 , respectively. For this analysis the signal
to-noise ratio observed with GTX 2 was ca. 8: I, indicating that the method appears to
be less sensitive for the detection of GTX toxins than for NEO and STX. This obser
vation is consistent with the sensitivity loss expected as the migration time is in
creased.

CONCLUSIONS

The work outlined above demonstrates the potential of CE combined with
either UV or MS detection for the rapid and efficient determination of PSP toxins.
Identification of the electrophoretic peak observed with UV detection was confirmed
by MS using ionspray ionization. Although these compounds do not contain a chro
mophore with a significant molar absorptivity in the wavelength range 220-500 nm,
the high sensitivity of the detector used permitted detection limits of 15 and 18 pg for
underivatized STX and NEO, respectively, at 200 nm. Owing to the small volume of
sample that can be injected onto the capillary (a few nanolitres), the concentration
detection limit is of the order of 5 pM for these two toxins. It is expected that
improvements in sensitivity could be achieved by using pre- or post-column fluo
rescent derivatization.

Application of the CE-UV method has been demonstrated for the separation of
PSP to:xins and for the determination of STX and NEO found in plankton and in
scallop liver extracts. In the presence of high salt concentrations in the sample (up to
0.3 M NaCI), the CE method reported here yielded reproducible results in terms of
both migration times and sensitivity. Further investigations are in progress to eval
uate the sample treatment required to analyse raw extracts from different sources and
the results will be reported separately.

In comparison with existing techniques such as the mouse bioassay and HPLC
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using fluorescence detection, the determination ofPSP toxins by CE-UV holds prom
ise for the routine screening of these compounds in natural extracts. Particularly
attractive are its ease of operation, small sample consumption, speed of analysis,
separation efficiency and the potential for automation.
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ABSTRACT

A liquid chromatography method was developed for the chiral resolution of [4-amino-3-(4-chlo
rophenyl)butyric acid isomers. The compound was derivatized in two steps: protection of the amino group
with di-tert.-butyl carbonate and reaction with (S)-a-methyl benzyl amine to obtain the diastereomeric
mixture RS and SS. Chromatography was carried out on silica gel (5-20 11m) employing n-hexane-ethyl
acetate as eluent. IH NMR spectroscopy and analytical high-performance liquid chromatography in
dicated that the separated fractions were pure.

INTRODUCTION

We are particularly interested in the synthetic preparation of GABA derivatives
and especially in GABA-B analogues such as baclofen [4-amino-3-(4-chlorophenyl)
butyric acid; fJ-(p-chlorophenyl)-GABA] [1]. Baclofen is used to relieve symptoms of
spasticity in patients suffering from sclerosis and spinal lesions [2-5]. The enantiomers
were found to have different properties, so the optical resolution of racemates is
essential [6]. fJ-Phenyl-GABA have been resolved by fractional crystallization of
cinchonidine [7] or a-methylbenzylamine [8] salts. Resolution based on diastereo
isomeric salt has the disadvantage that crystallization is crucial and that the optical
purity of the salts relies mainly on chiroptical measurements depending of the
concentration of the analyte, solvent and temperature. In high-performance liquid
chromatography (HPLC), optical resolution ofbaclofen enantiomers for preparatives
purposes was achieved using a chiral mobile phase [9]. The same resolution by the
liquid chromatographic separation of diastereoisomers has been suggested but
literature data on the subject are incomplete [5]. Preparative high-performance liquid
chromatography (HPLC) seemed the most appropriate method for this purpose in

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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order to avoid the disadvantage of crystallization and to perform an easy work-up,
with a view to extending it to various GABA derivatives. In this paper we describe the
results for the HPLC resolution ofbaclofen after derivatization. A direct scale-up from
the analytical to the preparative mode was achieved with only slight changes in the
chromatographic conditions. Unmodified silica was used as the stationary phase and
n-hexane-ethyl acetate as the mobile phase, with UV detection.

EXPERIMENTAL

Baclofen was kindly supplied by Ciba-Geigy.
Analytical HPLC was carried out with an LKB Model 2249 metering pump at

a flow-rate of I or 1.5 ml/min with an injection valve (20-,ul loop). Detection was
performed with an HP 1040 photodiode-array spectrophotometer connected to an HP
9000 S300 computer. UV spectral characteristics were measured by HPLC with
diode-array detection to confirm peak homogeneity and purity. A Spherisorb 5 Sil (5
lim) column (250 mm x 4.6 mm 1.0.) from Laboratory Data Control (LDC) was used
with n-hexane-ethyl acetate in various proportions as the eluent. The samples were
dissolved in ethyl acetate. Preparative HPLC separations were made with an LDC
Constametric III metering pump at a flow-rate of 6 ml/min on a 40 mm 1.0. column of
silica gel (5-20 ,urn; 100 g), with n-hexane-ethyl acetate in various proportions as the
eluent. Detection was performed with an LDC multi-wavelength spectromonitor 0 at
260 nm. Three samples (mass injected = 300,380 and 438 mg) were dissolved in 10 ml
of pure ethyl acetate, owing to their low solubility in n-hexane. All experiments were
performed at ambient temperature. The solvents used were ofanalytical-reagent grade
from Merck.

Derivatization was undertaken in two steps (Fig. 1): the first involved treatment
of baclofen with di-tert.-butyl carbonate to protect the amino group [10], and the
second was reaction with (S)-o::-methylbenzlamine according to the mixed anhydride
method [II]. This furnished a mixture of RS (compound 1) and SS (compound 2)
diastereomers, resolved by chromatography. This pathway has been reported
previously but no experimental details were given [5].

The purity of the separated components was checked by thin-layer chromato
graphy (TLC), analytical HPLC and routine 1H NMR spectroscopy at 80 MHz. The
different fractions were compared with pure RS and SS compounds prepared
unambiguously from the corresponding Rand S isomers of baclofen following the
same reaction scheme.

clDI
d ........

;,cH-CH2-COOH

I
CH2-NH2

Baclofen

Fig. l. Scheme of the reaction.

RS 1
SS 2
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Analytical HPLC resolution of baclofen isomers has been widely published
[12-14] but preparative HPLC has not been extensively studied [5,6,9], and this
justified our work to set up a procedure and to optimize the resolution.

Derivatization of baclofen in two steps gave a mixture of diastereoisomers as
a glassy viscous oil. The enantiomeric ratios of the starting racemate 1 and 2, obtained
by NMR and HPLC, are similar (ratio ~ I). At 80 MHz the diastereomers were
readily distinguished by their spectra in that the chemical shifts for the CH(CH 3)
methyl doublets differed by 0.10 ppm: 15 = 1.28 ppm (d, J = 6.9 Hz, compound I, RS)
and 1.38 ppm (d, J = 6.9 Hz, compound 2, SS). More complete data at 300 MHz will
be published elsewhere. The analytical HPLC data are summarized in Table 1. An
example of an analytical chromatogram is given in Fig. 2: the RS isomers (compound
I) is eluted before the SS isomer (compound 2). An analytical HPLC study of the effect
of the percentage of n-hexane (20-60%) on the capacity factors (identification),
selectivity ofresolution (IX) and resolution (R) was undertaken. An increase in n-hexane
concentration (at a flow-rate of 1.5 mljmin) resulted in a corresponding increase in
retention. The changes in identification (kill 0.64-4.79; k2, 1.20-10.05) IX (1.80-2.10)
and R (2.52~5.74) are significant. When developing an analytical method for scale-up
to the preparative mode, it is desirable to have an analytical resolution (R) greater than
2 and a capacity factor (identification) of less than 5, the latter because of the shorter
run times obtained and a corresponding increase in the throughput (mgjh ofchemical)
for the purification. In fact, for an n-hexane-ethyl acetate (60:40) mobile phase, where
k~ = 4.79 and k2 = 10.05, the retention times in the preparative HPLC become
prohibitive, with t 1 = 220 and t2 = 501 min.

The first attempted resolution by recrystallization of the diastereomeric mixture
in various solvents such as n-hexane or diisopropyl ether was unsuccessful, leading
only to enrichment of some of the diastereomers; thus from the starting material (mass
m = 1118 mg; ratio ~ I) we collected three fractions (m = 300,380 and 438 mg) with
the corresponding ratios 0.55, 0.59 and 2.00.

In a second attempt, using those fractions, we undertook a preparative
separation by chromatography and tried to optimize the conditions by modifying the

TABLE I

ANALYTICAL HPLC: CAPACITY FACTORS (k') SELECTIVITY OF RESOLUTION (a) AND
RESOLUTION (R) OF COMPOUNDS 1 AND 2 (RS AND SS)

Capacity factor identification = (Ix - 10)/10; separation factor a = (/ 2 - 10)/(1, - 10); peak resolution
R = 2(12 - Ij)/(Wj + W2); W = width at baseline; 10 = retention time of an unretained compound;
Ix = retention time of compound I or 2.

Mobile phase Flow-rate k' k' a Rj 2
(n-hexane--ethyl acetate) (ml/min)

20:80 I 0.65 1.22 1.87 2.66
20:80 1.5 0.64 1.20 1.80 2.52
50:50 1.5 2.68 5.49 2.05 3.93
60:40 1.5 4.79 10.05 2.10 5.74
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Fig. 2. Analytical HPLC of starting material and UV spectrum of each diastereomer. Eluent, n-hexane~

ethyl acetate (20:80). Detection at 260 nm.

mobile phase composition. The preparative data are given in Table II. A chromato
gram of a preparative separation is shown in Fig. 3. The average recovery of the
preparative procedure, calculated on three injections, was 86% with a mean injected
mass of 370 mg. The average isomer ratio, calculated on three injections, was 0.97
(RSjSS). No conclusion can be drawn from the loading effects; the injected masses are
too close, as also are the yields observed. Nevertheless, the lower yield (74%) is
certainly due to the tailing of the peaks caused by a much less effective eluting solvent,
n-hexane-ethyl acetate (60:40). This gives rise to a higher loss ofcompounds during the
fractionation. Much larger loadings could be made by using a less effective eluting
solvent [e.g., n-hexane-ethyl acetate (60:40)] but with the disadvantage of a higher run
time (e.g., t 1 = 220, t2 = 501 min).

TABLE II

PREPARATIVE HPLC: RETENTION TIMES (II AND (2) OF COMPOUNDS I AND 2 (RS AND SS)

Flow-rate, 6 ml/min; m,+2, ml, m2 = collected masses of compounds 1+2, 1 and 2.

