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Foreword

This thematic issue, Solid-Phase Extraction in
Environmental and Clinical Chemistry, consists of a
collection of papers presented at the 203rd Amer-
ican Chemical Society Meeting in San Francisco,
CA, April 1992. The papers discuss some of the
many facets of sample preparation using solid-
phase extraction and serve as important reference
points in this rapidly expanding technology. The
symposium organizers thank the Environmental
Division of the American Chemical Society (ACS)
for their support of the symposium and to the Jour-
nal of Chromatography for the compilation of these
research papers.

Solid-phase extraction has presented a superior
alternative to liquid-liquid extraction during the
past decade for analyte purification and concentra-
tion in many analytical methods. Solid-phase ex-

traction continues to evolve into one of the most
effective methods for the isolation of target analytes
from complex mixtures. Moreover, solid-phase ex-
traction provides cleaner extracts prior to sensitive
instrument analysis, such as gas chromatography—
mass spectrometry, high-performance liquid chro-
matography, infrared spectroscopy, nuclear mag-
netic resonance spectroscopy and immunoassay.
With today’s demands for rapid analysis of multiple
samples at low cost and the increasing advance-
ments in automation technology, solid-phase ex-
traction has a secure place in the future of sample-
preparation technology, providing reproducible re-
sults with minimal technician requirements.

Lawrence, KS (USA) Margaret S. Mills
E. Michael Thurman
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Variables affecting the supercritical fluid extraction of
analytes from octadecylsilane solid-phase sorbents

Kenneth G. Furton and Ethon Jolly

Department of Chemistry, Florida International University, University Park, Miami, FL 33199 (USA)

Joseph Rein

Department of Chemistry, Florida International University, University Park, Miami, FL 33199 (USA) and Toxicology Laboratory,
Dade County Medical Examiner’s Office, Miami, FL 33136 (USA)

ABSTRACT

The relative effects of the numerous variables which can influence the supercritical fluid extraction (SFE) efficiencies of analytes from
solid-phase extraction (SPE) sorbents is discussed. SFE efficiencies are not only influenced by experimental variables such as temper-
ature and pressure (density), but also by sample/matrix variables, extraction vessel variables and collection variables. The significance
of many of these variables are underrated, and studies aimed at quantitative comparisons of these variables have generally focused on
extraction of analytes from endogenous matrices, rather than SPE sorbents such as those evaluated here. The relative effects of
temperature and density have been quantitatively compared for the extraction of polycyclic aromatic hydrocarbons and methoxychlor
from octadecylsilane sorbents. Under the conditions studied, the effect of temperature was found to be of equal importance to that of
density, and either could be used to vary the recovery of analytes over an extremely wide range. A more thorough knowledge of the
relative effects of all of the controllable variables should facilitate optimization of SFE of analytes from SPE sorbents for maximum

selectivity as well as maximum overall recoveries.

INTRODUCTION

Solid-phase extraction (SPE) has rapidly estab-
lished itself as an important sample preparation
technique for both matrix simplification and trace
enrichment in a variety of clinical and environmen-
tal applications. One of the most commonly used
SPE sorbents is the reversed-phase octadecylsilane
sorbent used in numerous clinical and environmen-
tal applications, including the analysis of drugs, es-
sential oils, food preservatives, vitamins, plasticiz-
ers, pesticides, steroids, hydrocarbons, toxins, etc.

Correspondence t0: K. G. Furton, Department of Chemistry,
Florida International University, University Park, Miami, FL
33199, USA.

0021-9673/93/$06.00 ©

[1-7]. SPE techniques have numerous advantages
over liquid-liquid extraction techniques, including
ease of automation, reduced cost, reduced solvent
use and higher sample throughput. However, SPE
techniques still suffer from numerous problems,
particularly when applied to the analysis of biolog-
ical specimens [3]. The chemical background from
impurities, contaminants, antioxidants, etc., often
observed when using SPE, can interfere in the sub-
sequent analysis of the sample, as well as reduce the
lifetime of chromatographic columns [8-10]. Run-
ning blanks and cleaning of the cartridges to mini-
mize interferences diminishes sample throughput
and adds to solvent consumption and processing
costs. Many of these problems can potentially be
minimized by the use of highly selective elution sol-
vents which can elute the analyte of interest while

1993 Elsevier Science Publishers B.V. All rights reserved
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leaving the matrix interferences. Supercritical fluids
have unique solvent properties which may make
them ideal candidates for selective elution of target
analytes without increased solvent consumption or
reduced sample throughput.

Supercritical fluid extraction (SFE) has proven to
be a powerful alternative to conventional liquid ex-
traction methods, such as Soxhlet extraction, par-
ticularly in environmental applications [11,12].
Most of the applications which have emerged re-
cently have involved the extraction of analytes di-
rectly from endogenous solid and liquid matrices,
although the gaseous trapping of analytes onto var-
ious adsorbents with subsequent recovery by SFE
has also been investigated [11-13]. Solid-phase sor-
bents have been used in combined SFE-supercrit-
ical fluid chromatography (SFC) techniques where
the sorbent acts as a chromatographic column with
selective elution of target analytes [14-16]. Alterna-
tively, solid-phase sorbents have been used as effi-
cient traps for off-line SFE [17]. In this paper, we
discuss the potential for the use of supercritical
fluids as elution solvents to enhance the selectivity,
as well as overall recovery, of analytes trapped onto
SPE sorbents. Subsequent SFE of analytes can be
used on-line, combined with gas, liquid or super-
critical fluid chromatography, to provide a com-
plete sample extraction and analysis system, or,
more commonly, can be employed off-line with sor-
bent or solvent trapping of the analytes. On-line
methods provide the greatest sensitivity and, in
principle, should be more accurate due to the re-
duced sample handling. Off-line methods often al-
low the greatest experimental flexibility and the
possibility of multiple analysis of the extract regard-
less of the sample conditions. For these reasons, off-
line methods are the most common.

Supercritical fluids possess unique physicochem-
ical properties which make them attractive as al-
ternative extraction solvents to liquids currently
used. Supercritical fluids have low viscosities and
zero surface tension which allows for very efficient
penetration into macroporous materials such as
those used in SPE. Additionally, the significantly
higher diffusivities of solutes in supercritical fluids
provides for more rapid transport out of the sor-
bent bed. The greatest advantage of supercritical
fluids, however, is the fact that they have densities
(and often solvating powers) comparable to that of

K. G. Furton et al. [ J. Chromatogr. 629 (1993) 3-9

liquids, which can be continuously varied by as
much as an order of magnitude by varying the tem-
perature and pressure of the extraction vessel. This
paper continues a systematic, experimental investi-
gation of the effects that controllable variables have
on the supercritical fluid elution of analytes from
SPE sorbents. This work focuses on the off-line sol-
vent collection of polycyclic aromatic hydrocarbons
(PAHs) and methoxychlor eluted from octadecylsi-
lane sorbents, and a discussion of the major vari-
ables affecting achievable recoveries by this meth-
od.

EXPERIMENTAL

All standards were obtained from Aldrich (Mil-
waukee, WI, USA) and used without further puri-
fication. PrepSep (Fisher Scientific, Orlando, FL,
USA) octadecylsilane (C,s) solid phase extraction
cartridges were used in this study. A stock packing
containing 200 ppm of the standards on C;g was
prepared by slow evaporation of a standard chioro-
form solution. The SFE apparatus used has been
described previously [18]. SFE-grade carbon diox-
ide (Scott Specialty Gases, Plumsteadville, PA,
USA) was used for all of the extractions. In order to
accurately quantify the effects of temperature and
density (pressure at constant temperature), care was
taken to ensure that all of the other major control-
lable experimental variables were kept constant and
precisely measured. Numerous extractions were
performed and only those extractions with the same
flow-rates (0.60 ml/min), extraction times (5.3 min)
and total volumes (3.2 ml of liquid carbon dioxide)
were compared for temperature and density effects.
Flow-rates were controlled by varying the length of
linear restrictors fabricated from 40 um 1.D. x 375
um O.D. fused-silica tubing (Polymicro Technolo-
gies, Phoenix, AZ, USA). Extractions were per-
formed on packings containedina 1.0x 1.0 cm I.D.
vessel. Extraction conditions were purposely chosen
to yield less than quantitative recovery of the ana-
lytes to allow for comparisons of the different ex-
traction conditions. Analytes were collected into
methylene chloride with fluorene added as an ex-
ternal standard. Identification and quantitation of
the analytes were performed using a Hewlett-Pack-
ard Model 5890 Series II gas chromatograph
equipped with a flame ionization detection.
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RESULTS AND DISCUSSION

The elution of analytes from SPE sorbents is con-
trolled by a variety of interrelated factors, including
the affinity of the analytes for the sorbent, the vapor
pressure of the analytes and the solubility and diffu-
sion coefficient of the analytes in the supercritical
fluid. In addition, SFE efficiencies are controlled by
a complex relationship between many experimental
variables, some of which are listed in Table I. Al-
though it is well established that, to a first approxi-
mation, the solvent power of a supercritical fluid is
related to its density, the relative effects of many of
the other controllable SFE variables are poorly un-
derstood. The list in Table I was tabulated from
observations in the authors’ laboratory for the SFE
of analytes from octadecylsilane sorbents. Some of
the relative effects observed for octadecylsilane sor-
bents are different from those seen for other SPE
sorbents and may be different from those seen for
the extraction of analytes from endogenous solid
matrices as discussed below. Much additional work
is needed to distinguish which of these variables are
significant and their relative effects for the multi-
tude of possible analyte—sorbent(matrix) combina-
tions. The variables affecting SFE of analytes from
sorbents can be broken down into four main areas,
namely, experimental variables, sample/matrix
variables, extraction vessel variables and, finally,
collection variables. Each group from Table I is dis-
cussed in more detail below.

TABLE 1

Experimental variables

The experimental variables are those which can
be continuously varied during an extraction to max-
imize selectivity, as well as overall recoveries. These
variables often have the largest effect on observed
recoveries and will be discussed first. Carbon diox-
ide is the primary fluid used in most SFE applica-
tions because it has low critical points (T, = 31.3°C,
P, = 1070 p.s.i.), is non-toxic, non-flammable,
odorless, readily available in high purity, inexpen-
sive and eliminates solvent waste disposal prob-
lems. Unfortunately, carbon dioxide has one severe
problem; it is non-polar and, therefore, of limited
value for very polar or ionic analytes. There are
three possible approaches to overcoming the polar-
ity problem of carbon dioxide. First, one can
choose a more polar supercritical fluid (e.g.
CHCIF,, N,0), although at the expense of many of
the advantages stated above [19]. A second ap-
proach, which is more commonly used, involves the
addition of a small volume percent of an organic
solvent modifier to increase the solvent strength/se-
lectivity of the carbon dioxide. A third approach,
which can be combined with pure or modified car-
bon dioxide SFE, is to chemically derivatize the
analyte in situ to a more extractable form. In this
approach, the analyte is simultaneously derivatized
and extracted by static SFE, followed by dynamic
extraction and analyte collection. This approach
has been applied with success to the extraction of a
variety of analytes directly from environmental ma-

VARIABLES WHICH MAY AFFECT THE SUPERCRITICAL FLUID ELUTION OF ANALYTES FROM SPE SORBENTS

EMPLOYING OFF-LINE SOLVENT COLLECTION

Experimental variables Sample/matrix variables

Extraction vessel variables Collection variables

Primary fluid

Fluid modifiers

Static SFE/derivatization
Density (pressure)

Temperature

Total volume of extraction fluid
Fluid flow-rate

Extraction time

Sorbent type

Analyte type

Sorbent condition
Weight of sorbent
Analyte concentration
Co-extractants present
Sorbent particle size

Solvent type
Solvent temperature
Solvent volume
Fluid flow-rate

Extraction vessel dimensions
Extraction vessel size
Extraction vessel dead volume
Extraction vessel orientation
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Fig. 1. Plot of carbon dioxide density (and calculated Hildebrand
solubility parameter) versus temperature and pressure. The den-
sity of hexane at 20°C is shown for comparison.

trices as well as from analytes collected on Empore
Cy s sorbent disks [20].

The next controllable experimental variables
which can have tremendous effects on achievable
recoveries are density (at a constant temperature)
and temperature (at a constant density). The tem-
perature is an extremely powerful variable, often
underrated in optimization schemes. Typical densi-
ties and Hildebrand solubility parameters for super-
critical carbon dioxide are shown in Fig. 1 at vari-
ous temperatures and pressures (data calculated
with SF Solver software, Isco, Lincoln, NE, USA),
illustrating the extremely wide range of solubilities
available at a variety of temperatures. The relative
effect of these two variables are illustrated later in
this paper for the elution of PAHs and methoxy-
chlor from octadecylsilane SPE sorbents. In gener-
al, maximum recoveries are achieved by maximizing
these two variables, although careful optimization
of temperature and density allows for pre-elution of
potential SPE contaminants and highly selective
elution of analytes [14,18]. The extraction of ana-
lytes by deposition onto SPE sorbents, followed by
elution with supercritical fluids, can be called SFC
since chromatographic processes are involved in the
selectivity of the extraction, although, experimen-
tally, this technique more closely resembles SFE.
The final two controllable experimental variables
are the extraction time and fluid flow-rate, which

K. G. Furton et al. | J. Chromatogr. 629 (1993) 3-9

yield the total elution volume of supercritical fluid.
For the analytes studied here, we have generally
found that the total volume of the extraction fluid
used is more important than the extraction time. It
is important to note that this is the opposite of the
effect reported for the SFE of environmental solids
where kinetic effects may dominate and the total
extraction time is often one of the most important
variables [21].

Sample/matrix variables

Sample/matrix variables can be extremely impor-
tant in achievable elution of analytes from solid-
phase sorbents. The type of analyte and the type of
sorbent/matrix will often dictate the feasibility of
quantitative recovery by SFE. In addition, the par-
ticle size and the condition of the sorbent (moisture
content, pH, etc.), as well as the concentration of
the analyte and any co-extractants present can sig-
nificantly affect observed recoveries. Finally, the
weight of sorbent extracted can affect SFE recov-
eries and relates to other experimental and extrac-
tion vessel variables, such as the total volume of
extraction fluid used and/or the total extraction
time, as well as extraction cell dead volume at a
constant extraction cell size. These sample/matrix
variables are often dictated by the SPE conditions
chosen and are often more difficult to adjust for
maximizing selectivity/overall recoveries using su-
percritical fluids.

Extraction vessel variables

The third set of variables in Table I relate to the
design of the extraction vessel. We have previously
published the significant effect that the dimensions
of the extraction vessel (I.D. to length) can have on
the elution of PAHs and methoxychlor from octa-
decylsilane SPE sorbents [18,22]. These results are
different than those observed for the SFE of ana-
lytes directly from environmental solids where no
effect has been seen [23]. A more thorough discus-
sion of the effect of cell dimensions and compari-
sons for different SPE matrix/analyte types has re-
cently been published [24]. The size of the extraction
vessel combined with the sample size determine the
amount of dead volume within the vessel. In some
cases, for the SFE of PAHs from octadecylsilane
supports, we have observed increases in recoveries
when dead volume was present in the extraction
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vessel compared to when it was completely filled.
Again, this is in conflict with observations for the
SFE of analytes directly from environmental solids
where lower recoveries have been observed when
significant dead volume is present [25]. Clearly, the
relative effects of SFE variables for the recovery of
analytes from endogenous matrices cannot be di-
rectly applied to predict relative effects of SFE of
solid-phase sorbents. The orientation of the extrac-
tion vessel (vertical or horizontal) may also affect
observed recoveries depending on whether the su-
percritical fluid enters the top or the bottom of the
vessel (in the vertical orientation) and if there is
dead volume in the vessel. Since these variables gen-
erally have only small effects on achievable recov-
eriecs and may actually decrease reproducibility,
prudent practice is to always completely fill the ex-
traction vessel.