Mobile phase Retention Mass Ratiob Mass recovered (mg) Ratio"
composition time (min) injected
(n-hexane--<:thyl acetate) (mg) m'1+2 "'I m2

II 12

20:80 41 67 438 2.09 420 284 135 2.10
(96)'

40:60 70 106 380 0.52 308 108 200 0.51
(81 )'

60:40 220 501 300 0.55 221 75 146 0.54
(74)'

a Ratio defined as mdm2 (RS/SS).
b Initial ratio caleulated from analytical HPLC.
, Yield (%) in parentheses.
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min

Fig. 3. Preparative chromatogram. Eluent, n-hexane--{;thyl acetate (20:1:0). Detection at 260 nm. Mass
injected = 438 mg; volume injected = 10 ml; ratio m,/m2 = 2.\0.• = Impurity.

It was possible to demonstrate by IH NMR spectroscopy and analytical HPLC
that the separated fractions were pure (> 99%). Preparative HPLC proved to be
a rapid and economic method for isolating the isomers of GABA analogues.
Hydrolysis of the diastereomers in hydrochloric acid medium leads to the enantiomers
[6,15].
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ABSTRACT

Methods were developed for the isolation of the egg development neurosecretory hormone, EDNH,
from heads of the mosquito Aedes aegypti. This hormone stimulates ecdysone production by ovaries.
Methods used for the successful isolation of insulin-like peptides from vertebrate tissues were modified to
develop a four-step procedure involving extraction in acidified ethanol, precipitation by neutralization,
followed by sequential separation on size-exclusion, ion-exchange and reversed-phase high-performance
liquid chromatography columns.

INTRODUCTION

The egg development neurosecretory hormone (EDNH), first identified in the
mosquito by Lea [1], is necessary for egg development to occur normally after a blood
meal. This hormone is produced by neurosecretory cells in the medial portion of the
brain and released from neurohemal sites lying along the aorta [2]. We have shown
that EDNH stimulatesthe ovary to produce ecdysone [3]. Several attempts have been
made to isolate EDNH [4-8]. A functionally related molecule, Bombyxin (which was
earlier known as 4K-PTTH), was isolated from Bombyx mori on the basis of the fact
that it stimulated ecdysone production by the prothoracic glands of Samia cynthia
ricini [9-10]. However, it has no effect on B. mori glands, and it has been suggested
that its role in B. mori is to stimulate ecdysone production by the ovary [II]. Bombyx
in is closely related to insulin [9]. This line of reasoning led us to consider whether
methods used for the isolation of hormones related to insulin from vertebrate tissues
might work in the isolation of EDNH. We report here that techniques developed for
the initial extraction of insulin-like peptides were useful for extracting EDNH. In

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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addition we report on improved techniques Jor using high-performance liquid chro
matography (HPLC) to isolate EDNH.

EXPERIMENTAL

Animals
Larval mosquitoes (Aedes aegypti derived from the Rock strain) were mass

reared at 26.5 ± OSC in 20 shallow pans (38 x 144 cm) containing 1t cm of water
and approximately 2000 larvae. They were fed on a solution containing 45 g mouse
and hamster chow (Agway 32000 meal), 35 yeast hydrolysate and 45 g lactalbumin
hydrolysate suspended in 1 liter of distilled water, the whole autoclaved before use.
The feeding schedule was:

Day
ml

1
20

2
10

3
o

4
30

5
30

6
10-50

7
0-50

Pupae were collected on day 8 and adults emerged on days 9-11. Adults were main
tained on a 3% sucrose solution in 12 I containers and harvested on day 16.

Preparation of heads
Adults were col1ected by gentle vacuuming and frozen at -70°C. Heads were

isolated by shaking frozen adults in a chilled erlenmeyer flask and sieving the body
parts through U.S.A. Standard testing sieves. Sieves 20 and 25 contained thoraces
and abdomens while sieve 40 contained female and male heads and legs. Heads were
separated from legs by letting them roll to the side of the sieve and aspirating them
into a collection flask. Contamination with other body parts was negligible. Heads
were lyophilized and stored at -70°C.

Solutions
Extraction buffer: 1 ml conc. HCI was added to 40 ml absolute ethanol, water

was then added to a total volume of 50 ml. Size-exclusion chromatography (SEC)
buffer: 20 mM phosphate buffer (HPLC-grade phosphoric acid adjusted to pH 6.5
with 1 M NaOH) containing 200 mM NaCl, 1 mM thiodiglycol and 1 mM EDTA
(thiodiglycol is added just prior to use)). Ion-exchange chromatography (lEX) buf
fers: 50 mM Tris stock (pH 7.2 obtained by mixture of Tris base and Tris acid); lEX
buffer A = 200 ml Tris stock, 100 ml isopropanol diluted to 1 I and filtered; lEX
buffer B = lEX buffer A plus 500 mM NaCI. Analytical reversed-phase (ARP)
buffers: ARP buffer A = mM phosphate (HPLC-grade phosphoric acid adjusted to
pH 6.5 with 1 M NaOH) containing 150 mM NaCI; ARP buffer B = equal volumes
of ARP buffer A and isopropanol. Microbore reversed-phase (MRP) buffers: MRP
buffer A = 0.01 % trifluoroacetic acid; MRP buffer B = 60% acetonitrile in 0.01 %
trifluoacetic acid, (TFA). Solvents were HPLC grade. Buffers and solvents were fil
tered through a O.2-llm filter and degassed with helium prior to use.

Extraction of heads
In a standard preparation, 0.5 g of lyophilized heads (about 14000 heads) were

homogenized in 20 ml of ice cold extraction buffer using a motor driven 50-m1 PTFE
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homogenizer for about 25 strokes. The extract was centrifuged at 4°C at 15 000 g for
10 min. The pellet was reextracted in 10 ml ofextraction buffer. The two supernatants
were combined and centrifuged again. While keeping the extract on ice, 600 ,ul of 500
mM Tris pH 7.7 was added and the pH was adjusted to 7.5 to 8.0 by slowly adding I
M NaOH. The pH was checked for stability after 10 min. Absolute ethanol was
added to a final concentration of ca. 95% and the solution was held on ice overnight.
The precipitate containing EDNH activity was removed by centrifugation at 15 000 g
and dried under vacuum. The precipitate was then homogenized in 5 ml of 6 M urea
prepared just before use and deionized by stirring with 1/5 volume of Dowex MR-3
ion exchanger (Sigma). The homogenate was mixed for 30-45 min by gentle shaking
at room temperature. The non-solubilized material was peIIeted and the supernatant
was recentrifuged.

High-performance liquid chromatography
Instrumentation. LKB Ultra Chrom GT; BioSeparation System (Pharmacia

LKB, Piscataway, NJ, U.S.A.).
Programmed gradients. Program No.1 (ion exchange): 0-100% IEX buffer B in

50 min starting 5 min after injection, flow-rate 0.5 ml/min. Progam No.2 (analytical
reversed phase): O~IO% ARP buffer B in 13 min, 10-36% ARP buffer 8 in 2 min,
36-56% ARP buffer B in 30 min, 56-100% ARP buffer 8 in 22 min, flow-rate 1
ml/min. Program No.3 (microbore reversed-phase column): 0-8% MRP buffer Bin 5
min, 8-100% MRP buffer B in 55 min, flow-rate I ml/min.

Size-exclusion chromatography. Column: Altex Spherogel TSK-G 2000 SWg,
30 em x 21.5 mm (Beckman, San Ramon, CA, U.S.A.). Conditions: The column was
equilibrated for 18 h with 500 ml SEC buffer. The head extract (3 ml) was prepared by
centrifuging in a microfuge 2 x for 10 min and injected at a flow-rate of 1 ml/min for
5 min and then 1.5 ml/min for the remainder of the run. Fractions of 3 ml were
collected. Active fractions were concentrated in a dialysis bag (3500 cut off) against
polyethylene glycol compound (Sigma) at 4°C until the volume was reduced to 0.5 m!.
They were then dialyzed against lEX buffer A for 2 h.

Ion-exchange chromatography. Column: Altex Spherogel (DEAE-55W, 7.5 em
x 7.5 mm, 10 ,urn (Beckman). Conditions: The column was equilibrated with IEX
buffer B at 0.5 ml/min for 30 min followed by buffer A at 0.5 ml/min for 2 h. The
sample was prepared for injection by removing the sample, including the precipitate,
from the dialysis bag. The sample was diluted to 3 ml with buffer A, and mixed gently
for 15 min at room temperature. After centrifugation in a microfuge for 10 min the
sample was injected at 0.5 ml/min and eluted using program No.1. Five minutes after
starting the gradient, the loop was disconnected from the buffer flow. Fractions of 2
ml were collected. Neurotensin (20 ,ug) was added to the active fractions as a carrier.

Analytical reversed-phase chromatography. Column: Analytical Vydac Cs pH
stable 25 em x 2.1 mm (Alltech, Deerfield, IL, U.S.A.). The column was equilibrated
at 1 ml/min with methanol for 30 min, water for 10 min and then ARP buffer A for
30-60 min. Prior to the run, 20,ug ofneurotensin (40 ,ug/ml) was injected for 2 min at
1 ml/min and eluted using program No.2. After elution of neurotensin (which was
saved for later use), the active fraction from the lEX column was injected and eluted
as described above. Fractions of 3 mlwere collected. Purified neurotensin (20 ,ug) was
added to the active fractions which were then frozen.
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Microbore reversed-phase chromatography. Column: Brownlee Aquapore
RP-300 Cs, 30 x 2.1 mm column in an HPLC cartridge (Raining, Woburn, MA,
U.S.A.). The column was washed with 5 ml of buffer B and then equilibrated with
buffer A. Neurotensin, purified on a reversed-phase column, was injected in 0.01 %
TFA and eluted using program No.3. Fractions containing activity from the analyt
ical reversed-phase column were reduced in volume by lyophilization and made up to
0.01% TFA by adding 0.1% TFA, injected onto the column and eluted using pro
gram No.3. Fractions of 3 ml were collected and 15 J.lg of BSA in water were added to
fractions which were then frozen and lyophilized prior to bioassay.