Collection variables

The final variables which must be considered are
those related to the final trapping of the extracted
analyte in the supercritical fluid. One of the most
common forms of analyte collection is to decom-
press the supercritical fluid directly into a liquid sol-
vent. Improper control of collection variables can
result in losses improperly attributed to poor SFE
efficiencies [23]. The analytes must have a high solu-
bility in the chosen collection solvent and a suffi-

TABLE 11

cient solvent volume (e.g. > 1 ml) must be present
to efficiently trap the target analytes. The solvent
temperature should be maintained at a low enough
temperature to prevent volatilization losses of ana-
lytes while at a high enough temperature to prevent
freezing of the solvent (due to the cooling effect
from the rapid expansion of the supercritical car-
bon dioxide) or blocking of the restrictor. Finally,
the flow-rate of the supercritical fluid is often limit-
ed to ca. <2 ml/min (and ideally <1 ml/min) due to
the purging and solvent disruption encountered
with solvent trapping at very high flow-rates. Purg-
ing losses can become significant particularly for
more volatile analytes using long extraction times.
The ideal collection conditions are dependent on
the analyte and co-extractants. For non-volatile
analytes, such as the 4-6 ring PAHs and methoxy-
chior studied here, 1 ml of methylene chloride was
adequate to quantitatively trap these analytes.

Relative effects of temperature and density

Data for the supercritical carbon dioxide elution
of methoxychlor, pyrene, perylene and benzo[ghi]-
perylene from octadecylsilane sorbents are given in
Table II. It is important to note that conditions
were chosen to deliberately yield recoveries of at
least 1% and less than 100% for these analytes to
allow for a quantitative relative comparison be-
tween these two variables. Quantitative recoveries

RECOVERY OF ANALYTES FROM OCTADECYL-BONDED PACKINGS USING VARIOUS DENSITIES AT VARIOUS

TEMPERATURES AND DENSITIES

Variables Recovery of analytes (%) (average S.D. = 1.2)

CO, volume Density Temperature Methoxychlor Pyrene Perylene Benzo[ghi]perylene
(ml) (g/ml) O

7.5 0.70 40.0 37.6 22.1 1.9 0.2
7.5 0.70 50.0 69.1 39.2 7.4 1.9
7.5 0.70 60.0 75.2 60.1 13.7 4.1
1.5 0.70 80.0 94.3 78.7 24.1 7.8
1.5 0.70 100.0 102.1 80.9 47.8 274
3.0 0.40 100.0 25.4 26.6 5.6 0.6
3.0 0.50 100.0 38.8 41.4 9.2 2.6
3.0 0.60 100.0 59.0 50.8 14.6 6.6
3.0 0.70 100.0 80.7 70.2 222 4.0
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of these analytes were readily achieved by maximiz-
ing the temperature and/or density of the supercrit-
ical fluid. Selectivity tuning of supercritical fluid
elution of analytes, however, requires a quantitative
measure of the relative effects of each controllable
variable. Recoveries increased in direct proportion
to the density of supercritical carbon dioxide (at a
constant temperature of 100°C) whereas there was
an approximately linear logarithmic increase in re-
covery with the inverse of the temperature (at a con-
stant density of 0.70). Linear least squares regres-
sion analysis of these data yields the following
equations:

Recoverymemoxyehior = 186.1d — 51.38

(r* = 0.99) )
Recoverymetnoxyentor = €Xp[5.336 — 63.25(t1)]
* = 0.92) Q)
Recoverypyrene = 140.5d — 29.99
(r? = 0.93) 3)
Recoverypyrene = €xp[5.429 — 89.43(:7 1))
2 = 0.95) o)
Recoveryperyiene = 55.20d - 17.46
* = 0.97) )
Recoveryperyiene = €Xp[5.902 — 204.4(t )]
(r? = 0.98) (6)
Recoverypenzoighiperytene = 33.90d — 13.57
(* = 0.98) 7
Recoveryyenzofghiiperytene = €Xp[6.236 — 301.4(: ™ 1)]
(r? = 0.96) ®)

where d = density and ¢ = temperature.

Using the above equations, it is possible to com-
pare the maximum effect of temperature and densi-
ty on recoveries of these analytes. The data, as well
as the curves generated from the above equations,
are shown in Fig. 2 for perylene and pyrene over a
density range of 0.20 g/ml (1500 psi at 100°C) to
0.90 g/ml (10 000 p.s.i. at 100°C) and just above the
critical temperature, 32°C, to 142°C. It is obvious
that the effect of temperature is as great as, or in
some cases greater than, that of density over the
ranges compared. The great selectivity of this tech-
nique is apparent when one considers that recov-
eries can be increased from 0 to 100% simply by
varying either the temperature or the density of the

K. G. Furton et al. | J. Chromatogr. 629 (1993) 3-9
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Fig. 2. Plot of the actual recoveries and calculated recoveries of
perylene and pyrene from octadecysilane sorbents as a function
of supercritical carbon dioxide density (solid lines) and inverse of
the temperature (dashed lines).

supercritical carbon dioxide. The effect of temper-
ature is sometimes underrated in SFE optimization
schemes and appeared to be particularly important
when employing supercritical fluids as SPE elution
solvents. Increasing the supercritical fluid temper-
ature (at a constant density) generally enhances the
solubility, vapor pressure and the diffusion coeffi-
cient of the analyte in the supercritical fluid, as well
as reducing the affinity of the analyte for sorptive
sites on the SPE matrix.

CONCLUSIONS

The use of supercritical fluids for the selective ex-
traction of compounds from solid-phase sorbents
has great potential. Current limitations arise from
our limited understanding of relative effects and in-
terrelationships between the large number of exper-
imental variables controlling the supercritical fluid
elution of analytes from SPE sorbents, as well as the
relatively expensive instrumentation required for
SFE. As our understanding of these variables in-
creases, our ability to fine tune SFE for highly selec-
tive extractions, as well as maximum overall recov-
eries should increase dramatically. In addition, the
ease of automation ‘of SFE techniques and reduced
solvent consumption could potentially make super-
critical fluids cost-effective alternatives to conven-
tional liquid solvents. The use of supercritical fluids
in combination with SPE will likely have a bright
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future due to the following potential advantages of
supercritical fluids over conventional solvents: (1)
highly selective pre-elution of interferents by simple
changes in temperature/density of the supercritical
fluid; (2) more selective extraction of target analytes
from matrix; (3) straightforward on-line/chromato-
graphic analysis can increase recoveries, with de-
creased analysis times; (4) rapid simultaneous deriv-
atization/extraction possible; (5) methodology may
be directly applied to some samples with minimal
sample preparation (e.g. biological tissues) with the
potential for developing completely automated
SFE-SPE(SFC)-SFE methods.
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Application of mixed-mode, solid-phase extraction in
environmental and clinical chemistry

Combining hydrogen-bonding, cation-exchange and Van

der Waals interactions
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M. J. Pedersen
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ABSTRACT

Silica- and styrene—divinylbenzene-based mixed-mode resins that contain Cgy, C,, and sulphonated cation-exchange groups were
compared for their efficiency in isolation of neutral triazine compounds from water and of the basic drug, benzoylecgonine, from urine.
The triazine compounds were isolated by a combination of Van der Waals and hydrogen-bonding interactions, and benzoylecgonine
was isolated by Van de Waals interactions and cation exchange. All analytes were eluted with a polar organic solvent containing 2%
ammonium hydroxide. Larger recoveries (95%) were achieved on copolymerized mixed-mode resins where C 15 and sulfonic acid are in
closer proximity than on “blended” mixed-mode resins (60-70% recovery).

INTRODUCTION

Solid-phase extraction (SPE) is a sample-prepa-
ration tool used for the isolation, concentration,
and purification of analytes from complex matrices
such as serum, urine, saliva, tissue, food, and con-
taminated water. Reversed-phase (C,, Cq4, Cg and
C,s), cation- and anion-exchange, and various po-
lar phases (silica, alumina, and cyano phases) are
used in SPE. The technique of SPE has wide-range
application in drug-screening laboratories, environ-
mental-monitoring programs, and the food and
cosmetic industry. An expansive literature on the

Correspondence to: M. S. Mills, Water Resources Division, US
Geological Survey, 4821 Quail Crest Place, Lawrence, KS 66049,
USA.

0021-9673/93/$06.00 ©

subject of SPE has developed during the last 10
years [1,2].

Recently, various phases of SPE have been blend-
ed or copolymerized in order to use multiple inter-
actions for isolation and purification of analytes,
called mixed-mode resins [3-6]. These resins have
the potential to recover analytes covering a wider-
range of polarity by utilizing specific, simultaneous
interactions. Furthermore, elution steps can be se-
lective by sequentially cancelling specific mecha-
nisms of interaction in operation on one resin. Prior
to the advent of mixed-mode resins, there had been
many reports on mixed-mode interactions in high-
performance liquid chromatography (HPLC) [7-
10] and in SPE resins [11-14]. For example, silica-
based HPLC columns and SPE resins show mixed-
mode interactions between active silanol sites and

1993 Elsevier Science Publishers B.V. All rights reserved
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polar functional groups of the organic analyte, es-
pecially for basic analytes containing nitrogen.
However, the utilization of such interactions for en-
hanced isolation of more polar compounds has
been realized only recently [13,14].

To capitalize on the duality of isolation mecha-
nisms, either multiple functionalities are bonded
onto a common frame (copolymerized), or different
resins are blended into one cartridge. Although
some papers have dealt with the tandem use of res-
ins [15,16], few papers have dealt with the merits
and drawbacks of mixed-mode resins [3,4] or have
discussed the diversity of mixed-mode resins pres-
ently available. Therefore, the objectives of this pa-
per are to: (1) present current research on the mech-
anisms of mixed-mode interactions for two suites of
analytes, triazine herbicides and drugs of abuse,
and (2) compare and contrast the efficiency of isola-
tion of “bonded” and “blended” mixed-mode res-
ins using both environmental and clinical com-
pounds as examples.

EXPERIMENTAL

Reagents

Methanol (Burdick & Jackson, Muskegon, MI,
USA), ethyl acetate, and isooctane (Fisher Scien-
tific, Springfield, NJ, USA) were the pesticide-grade
solvents used. Deionized water was charcoal filtered
and glass distilled prior to use. The triazine herbi-
cides ametryn, atrazine, prometon, prometryn, pro-
pazine, simazine and terbutryn were obtained from
Supelco (Bellefonte, PA, USA), and the triazine me-
tabolites, 2-amino-4-chloro-6-ethylamino-s-triazine
and 2-amino-4-chloro-6-isopropylamino-s-triazine,
were obtained from Ciba Geigy (Greensboro, NC,
USA). The benzoylecgonine and [2H]benzoylecgo-
nine were obtained from Sigma (St. Louis, MO,
USA) and pentafluoropropanol and pentafluoro-
propionic anhydride were obtained from Alltech
(Deerfield, IL, USA). The MP-3 mixed-mode resin
(Interaction Chromatography, Mountain View,
CA, USA), which included C;; chains and sulfonic
acid groups (0.8 mequiv./g), contained 100 mg of
45-um particles of styrene—divinylbenzene. The
Bond-Elut Certify® mixed-mode resin (Varian Sam-

¢ The use of trade names in this paper is for identification pur-
poses only and does not constitute endorsement by the US
Geological Survey.
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ple Preparation, Harbor City, CA, USA) contained
300 mg of 40-um particles of silica which included
either C;g chains or sulfonic acid groups (Il
mequiv./g). All sulfonic acid groups were in hydro-
gen-saturated form. Standard solutions were pre-
pared in methanol. [2H,¢]Phenanthrene (US Envi-
ronmental Protection Agency, Cincinnati, OH,
USA) was used as an internal standard for gas chro-
matography-mass spectrometry (GC-MS) quanti-
fication of the triazine herbicides.

Solid-phase extraction

SPE cartridges for the triazine herbicides were
preconditioned sequentially with 2 ml methanol
and 2 ml distilled water on a Millilab workstation
by the robotic probe (Waters, Milford, MA, USA).
Samples were passed by positive pressure through
the cartridge at a flow-rate of less than 2.0 ml/min
as greater flow-rates were not physically possible
due to back pressure. The herbicides were eluted by
the workstation with 4 ml ethyl acetate, which con-
tained 2% ammonium hydroxide, and the eluate
was robotically spiked with 500 ul of internal stan-
dard [2H;o]phenanthrene (0.2 ng/ul). Approximate-
ly 100 ul of water trapped in the cartridge were co-
eluted with the ethyl acetate. The ethyl acetate and
water layers were mixed after addition of the in-
ternal standard, and after settling, 3.5 ml of the ho-
mogenized ethyl acetate layer were drawn off the
denser water layer by the robotic probe into a new
centrifuge tube. Fluates were evaporated down to
100 ul by a Turbovap (Zymark, Hopkinton, MA,
USA) at 45°C under a nitrogen stream and trans-
ferred to a glass-lined vial for GC-MS analysis.

SPE cartridges for benzoylecgonine were precon-
ditioned with 2 ml of methanol followed by 2 ml of
0.1 M phosphate buffer at pH 6.0 on a vacuum
manifold (Supelco, Bellefonte, PA, USA). A 1-ml
volume of sample was spiked with 1000 ng of
[?H;]benzoylecgonine in 100 ul of deionized water.
Then, 2.0 ml of 0.1 M phosphate buffer at pH 6.0
were added, and the sample was passed through the
cartridge under medium vacuum. The sample was
washed with 3.0 ml of deionized water, 3.0 ml of 0.1
M HCI, and 9.0 ml of methanol. The cartridge was
eluted with 2.0 ml of methylene chloride-isopropa-
nol (80:20, v/v) with 2% ammonium hydroxide.
The sample was then evaporated to dryness and de-
rivatized by adding 50 ul of pentafluoropropionic
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anhydride and 25 ul of pentafluoropropanol to a
screw-cap test tube and heating at 75°C for 15 min.
The sample was evaporated to dryness at 50°C un-
der nitrogen and taken up in 100 ul of ethyl acetate
for GC-MS analysis.

GC-MS analysis

Automated GC-MS analysis of the eluates were
performed on a Hewlett-Packard Model 5890 GC
(Palo Alto, CA, USA) and a 5970A mass selective
detector. Operating conditions for the triazine her-
bicides and benzoylecgonine were as follows: ion-
ization voltage, 70 eV, an ion source temperature of
250°C, electron multiplier, 2200 V; direct capillary
interface at 280°C, tuned daily with perfluorotribu-
tylamine; and a 50-ms dwell period. Separation of
the herbicides and benzoylecgonine was accom-
plished with a fused-silica capillary column of meth-
yl silicone (HP-1) with a film thickness of 0.33 um,
12 m x 0.2 mm LD. (Hewlett-Packard). Helium
was used as the carrier gas at a flow-rate of 1 ml/min
and a head pressure of 35 kPa. The column temper-
ature was held at 50°C for 1 min, then ramped at
6°C/min to 250°C where it was held for 10 min. In-
jector temperature was 280°C.