Bioassay offractions
Ovaries were dissected from 3-6 day old mosquitoes, rinsed five times with

sterile saline and divided into groups of 20 ovaries which were incubated for 6 h at
25"C in 50 Jil of saline containing a dilution of the fraction being tested. Fractions
were assayed in duplicate. The incubation medium was then assayed for the presence
of ecdysone using a radioimmunoassay [3]. As high doses of EDNH are inhibitory [3],
several doses were assayed to ensure that the linear portion of the response was
obtained. Protein content of the fractions was determined using the method of Brad
ford [12] using BSA as a standard, or, for the microbore column, by area of the peak
using neurotensin as a standard. To show that fractions active in the ovary bioassay
also stimulated egg development in vivo, extracts were injected into blood-fed, decap
itated, females as described by Wheelock and Hagedorn [13].

RESULTS

Previous studies had shown that EDNH retains activity after boiling, is fairly
hydrophobic and contains disulfide bonds [4]. Although boiling achieved some degree
of purification we wanted to avoid boiling because it caused erratic chromatographic
behavior. Extraction with saline exposes the peptide to enzymatic acitivity and is not
selective. We therefore extracted in acid ethanol which has been used in purification
of insulin-like growth factors [14]. Acid-ethanol extracts molecules in the size range
of EDNH; it is therefore somewhat selective. The pellet containing EDNH activity
was extracted with 6 M urea to avoid non-specific interaction of EDNH with other
proteins, as suggested by work with relaxin [15]. Using this technique, over 90% of
the activity was extracted and 3- to 6-fold purification was achieved, as compared to
saline extracts. The specific activity of the extract was 2 to 4 head equivalents/Jig of
protein. Acetone extracts were less successful. Although high recoveries were
achieved with acetone, subsequent elution patterns on columns were not reproduc
ible.

Having developed an efficient method for the initial extraction we then turned
to methods for isolating EDNH from the acid-ethanol-urea extract. After trying a
number of columns and elution techniques, we developed a purification scheme that
involved the sequential use of size exclusion, ion exchange, and Cs reversed-phase
HPLC columns.

SEC of the initial extract showed that the acid-ethanol method removed the
bulk of the proteins leaving only molecules in the size range of EDNH (Fig. IA).
Despite the coelution of EDNH activity with the major peak of protein, this column
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Fig. I. Separation of EDNH aetivity from head extracts of Aedes aegypti using a size-exclusion column
(A), ion-exchange column (B), analytical reversed-phase C8 column (C), and a microbore reversed-phase
C8 column (D). The arrow head indicates the time of injection; n = neurotensin, an added carrier. The
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Fig. 2. Molecular weight determination by size-exclusion chromatography. Standards used included bo
vine serum albumin (65 000 dalton), ovalbumin (43 500), soybean trypsin inhibitor (14300), cytochrome c
(12400), and insulin (6100). Points indieate results from two separate experiments. The arrow indieates the
elution of EDNH activity.
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achieved 3- to 7-fold purification with up to 90% recovery of acitivity. The specific
activity of the active fractions from the SEC column in several experiments ranged
between 8 and 25 head equivalents!llg of protein. The elution of the active fraction
indicated an approximate molecular weight of 7500 (Fig. 2) in agreement with previ
ous results [4].

The lEX column (Fig. IB) achieved an 8-fold purification while allowing the
recovery of up to 80 to 100% of the EDNH activity. The specific activity increased to
100 to 200 head equivalentsj,ug of protein.

Losses were greater on the analytical Cs column (Fig. IC) with recoveries of
about 50%. But the specific activity of the active fraction of this column rose to over
600 head equivalentsj,ug of protein, and a 30-fold purification was achieved in this
step. At this stage a greater than 10000-fold purification had been achieved with
recoveries of about 25%. Injection of 1.0 ,uI of the active fraction into females that
were blood fed and decapitated caused egg maturation in 14 out of 17 injected fe
males, thus showing that the purified material had the expected effects in vivo [13].

The active fraction from the Cs column was still not pure as shown by the
presence of multiple peaks in a subsequent separation of the active fraction on a
microbore Cs column (Fig. I D). This column is a good candidate for the final step in
isolation of EDNH.

DISCUSSION

The size and characteristics of EDNH, and the fact that the only source of this
hormone is whole heads of mosquitoes, have made this a very difficult molecule to
isolate and characterize. Nevertheless, EDNH is clearly an important insect hor
mone. In the mosquito is is thought to be released within hours after a blood meal
where upon it stimulates the production of ecdysone by the ovary, thus beginning the
process of vitellogenin synthesis [13]. The ovaries of many insects have been shown to
produce ecdysteroids at some stage during the growth of the oocyte and the presence
of factors with activities similar to EDNH have been detected.

Several groups have attempted to isolate EDNH with varying degrees of suc
cess [4-8, 13]. Our first effort, utilizing classical liquid chromatography, was ham
pered by lack of separation power of the techniques [4]. Separations were greatly
improved by the development ofHPLC [5], but recoveries were very low. As reported
here, the development ofHPLC columns specifically designed for peptide and protein
separations our recoveries improved, but we also believe that the use of carrier pro
tein avoids losses during the final steps of the isolation procedures. Neurotensin was
added to the active fractions from the ion-exchange columns and the Cs column.
Neurotensin was chosen as a carrier because·it-elutes long before EDNH in both the
ion-exchange and Cs columns. We also found it important to add bovine serum
albumin as a carrier to fractions that were to be bioassayed.

EDNH is functionally related to the prothoracicotropic hormone (PTTH) that
stimulates ecdysone production by the prothoracic glands in immature insects. Defin
itive evidence that they are related awaits a sequence of EDNH. A hormone isolated
from heads of adult B. mori was originally described as PTTH [10] but may, in fact, be
more related to EDNH [II]. This molecule, recently renamed bombyxin, is closely
related to insulin both in primary and secondary structure [9]. The work on Bombyx-
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in suggested to us that methods used to isolate insulin-like peptides [14,15] might be
successfully used for the isolation ofEDNH. We have found that this was indeed true
for both the acid-ethanol extraction of whole heads [14], and the use of urea to reduce
hydrophobic interactions between EDNH and other molecules [15]. Another ad
vantage of these techniques is that they avoid the use of a boiling step which we [4],
and others [8], have used in the past and which may adversly affect the peptide.

The methods presented here for isolation of EDNH are relatively rapid com
pared to the more complex methods that have been used in the past [8,9]. It takes less
than a week from extraction of the heads to the microbore Cs column. Doing the
bioassay after each column run will add several days per assay. We found, however,
that the pattern of UV absorbance is a reproducible guide to active peaks, so that
once the active peaks have been identified, the bioassay need not be done each time.
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ABSTRACT

A reversed-phase high-performance liquid chromatographic method was developed for the simulta
neous determination of chloramphenicol and benzocaine in topical solutions and suppositories. The meth
od was statistically evaluated for its accuracy and precision in the assay of chloramphenicol and ben
zocaine in commercial pharmaceutical preparations. Excipients and impurities normally present did not
interfere, and the mean recoveries were 99,68% (R,S,D, = 1.20%) for benzocaine and 99.96% (R.S.D. =

0,66'1'0) for chloramphenicol. A Waters Assoc. Guard-Pak precolumn module with a 11Bondapak C I8

precolumn was utilized to protect the analytical column from contamination, The ratio-plotting technique
was uscd to confirm the non-interference of excipients and other impurities with the peak of interest from
formulations, and for validation of the method.

INTRODUCTION

Topical solutions and suppositories of chloramphenicol are widely used clin
ically in bacterial infections of the ear and eyes, The topical solutions are formulated
with a local anaesthetic to avoid local irritation produced by chloramphenicol [I].
Benzocaine is commonly used in combination with chloramphenicol in formulations
of topical solutions and suppositories,

Topical solutions and suppositories usually consist of large amounts of a non
polar, lipophilic material such as petrolatum, mineral oil or waxes. Prior to analysis,
the active ingredients from pharmaceutical preparations normally have to be separat
ed from the complex formulation matrices and analysed individually by conventional
pharmacopoeial or literature procedures.

There are various methods for the individual determination of chloramphenicol
[2-7] and benzocaine [8-12] in pharmaceutical preparations and biological fluids, but
the only procedure reported for the simultaneous determination of these drugs is that

0021-9673/91/$0350 © 1991 Elsevier Science Publishers BY
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by Kannan et al. [13], using differential spectrophotometry. This procedure involves
reduction of the nitro group of chloramphenicol with zinc and hydrochloric acid.
Benzocaine and unreacted chloramphenicol were determined by use of differential
spectrophotometry. The method is laborious and non-specific.

Hence there is a need for a faster, specific and accurate method for the simulta
neous determination of benzocaine and chloramphenicol in topical solutions in a
single run, and high-performance liquid chromatography (HPLC) is the method of
choice.

EXPERIMENTAL

Chemicals
Chloramphenicol and benzocaine (reference compounds) were donated by

Parke-Davis Pharmaceuticals (Bombay, India). The internal standard, sulphameth
oxazole, was obtained from Ana-Lab (Bombay, India) and acetonitrile (HPLC
grade) from Glaxo Chemicals (Bombay, India). Formulations were obtained from
commercially available sources.

Apparatus
The liquid chromatograph consisted of a dual-piston constant-flow pump

(Model 510A solvent-delivery system), a programmable multi-wavelength detector
with a four-channel monitoring system (Model 490), an autosampler (Model 712
WISP) and a data station (Model 840 with a Model 350 computer) with a Quickset
HPLC programme, all from Waters Assoc. (Milford, MA, U.S.A.)

Chromatographic conditions
A reversed-phase lO-,um ,uBondapak C18 column (30 cm x 3.9 mm J.D.) was

used together with a Guard-Pak precolumn module equipped with a disposable
,uBondapak C18 precolumn (Waters Assoc.) at ambient temperature (24 ± 2°C). The
mobile phase was acetonitrile-water (35:65, v/v), filtered and deaerated before use.
The flow-rate was 1.4 ml/min at a back-pressure of 1800 MPa. The detector was set at
280 nm (0.05 a.u.f.s.).

Ratio plotting
The other channel of the programmable multi-wavelength detector was set with

a ratio-plotting programme with 280 nm as the observation wavelength and 240 nm
as the master wavelength. The ratio observation maxima were set at 10% full scale of
the recorder response with 0.05 a.u.f.s. detector sensitivity.

Stock solutions
Stock solutions in methanol of chloramphenicol (2.5 mg/ml) (stock solution I),

benzocaine (1.0 mg/ml) (stock solution IT) and sulphamethoxazole (2.0 mg/ml) (in
ternal standard solution) were prepared.