The filament and multiplier were not turned on
until 5 min into the analysis. Quantification of the
base peak of each triazine was based on the re-
sponse of the 188 (amu) ion of the internal stan-
dard, [*H,olphenanthrene. Confirmation of the
compound was based on the presence of the molec-
ular ion and two confirming ions with a retention-
time match of £ 0.2% relative to [2H,,]phenan-
threne and correct area ratios for confirming ions.
All triazine herbicides were selectively monitored.
Benzoylecgonine was monitored with selected ions
of 300, 316, and 421 u; and the [*Hj]benzoylecgo-
nine was monitored with 303, 319, and 424 u ions.
Quantification of benzoylecgonine was by internal
standard using the [*H s;]benzoylecgonine.

Adsorption isotherm experiments

Adsorption isotherms for the triazine herbicides
and metabolites were performed in triplicate on
MP-3 and MP-1 resins from distilled water. SPE
cartridges (containing 100 mg of packing) were pre-
conditioned sequentially with 3 ml methanol and 3
ml distilled water. The cartridge was cut open, and
the resin emptied into a PTFE-lined glass vial con-
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taining 40 ml distilled water. Analytes were spiked
into the water from individual 1-mg/ml stock solu-
tions in methanol. The samples were allowed to
equilibrate for 24 h on a mechanical shaker, and the
resin was allowed to settle. Approximately 35 ml of
clear water sample were pipetted off into a clean,
weighed test tube to determine the exact volume of
water present. The sample then was passed through
a disposable 0.45-um filter (Millipore Filtrex) and
preconditioned C,g cartridge (Waters Millipore)
(conditioned sequentially with 3 ml methanol, 3 ml
ethyl acetate, 3 ml methanol and 3 ml distilled wa-
ter) at 20 ml/min [17]. The cartridge was eluted with
3 ml ethyl acetate, and the eluate was spiked with
500 ul of internal standard, [?H;o]phenanthrene
(0.2 ng/ul). The ethyl acetate layer was drawn off
the co-eluted, denser water layer and evaporated to
100 pl for transfer to a glass-lined vial for analysis
by GC-MS with selective ion monitoring.

RESULTS AND DISCUSSION

Mixed-mode isolation of s-triazine compounds

To understand the mechanism of isolation of
triazine herbicides on a mixed-mode resin, it is first
necessary to discuss the structure of the suite of
analytes. Fig. 1 shows the structure of the two de-
alkylated metabolites and the parent s-triazine
suite. Common to each member of the suite is a
triazine ring, with variations in the length of the
alkyl side chains at the 4’ and 6’ positions and the
moiety at the 2" position. The 2 position is occupied
either by a chlorine atom (deethylatrazine, deiso-
propylatrazine, atrazine, simazine and propazine),
a methylthio group (ametryn, prometryn and ter-
butryn), or a methoxy linkage (prometon). Primary
amine moieties are present on the dealkylated me-
tabolites, and secondary amines are present on all
parent triazine herbicides. Retention of chlorine-
containing triazine herbicides is reported to follow
structural changes on the reversed-phase C, g resins,
with capacity of the herbicides increasing in a linear
logarithmic fashion with the addition of methylene
groups to the alkyl side chain [18], which indicates
Van der Waals interactions. Deisopropylatrazine,
which contains only two carbon atoms in alkyl side
chains, is retained the least on C,g, and propazine,
which contains six carbon atoms, is retained the
most.
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Fig. 1. Structure of the s-triazine suite of herbicides.

The capacity of silica-based C;s resin for isola-
tion of deisopropylatrazine from pure water was
compared to the capacity of two other resins —a
mixed-mode resin (MP-3) and a polymeric re-
versed-phase resin (MP-1). Fig. 2 shows the struc-
ture of the two polymeric resins. MP-3 comprises a
styrene—divinylbenzene framework onto which
both C;g and sulfonic acid groups are bonded.
MP-1 comprises a styrene—divinylbenzene frame-
work with bonded C,z groups only. The C;5 re-
versed-phase covering is comparable for both MP-1
and MP-3.

Fig. 3A shows the breakthrough curves for de-
isopropylatrazine in pure water on the three resins.
Deisopropylatrazine was retained the least on MP-1,
with over 10% breakthrough occurring after 10
ml of water had passed through the resin, and 100%
breakthrough between 30 and 40 ml. On the silica-
based C,g resin, 10% breakthrough of deisopropy-

latrazine occurred after 30 ml, and 100% break-
through was reached after between 60 and 70 ml of
water had been passed through the resin. The MP-3
resin had the largest retention for deisopropylatra-
zine, with 10% breakthrough still not reached after
1.8 1 of water had passed through the resin. The
large retention on the MP-3 resin suggests that a
polar or hydrogen-bonding interaction is occurring
between analyte and sulfonic acid groups, as well as
Van der Waals interactions. The pK, of the triazine
compounds is small (< 2.0), [19] and at pH 7.0, the
triazine compounds remain neutral analytes, which
rules out the possibility of any cation-exchange in-
teractions. It is hypothesized, therefore, that polar
interactions in the form of hydrogen bonding occur
between the primary amine moiety of the metabo-
lite and the hydrogen of the sulfonic acid moiety.
The breakthrough of deisopropylatrazine on Cys
and MP-3 was repeated out of tap water, which had
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Fig. 2. Structure of copolymerized resin, MP-3, which comprises a styrene—divinylbenzene framework onto which both C, ¢ and sulfonic
acid groups (0.8 mequiv./g) are bonded, and MP-1, which comprises a styrene—divinylbenzene framework onto which only C, ¢ groups
are bonded.
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Fig. 3. (A) Breakthrough curves for deisopropylatrazine in pure
water on (O) silica-based C,, resin, (A) polymeric reversed-
phase resin (MP-1) and ((J) copolymerized mixed-mode resin
(MP-3). (B) Breakthrough curves for deisopropylatrazine in tap
water (conductivity 200 us) on (O) silica-based C,, resin and
(0) copolymerized mixed-mode resin (MP-3).

a conductivity of 200 us (Fig. 3B). The break-
through of deisopropylatrazine on the C,g resin
was comparable to the breakthrough out of pure
water and was unaffected by the inorganic ions in
solution. On the MP-3 resin, however, over 10%
breakthrough occurred after only 50 ml of tap wa-
ter had passed through the resin, and 100% break-
through occurred after 70 ml of water. This indi-
cates that hydrogen-bonding interactions were can-
celled by displacement of the sulfonic acid hydrogen
by the positive cations in solution. This is strong
evidence that hydrogen bonding is the mechanism
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enhancing retention of the triazines on MP-3, be-
cause as soon as the resin is not in hydrogen-sat-
urated form, breakthrough of deisopropylatrazine
occurs rapidly.

Further evidence for a hydrogen-bonding mecha-
nism of retention for the triazine suite was obtained
from the isolation characteristics of the herbicides
and metabolites on the MP-1 and MP-3 resins from
organic solvents of different polarities. The reten-
tion of all compounds from methanol, ethyl acetate,
acetonitrile and hexane onto the MP-1 resin was
zero (all analytes remained in the organic solvent),
which indicates weak Van der Waals interaction of
the analytes with the non-polar styrene—divinylben-
zene matrix and the C;g chains in comparison with
that between analytes and the organic solvent. Fig.
4 shows recoveries of the triazine suite isolated from
the same solvents on the MP-3 resin. From the po-
lar solvents methanol, ethyl acetate and acetoni-
trile, there was smaller retention of polar triazine
metabolites deisopropylatrazine and deethylatra-
zine, and larger retention of the remaining parent
herbicides (Fig. 4). From the non-polar solvent hex-
ane retention of the polar metabolites was 65-75%,
and retention of parent triazine was 100%. Due to
the presumed greater solubility of triazines in more
polar solvents, such as methanol, ethanol, aceto-
nitrile, and ethyl acetate, the retention of analytes
by MP-3 resin through hydrogen-bonding interac-
tions is decreased. As the polarity of the solvent
decreases (hexane), triazine interactions with the
MP-3 resin are enhanced. It appears that the solu-
bilities of all triazines become more comparable in
the solvent as the solvent polarity decreases, and the
difference in retention of members of the triazine
suite diminishes.