A 2.0-ml volume of chloramphenicol stock solution I and 1.0 ml of benzocaine
stock solution II were pipetted into a 25-ml volumetric flask, followed by addition of
2 ml of internal standard solution and dilution to volume with the mobile phase. The
solution was mixed well and 20-,u1 aliquot of this standard preparation were used in
the HPLC assay.
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Sample preparations
Ear and eye drops. After shaking thoroughly, the topical solution equivalent to

5 mg of benzocaine or 25 mg of chloramphenicol was accurately pipetted into a 25-ml
volumetric flask and diluted to volume with methanol, the vortex mixed for 5 min. A
2.0-ml volume of this solution ws transferred into a 25-ml volumetric flask, followed
by addition of 2.0 ml of internal standard solution, and diluted to volume with the
mobile phase. Aliquots of 20 III were used in the HPLC assay.

Ointment. A cream equivalent to 25 mg of chloramphenicol was weighed into a
25-ml volumetric flask, dissolved in methanol, vortex mixed for 15 min and the insol
uble excipients were allowed to settle. A 2.0-ml volume of the supernatant was trans
ferred into a 25-ml volumetric flask, followed by addition of 2.0 ml of internal stan
dard solution, and diluted to volume with the mobile phase. It was mixed well and
20-111 aliquots were used directly in the HPLC assay.

Assay procedure
The column was flushed with the mobile phase under the HPLC operating

conditions until a stable baseline was obtained. Volumes of 20 III each of the standard
preparation and sample preparations were injected in triplicate at intervals of 15 min.
The peak-area ratios of chloramphenicol and benzocaine with respect to the internal
standard were calculated. By comparing the peak-area ratios for the standard and
sample preparations the amount of each drug could be calculated.

Linearity
Linearity of detection was determined from the calibration graph. Triplicate

samples of each of five concentrations of chloramphenicol and benzocaine containing
the internal standard were injected onto the HPLC column. A linear correlation was
observed between the peak-area ratios of the drug to the internal standard and the
concentration of each active ingredient. The method found to be linear over the
concentration range 0.04 -0.2 mg/ml for benzocaine and 0.12-0.6 mg/ml for chlor
amphenicol. The straight lines passed through the origin with a correlation coeffi
cient of 0.9978 for chloramphenicol and 0.9997 for benzocaine.

Recovery
To study the accuracy, precision and reproducibility of the method, a recovery

experiment was carried out. To a preanalysed sample, a known amount of standard
drug was added at four different levels and each level was analysed at least seven
times. From the amount of drug found by the proposed method, the percentage
recovery (R) was calculated using the equation R = liN E [IOO(Y - ZIX], where X is
the amount of drug added, Y the amount of drug found, Z the amount of drug in the
preanalysed sample and N the number of observation.

RESULTS AND DISCUSSION

The applicability of the proposed method was tested by determining chloram
phenicol and benzocaine simultaneously in commercially available combined phar
maceutical preparations, or individually in combination with other ingredients, and
the results are presented in Table 1. Table II shows the recovery for added drug
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TABLE I

HPLC ASSAY OF CHLORAMPHENICOL AND BENZOCAINE IN FORMULATIONS

Sample Formulation Ingredients Claimed Found S.D b Recovery
No." (mg/ml) (mg) (mg) (%)

Ear drops Chloram phenicol 50.0 50.06 0.38 100.12
Benzocaine ]0.0 9.82 0.45 98.20

2 Ear drops Chloramphenicol 50.0 48.93 0.27 97.86
Benzocaine 10.0 10.14 0.51 101.40

3 Ear drops Chloramphenicol 50.0 49.18 0.48 98.36
Prednisolone 5.0
Lignocaine. HCl 20.0

4 Eye drops Chloramphenicol 10.0 9.96 0.33 99.60
Dexamethasone 1.0

5 Eye drops Chloramphenicol 4.0 4.02 0.56 100.50

" Formulation I is from Parke-Davis Pharmaceuticals (Bombay, India), 2 from Juggat Pharma
(Bangalore, India) and 3-5 are from FDC Pharmaceuticals (Bombay, India). Formulations 1,2,3 and 5
contain propylene glycol as vehicle and 4 contains water as vehicle.

/, n = 3.

standards in preanalysed samples of suppositories. A 99.96% recovery (R.S.D. =
0.66%) for chloramphenicol and 99.68% (R.S.D. = 1.20%) for benzocaine indicate
non-interference from excipients and high precision of the method. The method is
easy to apply as it does not involve the use of any solid buffer for preparation of the
mobile phase. Sample preparation is also simple and does not involve labour-in
tensive extraction for separation of the ingredients or any chemical modification prior
to analysis. The proposed method is efficient and fast, as elution of drugs and internal
standard is completed within 12 min and the peaks obtained are symmetrical with
good resolution between the drugs and the internal standard (Fig. la).

Compared with other techniques, the proposed method is highly selective. The
use of this method for the simultaneous determination of these drugs is advantageous
as both the components have the same absorption maxima and the response of ben-

TABLE II

RECOVERY STUDIES AND STATISTICAL EVALUATION OF THE HPLC METHOD

Level Benzocaine Chloramphenicol
No.

Amount Amount S.D. R.S.D. Recovery Amount Amount S.D. R.S.D. Recovery
added found (mg) (%) (%) added found (mg) (%) (%)
(mg) (mg) (n= 7) (mg) (mg) (n= 7)

1" 0 9.86 0 49.31
2 1.12 10.96 0.16 1.46 99.81 4.21 53.45 0.31 0.58 99.86
3 2.24 12.14 0.11 0,99 100.36 8.42 57.59 0.46 0.8l 99.76
4 3.36 13.15 0.19 1.44 99.47 12.63 62.08 0.38 0.61 100.23
5 4.48 14.21 0.13 0.91 99.09 16.84 66.11 0.43 0.65 99.94

" Preanalysis sample of a topical solution of chloramphenicol and benzocaine in combination.
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Fig. l. (a) Typical HPLC trace for chloramphenicol (I, 0.8 mg/ml) and benzocaine (Il, O. [8 mg/ml) in
pharmaceutical preparations with sulphamethoxazole (IS, 0.4 mg/ml) as an internal standard. Detection,
UV, absorption at 280 nm. (b) Ratiogram at observation wavelength 280 nm and master wavelength 240
nm.

zocaine at the observation wavelength, which is approximately five times greater than
that of chloramphenicol, compensates for the concentration difference in commer
cially available combined formulations of these two ingredients. The flat top on the
peaks for the drugs and internal standard in the ratiogram of the formulation (Fig.
lb) indicates non-interference from excipients or other impurities from pharmaceu
tical preparations [14].

Two lots of different formulations containing 0.5% of chloramphenicol and
0.1 % of benzocaine were assayed with and without a f.lBondapak C ts precolumn.
The retention time, resolution factors and tailing factors were not affected by in
corporating the precolumn as an on-line column clean-up system [15]. In our study,
we observed that one precolumn can efficiently protect the column during 70-75
sample injections of ointment and 100-110 sample injections of topical solutions.
Hence the proposed method can be used for routine quality control analysis of these
drug formulations, either for individual drug formulations or in combined dosage
forms.
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ABSTRACT

An improved high-performance liquid chromatographic technique with a photodiode-array detec
tion system for the determination of the active principles of licorice extract such as glycyrrhizin or glycyr
rhizic acid (GL), ISa-glycyrrhetinic acid (1Sa-GA) and ISp-glycyrrhetinic acid (ISp-GA) is presented. A
reversed-phase column (LiChrospher RP-IS, 5 /lm) was eluted with a linear gradient of methanol-per
chlorate buffer (pH 7.5-7.7) from 1:9 to 10:0 in 120 min. It was found that 58.53 ± 9.14 mg ofGL, 5.94 ±
1.60 /lg of 18a-GA and 95.25 ± 27.20 /lg of 18p-GA were contained in the aqueous extract of I g of
licorice. The method can determine these components in one analytical step without any pretreatment of
the tested sample. Hence this simple method can be used to determine GL and stereoisomers of glycyrrhe
tinic acid in any licorice extract and traditional Chinese prescriptions.

INTRODUCTION

Licorice or Glycyrrhizae Radix (Chinese name: Gancao), the root of Glycyrrhiza
uralensis Fisch. (Leguminosae), is one of the most commonly used herbal medicines in
traditional Chinese prescriptions. It is also used as a sweetener [I]. Glycyrrhizin or
glycyrrhizic acid (GL), one of the active principles in licorice, is applied in cosmetic
lotions [2] and as a vehicle in pharmaceutical preparations [3]. GL is hydrolysed to
18f3-glycyrrhetinic acid (l8f3-GA) and two molecules of glucuronic acid after being
absorbed from the gastrointestinal tract. Because of the similarity in chemical
structure to steroids, GL and its hydrolysate produce mineralocorticoid-like effects [4].
They also inhibit the metabolic enzymes for adrenocorticosteroids [5]. Determination
of the GL content in licorice has been reported [6--11]. However, the simultaneous
determination of GL, l8a-glycyrrhetinic acid (l8a-GA) and l8f3-GA in licorice by

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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high-performance liquid chromatography (HPLC) has not been described. In this
work, an HPLC technique was developed to determine simultaneously the contents of
GL, I8cx-GA and I8jJ-GA in licorice extract in one analytical step.

EXPERIMENTAL

Materials and reagents
Licorice (Glycyrrhiza uralensis Fisch.) was purchased from a traditional Chinese

pharmaceutical company in Taipei. GL, I8cx-GA and I8jJ-GA were obtained from
Sigma (St. Louis, MO, U.S.A.) and perchloric acid (70%), ammonia solution (32%)
and methanol from E. Merck (Darmstadt, Germany).

Apparatus
The HPLC system (Waters Assoc., Milford, MA, U.S.A.) consisted of a Model

U6K injector, two Model 510 pumps, a Model 441 detector, a Model 990
photodiode-array detector and a Model 740 integrator. Elution was carried out on
a LiChrospher 100 RP-18 (5 pm) end-capped column (125 x 4 mm 1.0.) (E. Merck)
connected to a guard column (5 pm) (4 x 4 mm 1.0.) (E. Merck). The detection
wavelength was set at 254 nm. The mobile phase consisted ofmethanol (solvent A) and
0.1 % perchloric acid (solvent B, adjusted to pH 7.5-7.7 with ammonia solution) and
samples (10 pI) were eluted with a linear gradient of solvent A~solvent B from 1:9 to
10:0 in 120 min. The flow-rate was 1.0 ml/min.