Sorption isotherms were conducted for four
members of the triazine suite, deisopropylatrazine,
deethylatrazine, atrazine and ametryn, from distill-
ed water on MP-3 and MP-1 resins, at small con-
centrations relative to the solubility of the analytes.
Linear sorption isotherms for all analytes on the
MP-3 and MP-1 resins were obtained. Chiou [20]
has emphasized that when the concentration of the
solute is small relative to the solutes solubility, a
linear sorption isotherm will result, as stoichiomet-
ric interactions are incomplete. At larger solute con-
centrations, such interactions are complete, and the
isotherm will become non-linear. The isotherm for
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Fig. 4. Recovery of triazine suite on MP-3 mixed-mode resin isolated from polar and non-polar organic solvents. A = Prometon,
ametryn, prometrym terbutryn; O = simazine, atrazine, propazine; (I = deisopropylatrazine, deethylatrazine.

the MP-3 resin may become non-linear at larger sol-
ute concentrations, and this would support a sec-
ondary interaction taking place to explain the en-
hanced isolation of the triazine compounds.

The slope of the plot of analyte sorbed onto the
solid phase (ng/g) versus the concentration of ana-
lyte in the water phase (ng/ml) is defined as the par-

TABLE 1

PARTITION COEFFICIENTS (X, VALUES) FOR DEISO-
PROPYLATRAZINE, DEETHYLATRAZINE, ATRAZINE
AND AMETRYN ON MP-1 AND MP-3 POLYMERIC RES-
INS

Compound K, (ml/g)

MP-1 MP-3
Deisopropylatrazine 400 58 600
Deethylatrazine 1600 112 500
Atrazine 40 000 625 000
Ametryn 184 600 4 000 000

tition coefficient (K,). Table I lists the Ky values for
each analyte on MP-1 and MP-3 resins. Because the
MP-1 and MP-3 resins differ only in structure by
the presence of sulfonic acid groups, the difference
in the log K4 for MP-1 and MP-3 resins (4dlog Ky)
for the same analyte can be attributed to the en-
hanced interactions (hydrogen bonding) with the
sulfonic acid groups. The Alog K4 value was ap-
proximately 1.9 for both triazine metabolites, each
of which contain a primary amine moiety. From the
expression [AG = 2.303RT (dlog K,)], the free ener-
gy of adsorption (4G) associated with the enhanced
interactions is 2.59 kcal/mol. This is in the energy
range for hydrogen bonding. The Alog K value for
the parent herbicides, atrazine and ametryn, which
both contain secondary amine moieties, was ap-
proximately 1.3, which equates to an energy of ad-
sorption of 1.77 kcal/mol. These 4log K, values and
small energies of adsorption indicate that the en-
hanced interactions could be due to hydrogen-
bonding interactions on the MP-3 resin, and that
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TABLE 11

PERCENT RECOVERY OF THE TRIAZINE SUITE (£ 5%)
FROM PURE WATER FOLLOWED BY A METHANOL
WASH ON COPOLYMERIZED AND BLENDED MIXED-
MODE RESINS

Compound Recovery (%)
Co-polymerized Blended
mixed-mode mixed-mode

Deisopropylatrazine 95 61

Deethylatrazine 95 65

Ametryn 95 95

Atrazine 95 65

Prometon 95 95

Prometryn 95 95

Propazine 95 65

Simazine 95 65

Terbutryn 95 95

these interactions are stronger between primary
amine groups and the sulfonic acid groups than be-
tween the secondary amines.

A comparison was made of the recovery of the
triazine compounds on two types of commercially
available mixed-mode resins —the co-polymerized
mixed-mode resin (MP-3) and a blended mixed-
mode resin, where a mixture of reversed-phase resin
and cation-exchange resin are combined in one SPE
cartridge. Table II shows recovery of the triazine
suite from pure water followed by a 6-ml methanol-
wash step prior to elution with ethyl acetate con-
taining 2% ammonium hydroxide. Recovery of the
triazine compounds from pure water was compara-
ble for the two types of resin, with recoveries of
95% for all triazine herbicides and metabolites.
When a methanol-wash step was added following
isolation, recoveries of polar metabolites and the
parent herbicides, atrazine, propazine, and sima-
zine decreased to 65% on the blended mixed-mode
resin but remained unchanged on the copolymer-
ized mixed-mode resin. The recovery of the more
nonpolar parent triazine herbicides, ametryn, pro-
meton, prometryn and terbutryn remained at 95%.
This result indicates that the proximity of the cat-
ion-exchange moiety to the C;g phase is important
in ensuring full recovery of more polar analytes
when using organic solvents as part of the proce-
dure. Because cation-exchange and C,g reversed-
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phase moieties are separated by the particle size of
the silica in blended mixed-mode resins, the analyte
is retained by either reversed-phase or secondary
interactions, and is not dually held by both mecha-
nism. During a methanol-wash step, a polar triazine
retained by Van der Waals interactions only is eas-
ily eluted. Only the analyte retained by hydrogen-
bonding interactions will remain. The less-polar
triazine compounds also will be eluted with metha-
nol from a relatively non-polar organic phase, as
evidenced by zero retention of any triazine herbicid-
es or metabolites out of organic solvent on the
MP-1 resin. However, the more non-polar com-
pounds can partition more readily out of the polar
solvent and back onto a hydrogen-bonding site
than polar compounds, as seen by their consistently
large recoveries out of organic solvents onto MP-3.
The close proximity of the two moieties on the
copolymerized mixed-mode resin is important,
therefore, to hold the more polar compounds by a
dual mechanism at all times. Van der Waals interac-
tions can then be disrupted with a methanol wash,
but the triazine is retained by the secondary hydro-
gen-bonding interactions with the sulfonic acid

group.

Mixed-mode isolation of benzoylecgonine

To design an efficient method for solid-phase ex-
traction of benzoylecgonine, first it is necessary to
examine the structure of the drug and its basicity.
Fig. 5 shows the structure of benzoylecgonine. It is
an amphoteric compound with both a carboxyl
group and a tertiary amine. Thus, in a SPE proce-
dure, the drug may be sorbed most efficiently at a
neutral to slightly acidic pH by using a non-specific
partition interaction, such as with Cg resin. At an
acid pH, benzoylecgonine will be a cation with prot-
onation of the tertiary amine. This side of the drug’s
structure can be exploited by cation exchange.

First, the SPE procedure isolates the benzoylec-
gonine with passage of the urine sample through the

Fig. S. Structure of benzoylecgonine.
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TABLE 1l

RECOVERY OF BENZOYLECGONINE FROM VARIOUS
MIXED-MODE RESINS

Resin Recovery of benzoylecgonine
(%)
Blended SPE 1 resin 60
Blended SPE 2 resin 70
Mixed-mode MP-3 resin 95
(copolymerized)
C,, resin followed by 90

cation-exchange resin

cartridge at pH 6.0. At this pH, the drug is ionized
at the carboxyl group but should adsorb by Van der
Waals interactions to the Cg resin. Many urine in-
terferants also will sorb at this pH. To wash the
resin of these interferants, first water is used to re-
move excess salts and extremely soluble organic
compounds. Next, acid is used to regenerate the cat-
jon-exchange resin, which has lost some of its hy-
drogen saturation by introduction of the urine sam-
ple. Next, an organic solvent, such as methanol, is
required. However, if methanol is used, it will elute
the benzoylecgonine at the same time. To remove
the interferants without loss of the drug, the basic
side of the molecule can be exploited by use of acid.
By passing acid through the column, not only will
the cation-exchange capacity be regenerated but al-
so the carboxyl group will be protonated, and the
basic amine will become cationic. Thus, a SPE car-
tridge that contains both a hydrophobic group and
a strong cation-exchange group should work well
on this compound and indeed on any basic drug.