Preparation of licorice extract
Licorice (10 g) was cut into coarse pieces and refluxed at 50°C with 50 ml of the

extraction solution (water, 0.05 MNaOH, 50% ethanol, 95% ethanol or methanol) for
30 min. This procedure was repeated twice. The two solvent filtrates were combined,
condensed under reduced pressure, dried by lyophilization and stored at - 20°C to
maintain stability. The lyophilized samples were reconstituted with their respective
extraction solutions before being subjected to HPLC. To minimize the effect of the
solvent (0.05 MNaOH) on the analytical column, we restricted the injection volume to
10 pI.

Determination of GL, 18cx-GA and 18jJ-GA
Calibration graphs for GL, 18cx-GA and 18jJ-GA dissolved in methanol were

constructed by HPLC of various amounts of these compounds (0.2, 0.5, 1,2 and 5 pg
for GL; 10,20,40 and 100 ng for 18cx-GA or I8jJ-GA). The contents ofGL, I8cx-GA
and I8jJ-GA in the crude extract of licorice were determined from the regression
equation lines constructed for the three compounds.

RESULTS AND DISCUSSION

A typical elution profile of a mixture of GL, 18cx-GA and I8jJ-GA is shown in
Fig. 1. It should be mentioned the pH of the mobile phase is very important for good
resolution. When the pH of solvent B was decreased, the retention time for the three
compounds increased and the peaks for the stereoisomers of glycyrrhetinic acids
overlapped. In addition, the peak for GL merged with those of other components of
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Fig. l. Chromatogram of glycyrrhizin, 18a-GA and 18fJ-GA.

the licorice extract. The optimum pH for solvent B was 7.5-7.7. Under this condition,
the retention tims for GL, 18o:-GA and 18f3-GA were 63.9, 101.4 and 102.5 min,
respectively. Fig. 2 shows the chromatogram of a 50% ethanol extract of licorice. The
peaks corresponding to GL, 18o:-GA and 18f3-GA were confirmed by the retention
times and the spectra from photodiode-array detection. The content of each
compound in the licorice extract was determined from the linear regression equation of
the calibration graph for each compound. The equations for GL, 18o:-GA and 18f3-GA
werey = 6919 + 782152x(r = 0.999),y = 103 + 1666x(r = 0.999) andy = -530 +
1287x (r = 0.999), respectively, where x is amount of compound analyzed and y is
response in peak area.

Table I gives the contents of GL, 18o:-GA and 18f3-GA in different licorice
extracts. It appears that 0.05 M NaOH is best for the extraction of GL and methanol is
best for the extraction of 18o:-GA and 18f3-GA from licorice.

A number of techniques, such as thin-layer chromatography [6], three-dimen
sional HPLC [7], HPLC [8,9], spectrophotometry [10] and infrared spectrometry [II],
have been used to determine the GL content in licorice or its preparations. However,
there has been no report of the simultaneous determination of GL, 18o:-GA and
18f3-GA in licorice extract. The proposed reversed-phase HPLC technique provided an
excellent separation of GL, 18o:-GA and 18f3-GA and can determine the contents of
these three compounds in licorice extracts without any pretreatment of the tested
samples. Hence, this technique should be useful for the quality control of licorice, for
stability testing and for the pharmacokinetic study of the three compounds.
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Fig, 2, Chromatogram of the 50% ethanol extract of licorice,

TABLE I

CONTENTS OF GL, 18iX-GA AND 18fJ-GA IN DIFFERENT LICORICE EXTRACTS

Contents in II g of licorice. Data are expressed as mean ± standard error (n = 4).

Extracted solution GL (mg) 18iX-GA (J1.g) 18fJ-GA (J1.g)

0.05 MNaOH 83,25 ± 4.98 9.96 ± 2,03 76.14 ± 17.32
Water 58,35 ± 9.14 5.94 ± 1.60 95,25 ± 27.20
Ethanol (50%) 81.39 ± 4.72 119.61 ± 26.23 450.81 ± 38.72
Methanol 26.79 ± 2.61 550,56 ± 34,82 1273.47 ± 63,66
Ethanol (95%) 8.52 ± 0,90 479,94 ± 91.91 1118,07 ± 74,98
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ABSTRACT

A method is described for the determination of aldicarb and its metabolites (the sulphoxide and
sulphone) in urine by gas chromatography with flame photometric detection (GC-FPD). The sample was
concentrated with a column containing activated charcoal and Florisil, and then eluted with dichloro
methane-acetone (1: 1, v/v). The aldicarb and aldicarb sulphoxide in the eluate solution were oxidized to
aldicarb sulphone and the total sulphone concentration was determined by GC-FPD after extraction with
dichloromethane and clean-up with an activated charcoal column. The detection limit was 0.0024 mg/1.
The mean recoveries from spiked urine in the range 0.04-0.12 mg/I were 90.9%, 86.6%, 92.6% for aldicarb,
aldicarb sulphoxide and aldicarb sulphone, respectively.

INTRODUCTION

Aldicarb [2-methyl-2- (methylthio)propionaldehyde-0- (methy1carbamoyl)-
oxime] is a highly effective and highly poisonous broad-spectrum N-methy1carbamate
insecticide. It can be degraded by oxidation into aldicarb suIphoxide and su1phone in
human and animal body tissue. Wagner [I] reported that 80% of aldicarb and its
metabolites are excreted in the urine by 24 h after external exposure. Because aldicarb
and the sulphoxide and suiphone are toxic with potential risks for human health, it is
important to be able to determine the levels of all three compounds in urine for
biological monitoring of workers' exposure to aldicarb.

A number of methods have been reported for the determination of aldicarb
residues but there have been few papers on its determination in urine. On the basis of
published work [2-4], we developed an method for the determination of aldicarb and
its metabolites in urine by gas chromatography with flame photometric detection
(GC-FPD). This method involves determining aldicarb suiphone in urine from rats
dosed with aldicarb orally. The results showed that the method is an efficient technique
for biological monitoring of exposure to aldicarb,

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Equipment
A Shimadzu GC-RIA gas chromatograph equipped with a flame photometric

detector and a sulphur filter was used. The glass column (2.1 m x 2.7 mm I.D.) was
packed with 3% polyethylene glycol 20M-Gas-Chrom Q (80-100 mesh). A glass
chromatographic column (20 cm x 1.0 cm LD.) with a stopcock was also used.

Reagents
Acetone and dichloromethane (analytical-reagent grade) were glass distilled.

Florisil (pure reagent grade, 60-80 mesh) was heated in an oven at 400°C for 4 h prior
to use. Activated charcoal (60-80 mesh) was obtained from the Berjing Guang Hua
Wood Factory.

The oxidizing reagent was prepared by mixing 0.1 ml of concentrated sulphuric
acid with 10ml of30% hydrogen peroxide and 10 ml of glacial acetic acid. The mixture
was placed in a refrigerator and allowed to stand overnight. This solution could be
used for 1 week.

A standard solution was prepared by dissolving appropriate amounts of
aldicarb, aldicarb sulphoxide and aldicarb suiphone (Union Carbide Agricultural
Products) in methanol.

Procedure
Concentration. The column was prepared by insterting glass-wool at the bottom,

adding 1.0 g of activated charcoal and 1.0 g ofFlorisil, tapping it gently, then plugging
with glass-wool at the top of the column. The column was washed with 30 ml of
distilled water. A 50-ml urine sample was passed through the column at a flow-rate of
I ml/min and the eluate was discarded. The column was then cleaned up with 40 ml of
acetone-water (1 :30). Finally, the analyte on the column was eluted with 20 ml of
acetone-dichloromethane (1:1) and collected in a 50-ml beaker. The eluate was
evaporated to dryness on a water-bath (40°C). The residue was then ready for
oxidation.

Oxidation. A beaker containing 20 ml ofdistilled water was placed on a magnetic
stirrer, then 25 ml of oxidizing reagent were added. The reaction mixture was stirred
for 30 min, then the pH was adjusted to 6---7 with 10% sodium hydrogencarbonate
solution and the mixture was stirred for a further 20 min. The mixture was transferred
into a 150-ml separating funnel and aldicarb sulphone was extracted with three 30-ml
portions of dichloromethane. The dichloromethane extracts were combined and
evaporated to dryness and the residue was dissolved in 10 ml of distilled water.

Clean-up. The chromatographic column was prepared by adding 1.0 g of
activated charcoal and pretreated by passing 20 ml distilled water through the column.
The sample extract from the oxidation step was then passed through the column at
flow-rate of I ml/min and eluted with 10 ml of acetone-dichloromethane (1:1). The
eluate was evaporated to dryness and the residue was dissolved in and diluted to 1.0 ml
with methanol. The solution was then ready for GC analysis.

GC analysis. Quantitative analysis was performed according to the external
standard method. A calibration graph was prepared in the range 2 ng-IO ng. The GC
conditions were as follows: injector temperature, nooe detector temperature, no°c;
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Fig. I. Gas chromatograms of standard and urine samples spiked with aldicarb. (A) Aldicarb sulphone
standard; (B) urine blank; (C) urine from rats dosed with aldicarb.

column temperature, 160°C; flow-rates, hydrogen 50 ml/min, air 52 ml/min and
nitrogen 45 ml/min; and injection volume, 5 J.ll.

RESULTS AND DISCUSSION

Because some co-extracted impurities in the dichloromethane extract interfere in
the determination of aldicarb sulphone it is necessary for the extract to be cleaned up
with an activated charcoal column. After treatment with this column, the peaks ofboth
aldicarb sulphone and the impurities can be separated at the baseline (see Fig. I). The
retention time for aldicarb sulphone was 4 min 8 s.

TABLE I

PRECISION OF THE METHOD [RELATIVE STANDARD DEVIATION (R.S.D.) (n=6)]

Parameter Spiking level (J.lg per 50 ml)

2 4 6

Single day
S.D. (J.lg per 50 ml) 0.08 0.14 0.23
R.S.D. (%) 4.0 3.5 3.8

Different days
S.D. (J.lg per 50 ml) 0.15 0.30 0.35
R.S.D. (%) 7.5 7.5 5.8
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TABLE II

RECOVERIES OF ALDICARB, ALDICARB SULPHOXIDE AND ALDICARB SULPHONE FROM
SPIKED URINE SAMPLES

Pesticide Amount added Amount found Mean recovery R.S.D.
(flg per 50 ml) (flg per 5 ml) (%) (n =6) (%)

Aldicarb 2 1.82 91.0 4.5
4 3.71 92.8 3.5
6 5.34 89.0 5.3

Aldicarb 2 1.72 86.0 3.0
sulphoxide 4 3.57 89.3 3.3

6 5.11 85.1 5.5

Aldicarb 2 1.87 93.5 2.5
sulphone 4 3.76 94.0 4.3

6 5.44 90.7 4.3

The relative standard deviations obtained with the method were 4.0-3.5% for
analyses on a single day and 5.8-7.5% for analyses on different days for urine spiked
with aldicarb suIphone in the range 2-6 /lg per 50 ml (Table I). The detection limit was
0.0024 mgjl.

The recoveries of aldicarb, aldicarb sulphoxide and aldicarb sulphone spiked in
urine at three levels (2 /lg, 4 /lg and 6 /lg per 50 ml) were determined and the results are
given in Table II. The recoveries ranged from 89% to 92.8% for aldicarb, 85.1 % to
89.3% for aldicarb sulphoxide and 90.7% to 94% for aldicarb sulphone, with relative
standard deviations of 3.5-5.3%, 3.0-5.5% and 2.5-4.3%, respectively.

Urine samples were collected from rats dosed with aldicarb orally at 0-24 hand
24-48 h after dosing and after oxidation the total amount of aldicarb suIphone was
determined. The results are given Table III.

TABLE III

RESULTS FOR DETERMINATION OF ALDICARB SULPHONE IN RAT URINE

Dose (flg) No. of Found (flg)
rats

0-24 h 24-48 h

0.168 3 35.3 2.3
0.125 3 25.8 1.8
0.080 4 15.5 1.2
0.050 4 9.9 l.l
0.000 2 0.0 0.0
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The method described is sensitive, inexpensive and efficient. It has potential use
for biological monitoring of aldicarb and its metabolites in the urine of workers who
are exposed to aldicarb for estimating occupational exposure levels.
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ABSTRACT

1,4-Thiazolidinones, the cyclocondensation products of ketoanils with thioglycolic acid, including
isomers, have been chromatographed on starch bound silica gel thin-layers using one- and two-component
solvent systems and effects of various properties of developing solvents and migrating species on Rr values
have been investigated beside the separation, identification and estimation.

INTRODUCTION

Although thin-layer chromatographic (TLC) and paper chromatographic stud
ies on heterocyclic organic compounds are well documented and numerous reports
are also available on isomers, 1,4-thiazolidinones have not previously been investigat
ed. This led us to carry out TLC studies, as this technique is superior to others in
providing rapid and better separation, on a few 1,4-thiazolidinones including their
isomers. The effects of various properties of developing solvents and thiazolidinones
on RF values and the separation of isomers were investigated. The relationship be
tween the infrared spectral frequencies of characteristic groups and RF values in
different solvents were used for the identification of compounds.

EXPERIMENTAL

Materials
1,4-Thiazolidinones were obtained by reaction of ketoanils [I] with thioglycolic

acid in dry benzene followed by refluxing for 15-20 h and neutralizing the reaction
mixture with sodium hydrogencarbonate. The composition of each product, purified
by column chromatography using silica gel Gas sorbent and acetone as solvent, was
confirmed by elemental analysis and infrared spectrometry, as reported elsewhere [2].

In synthetic work reagent-grade chemicals were used as received whereas in
TLC studies they were used after purification involving drying and distillation.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Procedure
For coating the plates an aqueous slurry containing a homogeneous mixture of

silica gel G (BDH) and starch (19:1, w/w) was spread on glass plates (18 x 10 em)
with a laboratory-built applicator [3]. The coated plates were dried in air. Both sides
of the gel layer were scraped off to a width of about 5 mm. Before use the coated
plates were activated by heating at ca. 100°C for I h.

For qualitative studies warm plates (with a O.IO-cm thick layer), to ensure
compactness of spots, were spotted with standard solutions of samples in acetone as
small drops using glass capillaries whereas in quantitative work known volumes of
solutions were applied with a micropipette to a 0.15-cm thick gel layer. Sample solu
tions were applied as series of spots or bands in a line 2 em from the edge of the plate.
The oven-dried loaded plates were developed in rectangular glass chambers with
ground-in-lids by the ascending technique. To obtain reproducible results the devel
opment chambers were saturated with solvent before use. When development had
proceeded for ca. 8 em the plate was removed from the chamber. Owing to the dark
colours produced by the analytes their spots were readily discernible in daylight.

For quantification the component bands were scraped off, treated with 15-20
ml of acetone to extract the thiazolidinones and the solutions were evaporated to 5
m!. The absorbances of the solutions were measured on a Bausch and Lomb Spec
tronic-20 spectrophotometer at the wavelengths of maximum absorption of the sol
utes and the concentrations were calculated from linear calibration graphs obtained
in the range 0-500 Jig under identical conditions of medium (acetone) and temper
ature (27 ± 2°C).

RESULTS AND DISCUSSION

Effects of various parameters on R F values
The effects of the development rate, gel layer thickness and the presence of

other compounds on the RF values were examined for some thiazolidinones as mi
grating spots in selected solvents. The RF values determined at two development rates
(measured at plate angles of 800 and 50° from the horizontal plane) are given in Table
1. As can be seen, the RF values were independent of development rate. Almost
identical RF values obtained when the compounds migrated individually (Table II)
and in mixtures (containing up to six compounds); hence the migration is indepen
dent of the presence of other compounds. The RF data for ternary and binary mix
tures of isomers in Tables II and III show a lowering of RF values with increase in gel
layer thickness.

The effect of solvent polarity on RF values was studied with all the thiazolidi
nones in both oxygen-containing and non-oxygen-containing solvents. The RF or
ders, isobutanol < n-butanol, n-butanol < ethanol and carbon tetrachloride < di
chloromethane < chloroform, corresponding to the solvent polarities, show that the
RF values and their sequences are governed by the solvent polarity.

TLC studies of isomeric ternary nitro- and methoxythiazolidinone mixtures
and binary naphthyl compound mixtures revealed particular RF orders depending on
the nature of the solvent, i.e., whether oxygen-containing or non-oxygen-containing,
alcoholic or ketonic, or a one- or two-component system.

To study the effect of the nature of substituents on RF values, para-substituted
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TABLE III

QUANTITATIVE ANALYSIS OF ISOMERIC THIAZOLIDINONE MIXTURES

Isomeric Experiment I"
thiazolidinones
in mixture Amount loaded Amount recovered M.D. S.D. R.S.D. Error

(/lg) (/lg) (/lg) (/lg) (%) (%)

RC6 H4 N02 -o 150 148,149,148.5 0.33 0.41 0.28 1.00
RC6 H4 N02 -m 150 149,149.5,150 0.33 0.41 0.27 0.33
RC6 H 4N0 2-p 150 150.5,148.5,149 078 0.85 0.57 0.45
RC6 H4 OCH 3-o 100 99,99.5,100.5 0.55 0.62 0.63 0.34
RC6 H 4 OCH3-m 100 100,99.5,99.5 0.22 0.24 0.24 0.34
RC6 H 4 OCH 3-m 100 99.5,99,99 0.22 0.24 0.23 0.83
RC6 H 4 OCH 3-p 100 99.5,98.5,99.5 0.44 0.47 0.48 0.83
RC 1OH 9 -ct 100 99,99,99 0.00 0.00 0.00 1.00

RC,oH 9 -p 60 59.5,59.5,58.5 0.44 0.47 0.80 1.39

Isomeric Experiment 2"
thiazolidinones
in mixture Amount loaded Amount recovered M.D. S.D. R.S.D. Error

(flg) (/lg) (/lg) (/lg) (%) (%)

RC6H 4 N02-o 150 148.5,149.5,148.5 0.44 0.47 0.32 0.78
RC6 H4 N02-m 300 298,298.5,298 0.12 0.23 0.08 0.61
RC6 H4 N0 2-p 300 299,299.5,300 0.33 0.41 0.14 0.17
RC6 H 4 OCH 3 -o 100 99.5,99.5,99.5 0.00 0.00 0.00 0.50
RC6 H 4 OCH 3 -m 60 60.5,59,59.5 0.55 0.62 1.04 0.57
RC6 H 4 OCH 3 -m 120 119.5,120,119 0.33 0.41 0.34 0.42
RC6 H 4 OCH 3-p 60 59,59,59.5 0.12 0.23 0.40 1.39
RC 1O H 9 -ct 60 59,60,59 0.44 0.47 0.79 1.12
RC 1OH 9 -P 100 99,98.5,99.5 0.33 0.41 0.41 1.00

Isomeric Experiment 3" R
F

x 100 Resolving
thiazolidinones solvent
in mixture Amount loaded Amount recovered M.D. S.D. R.S.D. Error

(jig) (Iig) (/lg) (/lg) (%) (%)

RC<H4 N0 2-o 65

}
Benzene-

RC6 H 4 N02 -m 49 ethanol
RC6 H 4 N0 2 -p 29 (24: 1, v(v)

RC6 H 4 OCH 3-o 80

1
RC6H 4 OCH 3-m - 00 Ethyl acetate
RC6 H 4 OCH 3-m 160 159,158.5,158.5 0.12 0.23 0.15 0.83 00
RC6 H 4OCH 3-p 120 119,119.5,118.5 0.33 0.41 0.34 0.83 82
RClQH 9 -ct 00 }RC,nHq-p 45 Toluene

" M.D. = Mean or average deviation; S.D. = standard deviation; R.S.D. = relative standard deviation.
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thiazolidinones were chosen, as in this position steric effects are smaller than in other
positions and the nature of the substituent group predominates. The RF values of
substituted compounds were compared with that of unsubstituted phenylthiazolidi
none. In most of the developing solvents examined the RF values of the substituted
phenylthiazolidinones were generally higher than that of the unsubstituted com
pound, irrespective of the nature of the substituent in the phenyl group, whether
electron donating [CH3 , R, C6 H4 R, I or N(ClHshl or electron withdrawing (NO l ,

OCH3 , Br or Cl).
The IR stretching frequencies of the characteristic C-N and C = 0 (ring) groups

of thiazolidinones, being highly sensitive to the nature and position of substituents,
were correlated with the RF values in almost all of the developing solvents. In para
thiazolidinones both spectral parameters, which are in accord with the electron-re
pelling ability of the substituents, fall in the orders opposite to those of the RF values.
In isomers the retention orders were different in different systems and similar or
opposite to the order of the IR frequencies.