This procedure was tested on four different
mixed-mode resins (Table III). Two blended mixed-
mode resins from different manufacturers, consist-
ing of Cg and strong cation-exchange resins in their
hydrogen-saturated form, were compared with a
copolymerized mixed-mode resin (MP-3) "and a
combination of C,g resin followed by a stfong cat-
ion-exchange resin. The blended resins were com-
merically available. The recovery of benzoylecgo-
nine varied from 60 to 70% of the applied amount
for the blended resins. This decreased recovery
probably is caused by the fact that the benzoylec-
gonine can desorb from the Cg resin and re-adsorb
by cation exchange on an adjacent resin bead.
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Steps | -Benzoylecgonine
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—Cation-exchange resin
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Benzoylecgonine

3
Cation-Exchange
4 Sorption
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5
Elution of
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Fig. 6. Procedure and mechanism of isolation of benzoylecgo-
nine on blended mixed-mode resin. White circles: Cg; grey cir-
cles: AR-SO,H. Steps: 1 = condition column; 2 = apply sample
with benzoylecgonine; 3 = wash with water; 4 = acid wash
(proton lock); 5 = methanol wash; 6 = elute with methylene
chloride-isopropanol (80:18) with 2% ammonium hydroxide.-

" For example, the method depicted in Fig. 6
shows that the blended resin contains both Cg and
cation-exchange beads. During the initial phase of
sorption, the Cg beads sorb the benzoylecgonine via
Van der Waals interactions. During the water wash,
the urine interferants are washed out, but the ben-
zoylecgonine remains sorbed by the Cg resin. The
methanol-wash step, however, elutes the benzoylec-
gonine from the Cg resin. The data in Table II in-
dicate this result by the 90% recovery of benzoylec-
gonine when the methanol eluate of the Cyg resin is
passed through the cation-exchange resin. How-
ever, because an acid-wash step precedes the metha-
nol rinse, the carboxyl group of the benzoylecgo-
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nine is protonated, and the tertiary amine takes on
a positive charge. This cation then is retained on the
cation-exchange resin that is blended in the SPE
cartridge during the methanol wash step. Thus, the
molecules must desorb from the reversed-phase
bead and move to a cation-exchange bead for reten-
tion. Consequently, in the blended resin some of the
molecules are washed from the cartridge before the
cation exchange occurs. Because cation exchange
often is a slow process the flow-rate may easily af-
fect recovery of the benzoylecgonine (Table 111, re-
covery 60-70%).

When the resin contains both the reversed-phase
and ion-exchange groups in close proximity, as on
the co-polymerized MP-3, then the recovery is near-
ly total (95%). This may be explained easily by the
desorption of the benzoylecgonine from the hydro-
phobic matrix and the immediate sorption by cat-
ion exchange without transport to the next bead.
Thus, recovery is high in spite of the large wash
volume of 9 ml of methanol. This mechanism of
sorption, which is activated by an acid wash with
subsequent sorption by cation exchange, is called a
“proton-locking” step. This procedure is quite im-
portant for all of the classes of basic drugs that con-
tain nitrogen that are easily protonated by acid.

The methanol-wash step on the mixed-mode res-
ins was quite effective at removing nonvolatile, col-
ored urinary metabolites. The eluates from Cg res-
ins were more colored than eluates from the mixed-
mode resins because they were not washed with
methanol. Injection of non-volatile urinary acids
onto the gas chromatograph will shorten the life of
the column due to activation, reduce sensitivity,
and cause peak broadening. Furthermore, cleaner
chromatograms were obtained with the mixed-
mode eluates compared to the Cg eluates. Thus, the
application of mixed-mode resins to basic drugs in
urine provides an efficient clean-up procedure.

CONCLUSIONS

The retention of both polar s-triazine metabolites
and non-polar parent herbicides on copolymerized
mixed-mode resin MP-3 is achieved by a combina-
tion of Van der Waals and hydrogen-bonding inter-
actions. The dual-retention mechanism is demon-
strated by retention of all triazine compounds from
both polar and nonpolar organic solvents. Hydro-
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gen-bonding interactions were completely disrupted
only by adding 2% ammonium hydroxide to the
eluting solvent; therefore, organic solvents can be
used to selectively elute any interferents from the
resin held by Van der Waals interactions only. Ad-
sorption isotherms for the triazine compounds were
linear on the MP-1 and MP-3 resins, with a differ-
ence in free energy of sorption between the two res-
ins of 1.77 kcal/mol for parent triazine herbicides
and 2.59 kcal/mol for the polar triazine metabolites.
This is in the range of hydrogen-bonding interac-
tions.

The basic drug, benzoylecgonine, was retained
from urine on mixed-mode resin by a combination
of Van der Waals and cation-exchange interactions.
The basic drug was applied to the resin in neutral
form and protonated “on resin” by an acid-wash
step, which also re-protonated the cation-exchange
groups. During a methanol-wash step, Van der
Waals interactions were disrupted, but the drug was
held by cation exchange while neutral interferences
were washed off. The drug was eluted with organic
solvent containing 2% ammonium hydroxide.

A comparison of retention efficiency of
copolymerized and blended mixed-mode resins
showed smaller recoveries for polar triazine com-
pounds and benzoylecgonine on blended resin and
larger recoveries on the copolymerized resin. This
result indicates that the closeness of reversed-phase
and sulfonic acid moieties is important. In blended
resins, these groups are separated physically by the
particle size of the silica. Mixed-mode resins are an
innovative contribution to solid-phase sorbents for
the enhanced isolation of polar analytes with non-
polar analytes from complex matrices.
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matrix solid-phase dispersion
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ABSTRACT

The isolation of drug residues, environmental contaminants or naturally occurring component molecules from biological materials is
often a complex undertaking. We report here the development and application of a simple approach to the disruption of biological
samples that also allows for the rapid fractionation and isolation of the sample’s natural components or incurred residues. This process,
called matrix solid-phase dispersion (MSPD), combines the use of mechanical forces generated from the grinding of samples with
irregular shaped particles (silica or polymer based solid supports) with the lipid solubilizing capacity of a support-bound polymer
(octadecylsilyl or others) to produce a sample/column material from which dispersed sample matrix components can be selectively
isolated. The factors governing this process and examples of its various applications are presented.

INTRODUCTION

Methods for the isolation of target molecules
from biological matrices, such as tissues, often be-
gin with a process designed to disrupt the general
architecture of the sample. By using a mechanical
blender or by grinding with abrasives, such as sand,
the sample is reduced to fragments of structural
components or clusters of cells. A degree of cell lysis
occurs and can be enhanced by sonication, extru-
sion or the addition of chemical agents. To assist in
lysis, one may treat the membrane fragments and
subcellular structures with surfactants, which tend
to completely disrupt and solubilize the component
molecules. Such a step is necessary in the isolation
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of integral membrane proteins or molecular com-
plexes.