Separation, identification and determination of thiazolidinones in mixtures
Among different solvents tried for the separation of thiazolidinones, benzene

showed the highest resolving capacity as it could resolve several mixtures of six com
pounds; the best resolution of five or less compounds, however, could only be
achieved in toluene. For the ternary mixture of nitrothiazolidinones and binary mix
tures of naphthyl- and methoxythiazolidinones benzene-ethanol (24:1, vjv)) and tolu
ene and ethyl acetate, respectively, are the best resolving solvents. Spectral and RF

correlations were used for the identification of mixture components after separation.
In addition to the solvents listed in Table II, several others were also tried. In

acetone, ethanol, acetic acid, dioxane and benzene-ethanol (3:2, 1: I and 2:3) all the
substances had very high RF values and in carbon tetrachloride and dichloromethane
all substances, except the o-nitrophenyl compound (RF 0.07) and all three nitrophenyl
compounds (RF 0.44), respectively remained at the origin.

In order to test the application of the TLC method in the analysis of thiazolidi
nones, various mixtures were resolved qualitatively on 0.10-cm thick layers (Table II)
and a few typical mixtures of isomeric compounds including a ternary mixture of
nitrothiazolidinones in benzene-ethanol (24:1, vjv), and binary mixtures of naphthyl
and methoxythiazolidinones in toluene and ethyl acetate, respectively, were analysed
quantitatively on 0.15-cm thick layers (Table III). The highest amounts of isomers
resolved (Table III) from their mixtures reveal the maximum separation limits of this
method. The reproducibility of the results, as can be seen from Table III, is good.
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ABSTRACT

A method involving the use of paper electrophoresis is described for the study of equilibria in
mixed-ligand complex systems in solution. The technique is based on the movement of a spot of metal ion
under an electric field with the complexants added to the background electrolyte at pH 8.5. The stability
constants of the complexes were found to be 5.28, 5.15 and 4.97 (log Kvalues) for Hg(II), Be(II) and Ni(II)
complexes, respectively, at Ii = 0.1 and 35T.

INTRODUCTION

The properties and chemical reactions of naturally occurring D-penicillamine
have already been subjected to wide investigation. The most important reactions are
processes involving participation of the mercapto group, and the main biochemical
aspects have been reviewed by Jocelyn [1]. The complex chemical significance of these
amino acids is determined by the mercapto sulphur donor atom, which is very soft in
character. Great biological importance is attached to the study of metal-sulphur
bonds formed in such processes, primarily in the non-haeme iron proteins [2] and the
blue copper proteins [3]. The significance of this amino acid is enhanced by the fact that
it displays independent therapeutic activity. Its most valuable use is for the treatment
of Wilson's disease, caused by accumulation of copper. As a consequence of its
property of forming stable complexes, it can also be employed to advantage for the
elimination of other heavy metals (e.g, Pb, Hg) from the organism. It has been utilized
in connection with rheumatoid arthritis and neonatal jaundice. Sorensen [4] has
demonstrated the anti-inflammatory activity of copper-D-penicillamine.

Czakis-Sulikowska [5] studied the formation of mixed halide complexes of
Hg(II). We previously described [6,7] a method for the study of mixed complexes. This

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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work is an extension of the technique and reports our observations on mixed systems,
viz., Hg(II)-, Be(II)- and Ni(II)-nitrilotriacetate (NTA)-penicillamine.

EXPERIMENTAL

Instruments
A Systronics Model 604 electrophoresis equipment system was used, which has

a built-in power supply (a.c.-d.c.) that is fed directly to paper electrophoretic tanks. In
order to maintain the temperature constant, two hollow metallic plates coated with
thin plastic paper on the outer surface were used for sandwiching paper strips and
thermostated water (35°C) was circulated through them. pH meaurements were made
with an Elico Model L 1- 10 pH meter using-glass electrode.

Chemicals
Mercury(II), beryllium(II) and nickel(II) perchlorate solutions were prepared by

precipitating the corresponding carbonates from solutions of the nitrates (analytical
reagent grade) with sodium hydrogencarbonate, washing the precipitates thoroughly
with boiling water and treating them with a suitable amount of 1% perchloric acid.
The resulting mixtures were heated to boiling on a water-bath and then filtered. The
solutions were standardized and diluted to 5.0 '10-3 M.

Metal spots were detected on the paper using hydrogen sulphide [for Hg(II)],
aluminon [for Be(II)] and dimethylglyoxime [for Ni(II)]. Silver nitrate in alkaline
acetone was used for glucose.

Background electrolyte
The background electrolyte in the study of binary complexes consisted of0.1

M perchloric acid and 1.0' 10-2 M penicillamine. It was maintained at pH 8.5 by
addition of sodium hydroxide. Each solution was standardized as usual. Stock
solutions of 9.0 M perchloric acid, 2.0 M sodium hydroxide and 0.5 M penicillamine
were prepared from AnalaR reagents (BDH, Poole, U.K.). A 0.01 M nitrolotriacetic
acid solution was prepared from a sample obtained from E. Merck (Darmstadt,
Germany).

Procedure
The hollow base plate in the instrument was made horizontal with a spirit level.

A 150-ml volume of background electrolyte was placed in each tank of the
electrophoretic apparatus. Paper strips (Whatman No. 1,30 x I cm) in duplicate were
spotted with metal ions and glucose in the centre with a micropipette and were
subsequently placed on the base plate and sandwiched under the upper hollow metallic
plate with the ends of the strips immersed in the tank solutions on both sides. Then
a potential difference of 200 V was applied between the tank solutions and
electrophoresis was carried out for 60 min. Subsequently the strips were removed and
the spots were detected. The averages for duplicate strips were noted for calculations
and movement of the glucose spot was used as a correction factor. The mobilities were
calculated by dividing the movement by the potential gradient and expressed in cm2

V-I min-I.
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Metal-penicillamine binary system
The plot of ionophoretic mobility of a metal spot against pH gives a curve with

a number of plateaus as shown in Fig. 1. A plateau is obviously an indication of a pH
range where the speed is virtually constant and indicates the formation of a certain
complex species. The first corresponds to a region in which metal ions are
uncomplexed. Fig. 1 reveals a second plateau in each instance with zero mobility,
indicating the formation of neutral 1: 1 complexes. With a further increase in pH, the
mobility decreases, giving rise to a third plateau in a negative region, indicating an
anionic nature of the metal complex. Prominent liganding properties of unprotonated
anionic species of penicillamine ruling out the involvement of a zwitterion have been
reported [8]. Further increase in pH has no effect on the mobility of metal ions.

In view of the above observations, the complexation of metal ions with the
penicillamine anion [L2-] may be represented by

K1
M 2 + + U- ~ ML

K2

(1)

(2)

where M represents Ni, Be and Hg and ML and ML~- are their complexes with
penicillamine.

The metal spot on the paper is thus a conglomeration of uncomplexed metal
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Fig. I. Mobility curve for M-penicillamine systems. 0 = Ni(II)-penicillamine; • = Be(II)-penicillamine;
• = Hg(II)-penicillamine.
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ions, a I: I complex and a 1:2 complex. This spot is moving under the influence of the
electric field, and its overall mobility, V, can be represented by the equation

(3)

where Un and!n are the mobility and mole fraction, respectively, of particular complex
species. On taking into consideration the different equilibria, this equation is
transformed into

(4)

where Uo, UI and U2 are mobility of the uncomplexed metal ion, the I: I metal complex
and the 1:2 metal complex respectively.

Eqn. 4 was used for the determination of the stability constants of metal ions
with penicillamine. For calculating the first stability constant, K 1, the region between
the first and second plateaus is pertinent. The overall mobility V will be equal to the
arithmetic mean of the mobility of the uncomplexed metal ion, UO, and that of the first
complex, U], at a pH where, K] = I/[L2-]. With the help of the dissociation constants of
penicillamine (k l = 101.9°, k 2 = 107.85, k 3 = 10.55) [9,10], shown in Fig. 2. the
concentration of the penicillamine anion [L2-] is determined for the pH using the
following equation, from which K] can be calculated:

(5)

where [LT] = total concentration.
The stability constant of the second complex, K 2 can be calculated by taking into

consideration the region between the second and third plateaus of the mobility curve.
These calculated values are given in Table 1.
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Fig. 2. Mobility curve for H+ -penicillamine.
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Metal-NTA-binary system
The overall mobilities of metal spots in the presence of NTA at different pH

values are shown in Fig. 3. The mobility of the last plateau in the case of Hg(II), Be(II)
and Ni(II) is negative, showing the anionic nature of Hg(II)-, Be(II)- and Ni(II)-NTA
complexes. Hence only one NTA anion, (NTA)-3, is assumed to combine with metal
ions to give 1: 1 complexes, which is in conformity with the findings of others [14]. The
stability constants of complexes with NTA were calculated as described in the
preceding paragraph. The calculated values are given in Table J.

Metal-NTA-penicillamine ternary system
The study of this system was made at pH 8.5. It was observed from the mobility

curves for the metal-penicillamine and M-NTA binary systems that binary complexes
are formed at a pH < 8.5. Hence it was considered appropriate to study the
transformation ofM-NTA complexes into M-NTA-penicillamine complexes at pH.
8.5 in order to avoid any side interactions.

The plot of mobility against logarithm of concentration of added penicillamine
gives a curve (Fig. 4) containing two plateaus, one at the beginning and the other at the
end. The mobilify of the range of the first plateau corresponds to the mobilities of 1: 1
M-NTA complexes, as also observed in the study ofM-NTA complexes. The mobility
of the last plateau is more negative than the mobility of a pure M-NTA complex.
Further, as the mobility of the last plateau does not agree with the mobility of 1:1 and
1:2 metal-penicillamine complexes (observed in the study of binary M-NTA systems),
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Fig. 3. Mobility curve for M-NTA systems... = Ni(II)-NTA; • = Hg(JI)-NTA; 0 = Be(II)-NTA.
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Fig. 4. Mobility curves for M-NTA-penicillamine systems. 0
• = Hg(II)-NTA-penicillamine; • = Ni(II)-NTA-penicillamine.

Be(II)-NTA-penicillamine;

it is inferred that the moiety in the last plateau is due to coordination of the
penicillamine anion with a 1:1 M-NTA moiety, resulting in the formation ofa 1:1:1
M-NTA-penicillamine mixed complex:

K
M-NTA - + u- ~ M-NTA-L3 - (6)

In the present electrophoretic study, the transformation of a simple complex into
a mixed complex took place, the overall mobility being given by

U = UofM-NTA + UtfM-NTA-L (7)

where UO,Ul andfM-NTA,fM-NTA-L are the mobilities and mole fractions of the M-NTA
and M-NTA-L complexes, respectively. The above on adding the values of mole
fractions, this equation becomes

u + U K' [LZ-]
U = 0 1

1 + K' [LZ
-]

(8)

where Uo and Ul are the mobilities in the regions of the two plateaus of the curve. The
concentration of penicillamine at which the overall mobility is the mean of the
mobilities of the two plateaus is determined from Fig. 4. The concentration of the
penicillamine anion at pH 8.5 for this penicillamine concentration was calculated. K' is
obviously equal to 1/[LZ

-]. All these values of K' are given in Table I.
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Book Review

Gas chromatography: A practical course, by G. Schomburg, VCR, Weinheim, 1990,
XIV + 320 pp., price DM 76.00, ISBN 3-527-27879-6.

Currently a plethora of texts covering the various aspects of chromatography is
available. At the same time, the demands on library budgets, due to the inexorable
increase of the cost of journals and textbooks, are such that one cannot afford to
purchase each new book as it is released onto the market. Today librarians are required
to be much more selective about the additions to their stocks. No longer can one expect
to simply send off a chitty for that book to appear, instead it is necessary to provide
good reasons to support an intended purchase. The present text, notwithstanding its
rather general title, can be regarded as an essential purchase if you are looking for an
update on contemporary capillary gas chromatography (GC).

Professor Gerhard Schomburg is an esteemed analytical chemist, who has
gained international recognition as an exponent of the art of chromatography. In
particular he is known for his elegant and innovative work in the field of capillary GC.
Knowledge gained through his research and years of experience of solving real
analytical problems are combined to generate a highly readable and authorative text,
which is thoroughly recommended.

The book consists of twelve chapters, the first five of which are devoted to
a discussion of the fundamentals of capillary Gc. Topics covered include the role of
the technique in chemical analysis, the design fundamentals of the gas chromatograph
and the essentials of the theory ofGC resolution. The account ofGC instrumentation
is largely concerned with capillary instruments and contains a wealth of detail
concerning the design and operation of vital components, such as injectors and
detectors. Many readers will find the table on p. 33 helpful, where the graphic symbols
used for the components of the gas chromatograph are given. Such information is
seldom included in GC texts.

The strategies of peak identification and analyte determination applicable to GC
are reviewed in Chapter 6. The 111~<':U~Slonof retention coincidence contrasts the roles
ofabsolute and relative retentions and emphasises the importance of Kovats' retention
index in this context. A number of useful tips are given which should enable the
beginner to avoid some of the pitfalls associated with peak identification by retention
coincidence. Similar comments apply to the treatment of quantitative analysis where
much sound advice is given, particularly on the measurement and use of response
factors.

A variety of auxiliary techniques associated with capillary GC are reviewed in
Chapter 7. Discussions include topics such as high-temperature operation, analyte
derivatization, automated systems and the full-spectrum of dual column/multi-
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dimensional GC techniques. The less familiar topics of reaction GC and pre-column
reaction GC also are described.

Instrumental and column variables which can affect the quality of GC analysis
are reviewed in Chapter 8. Special attention is paid to the recognition and elimination
of sources of analytical error. The part of the book is commended to both beginners
and established exponents of the art.

Chapter 9 consists of a brief introduction to capillary supercritical fluid
chromatography. In the reviewer's opinion its inclusion does not serve a very useful
purpose. Likewise Chapter lOis very brief and it is surprising that the author did not
choose to include the coupling of liquid chromatography with GC with the auxiliary
techniques chapter.

A substantial part of the book is devoted to descriptions of a wide range of
analyses which illustrate the wide scope of contemporary Gc. Each example is
illustrated by representative chromatograms which could prove to be invaluable
performance indicators to analysts faced with similar problems.

The book is concluded by a resume of the terminology of GC and a selection of
the more important equations.

The book is nicely presented and it is modestly priced by today's standards. For
those people who are either using or contemplating the use of capillary GC it may be
regarded to be a vital acquisition.

Ha(field (U.K.) MICHAEL B. EVANS
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Book Review

Continuous-flow fast atom bombardment mass spectrometry, edited by R. M.
Caprioli, Wiley, Chichester, VIII + 189 pp., price £ 27.50, ISBN 0-471-92863-1.

The continuous-flow fast atom bombardment (CF-FAB) technique provides a
basis for coupling liquid chromatography (LC) and capillary electrophoresis with the
highly selective, information-rich mass spectrometric (MS) detector. The CF-FAB
method is a dynamic variation upon FAB methods which blossomed during the 1980s
into one of the most widely utilized of MS methods. The first generations of LC-MS
coupling methods, based upon direct liquid introduction and moving belt technol
ogies, have now been largely supplanted by "second generation" thermospray and,
more recently, particle beam interfaces. The use ofCF-FAB for LCcoupling is prob
ably more attractive from the mass spectrometrists' viewpoint, since it represents a
variation on a routine method (i.e., FAB). In fact, the most significant advantages of
CF-FAB are most evident in the reduced background and discrimination effects com
pared to conventional FAB methods. Thus, the role ofCF-FAB must be viewed from
a larger perspective than chromatographic interfacing. This is consistent with the
emphasis of the volume edited by Professor Richard Caprioli, approximately one
third of which is devoted to LC or capillary electrophoresis with CF-FAB.

This relatively short book (189 pages) is largely based upon an American Socie
ty for Mass Spectrometry Workshop held in November 1989, and is clearly aimed at
mass spectrometrists and those already familiar with FAB and basic MS methods.
The various chapters offer a range of experimental detail, "tricks", and practical
insights which would be useful to the novice trying to implement the new methods.
Largely absent are descriptions of the FAB process and other physical and chemical
phenomena underlying these methods. This deliberate limitation of scope keeps the
book focused on the issues at hand; providing several different perspectives on the
relative advantages and disadvantages of the method. Like most new methods, partic
ularly those involving the tools of microcolumn separations, there is a substantial
component of "art" which must be learned for successful operation. The value of the
book is in communicating this art.

The general subject of CF-FAB is covered in the first three chapters by Caprio
li, Gaskell and Orkiszewski, and Markey and Shih. Chapter 4 (Caprioli) describes
application for the direct analysis or monitoring of biological processes. Flow in
jection analysis, on-line reaction monitoring and microdialysis combined with CF
FAB are described. Chapter 5 (Caprioli and Tomer) describes microbore LC and
open tubular capillary LC (10 J1m LD.) coupling with CF-FAB. Chapter 6 (Tomer
and Moseley) describes equivalent results with capillary zone electrophoresis-MS
coupling. Chapter 7 (D. L. Smith) describes the application of CF-FAB for non
volatile low-polarity substances. The final chapter of the book is divided into five



548 BOOK REVIEWS

short "miscellaneous" sections; two of which describe research with packed capillary
and microbore LC coupling with CF-FAB.

This book is essential reading for the mass spectroscopist who uses, or is consid
ering use of, the CF-FAB technique. Careful reading, sometimes between the lines,
provides one with a good perspective on both the advantages and the disadvantages
of the method. Clearly CF-FAB does not provide a good basis for routine LC-MS
coupling. The low flow-rates tolerated by the method, ca. 10 pI/min, provide some
obvious limitations. However, substantial success has been demonstrated using mi
crocolumn separations given practical detection limits (picomole-femtomole range).
Unfortunately, little is said about alternative methods for coupling microcolumn LC
and capillary electrophoresis to MS, such as those based upon electrospray ion
ization, and little guidance is given for those trying to compare alternative methods.
This is a relatively minor flaw, given the book's audience, however, since it is clearly
aimed at mass spectrometrists wielding a particular hammer. A powerful hammer
indeed.

Richland, WA (U.S.A) RICHARD D. SMITH
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Book Review

Polymer thermodynamics by GC, by R. Vi1cu and M. Leca, Elsevier, Amster
dam, 1990, VIII + 204 pp., price Dfl 190.00, ISBN 0-444-98857-2.

This slim work consists of five chapters and seeks to comprehensively review the
thermodynamic characterization of polymers using gas chromatographic techniques.
The first introductory chapter, while very short (9 pages), classifies chromatographic
methods, most of which are not relevant to the present work, and summarizes the
principles of construction of gas chromatographs, material hardly appropriate to the
treatment of thermodynamics.

Chapter Two, with the quaint title "Elements of chromatography with gas
mobile phase" in about 20 pages outlines much of the theory and terminology of gas
chromatography but is largely unrelated to the application of thermodynamics to
polymers. Clearer treatments appear in many textbooks on gas chromatography, the
recent of these presentations have more timely treatments as the most recent literature
reference is 1977.

The third chapter "Thermodynamics of solution as related to gas-liquid chro
matography" outlines the relevant fundamentals of thermodynamics and gas chro
matography, the quantities of solution thermodynamics, statistical models of solu
tion and finally the application of models to gas-liquid chromatography.

Chapter Four is entitled "Thermodynamics of direct gas chromatography" and
considers the thermodynamics of dissolution, adsorption at a gas-solid interface va
porization and finally the molecular properties of single substances.

The final chapter which makes up about one third of the work, considers in
verse gas chromatography and polymers. The earlier treatment of dissolution and
adsorption is developed. The determination of phase transitions and glass transitions
is outlined with many examples while almost single page treatments of second order
transition in polymers, determination of diffusion coefficient, segregation of block
copolymers and other applications of inverse gas chromatography follow.

Like many books from Eastern Europe the work is hopelessly out of date and is
of little use to workers seeking a current treatment. While the work contains over 500
literature references the most recent is 1984 while only about 30 or 6% date from 1980
or later. The work is quite well produced and contains valuable and extensive listing
of the symbols used which covers almost ten pages.

It is difficult to see a niche for the work as most of the subject matter has been
treated more elegantly in other works which have not suffered from the unacceptable
time delays.

Kensington (Australia) J. K. HAKEN
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parameters to each sample ... Whether you
need unattended overnight operation on 50

samples orjust a few, optimal perfor
mance is ensured.The Model 270A-HT

High Throughput Capillary Electro
phoresis System. Higher sensitivity,
greater reliability and more per
formance than ever. Contact
Applied Biosystems today.
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