In the case of animal cells, relatively mild proce-
dures accomplish cell lysis. However, plants, bacte-
ria and fungi possess cell walls and often require
more physically and chemically dynamic proce-
dures to obtain complete cellular disruption. This
may involve the weakening of the cell wall by en-
zymes, extended sonication at maximum intensity,
and the use of high concentrations of detergents.
Although these processes accomplish cellular dis-
ruption their physical and chemical harshness can
complicate the procedures for the isolation of the
target molecules or lead to their destruction and the
generation of sample artifacts. These factors are of
concern regardless of the methodology employed.

The fractionation of the lysates involves metho-
dology to isolate a specific type of target compound
(i.e., lipid, carbohydrate, protein, peptide, drug,
metabolite, pollutant, etc.), often to the exclusion of
all others. Such isolation techniques may involve
centrifugation, counter-current extractions, pH ad-
justments, various forms of chromatography or
combinations of these and other technologies.
While accomplishing the desired task this overall
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approach can be extremely laborious and time and
materials intensive. Furthermore, the high degree of
sample manipulation often leads to poor recoveries
and, thus, an inefficient process.

For the last several years our laboratory has been
involved in developing procedures for the isolation
of drug residues from tissues using a process called
matrix solid-phase dispersion (MSPD) [1]. This
process involves the grinding of biological samples
with silica solid supports (40 um particle size) to
which lipid solubilizing polymers (octadecylsilyl or
others) are chemically bound. We present here a
summary of data obtained to date in examining the
application of MSPD to the isolation of drug and
pollutant residues from a variety of biological ma-
trices. We also present data illustrating its applica-
tion to the disruption and fractionation of muscle
tissue and the bacteria Mycobacterium paratubercu-
losis and Escherichia coli. The results of these stud-
ies indicate that MSPD is a generic method for the
disruption, lysis and fractionation of biological ma-
trices that may possess numerous advantages when
compared to classical approaches.

EXPERIMENTAL

Materials

Liquid chromatographic grade solvents from
commercial sources were used without further puri-
fication. Water for reagents and HPLC mobile
phases was triple distilled and passed through a
Modulab Polisher I water purification system. Bulk
octadecylsilane (C, g) derivatized silica (40 um, 18%
carbon load, endcapped from Analytichem, Harbor
City, CA, USA) was washed with hexane, dichloro-
methane (DCM) and methanol and was air dried
prior to use. Syringe barrels of 10 ml were thor-
oughly washed with hot, soapy water, rinsed with
distilled water and methanol and air dried for prep-
aration of MSPD columns. Filter paper discs (1.5
cm diameter, Whatman No. 1) were used as column
frits to retain the column packing. Standards for the
various substances tested were obtained from com-
mercial sources and were >98% purity.

Generic procedures

By adding 0.5 g of sample (milk, fat, liver, kidney,
muscle, cultered cell pellet, etc.) to C,g derivatized
silica or some other appropiate lipophilic polymer-
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derivatized silica or polymer solid support column
packing (2.0 g) in a glass or agate mortar and gently
grinding the material for 30 s with a pestle, a nearly
homogeneous blend of sample components “dis-
solved” or dispersed on the solid phase packing ma-
terial can be obtained. It may be necessary to scrape
the sides of the mortar and’ pestle and repeat this
process of blending when dealing with particularly
“wet” samples or if homogeneity is not evident. The
blend is then transferred with a funnel to a syringe
barrel column (10 ml syringe barrel) plugged with a
filter paper disc (Whatman No. 1, 1.5 cm). The col-
umn head is covered with a second disc and the
contents are compressed by a plunger to a volume
of 4.5 ml. The column may then be eluted with a
single solvent or a series of solvents in order to elute
a specific compound, a class of compounds or to
perform a total fractionation of the sample matrix.
Further purification or the use of co-columns may
be required depending on the intended use of the
extract and the nature of the compounds being iso-
lated. Elution may be performed by gravity flow,
use of a vacuum manifold or centrifugation.

Isolation of drug residues

This generic method has been applied to the iso-
lation of some thirty different compounds repre-
senting several major drug classes from a variety of
tissue and sample matrices and are summarized in
Table L.

Isolation of pesticides and other environmental pollu-
tants

Polyaromatic hydrocarbons in catfish muscle [19].
Following the procedures given above the MSPD
column was eluted with 8.0 ml of acetonitrile
(ACN). The extract was evaporated to dryness, re-
constituted in 1.0 ml of ACN, filtered and assayed
by HPLC with UV and florescence detection. The
method extracted 14 different fortified polyaromat-
ic hydrocarbons (PAHSs) over a concentration range
of 100-2000 ng/g with recoveries ranging from 73—
112%.

Pesticides in bovine fat [20] and catfish muscle
[21]. Nine chlorinated pesticides were isolated
from bovine fat or catfish muscle by elution of the
MSPD column with 8.0 ml of ACN through a co-
column of Florisil (2.0 g) with a recovery ranging
from 62-114% for the concentrations examined.
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TABLE I

A LISTING OF COMPOUND CLASSES FOR WHICH MSPD EXTRACTION METHODOLOGY HAS BEEN ESTABLISHED

Compound Matrix (ref.) Recovery MSPD wash and
(n = 20) eluting solvent®
Aminoglycosides
Neomycin Bovine kidney [2] 88.6 + 4.6 Cyanopropyl; wash; hexane, ethyl acetate, MeOH, water; elute
0.1 M HCI
Avermectin
Ivermectin Bovine liver [3] 749 + 7.3 Wash; hexane, DCM-ethyl acetate (3:1), ACN; elute MeOH
Benzimidazoles
Albendazole Milk {14] 81.1 = 6.8 Wash; hexane; elute, DCM—ethyl acetate (1:2)
Bovine muscle [1] 739 = 8.0 Wash; hexane, benzene; elute, ethyl acetate
Bovine liver {13] 724 £ 2.6 ‘Wash; hexane; elute, ACN
Swine muscle [12] 93.0 £ 6.2 Wash; hexane; elute, ACN
Fenbendazole (FBZ) Milk [14] 69.7 + 8.9
Bovine muscle [1] 74.0 £ 11.8
Bovine liver [13] 62.0 £ 5.3
Swine muscle [12}] 98.0 £ 5.3
FBZ-OH Milk [14] 944 + 5.1
Bovine muscle [1] 68.4 + 10.5
FBZ-SO, Milk [14] 100 =+ 4.1
Bovine muscle [1] 85.7 £ 15.0
Mebendazole Milk [14] 101 £ 4.1
Bovine muscle [1] 63 +42
Bovine liver [13] 93.0 £ 5.7
Swine muscle [12] 852 £ 3.2
Oxfendazole Milk [14] 107 £ 23
Bovine muscle [1] 829 £ 9.5
Bovine liver [13] 86.8 + 10.8
Swine muscle [12] 922 + 7.8
Thiabendazole Milk [14] 88.7 + 5.8
Bovine muscle [1] 63.8 £ 9.6
Bovine liver [13] 78.5 £ 1.0
Swine muscle [12] 855 + 6.8
B-Lactams
Penicillin Bovine muscle [1] 86.3 £ 6.1 Wash; hexane, benzene, ethyl acetate; elute, methanol
Ampicillin Bovine muscle [1] 59.8 £ 9.8
Cephalosporins
Cephapirin Bovine muscle [1] 724 + 26.5 Wash; hexane, benzene, ethyl acetate; elute, MeOH
Chloramphenicol Milk [4] 68.7 £ 8.3 Wash; hexane, benzene; elute, ethyl acetate
Chlorsulon Milk [5] 99.8 £ 5.3 Diethyl ether
Furazolidone Swine muscle [7] 89.5 + 8.1 Wash; hexane; elute, DCM
Chicken muscle [8} 89 Wash; hexane; elute, DCM
Milk [6] 81.7 +£ 8.0 Wash; hexane; elute, DCM
Nicarbazin Chicken liver [9] 878 £ 1.9 Wash; hexane; elute, ACN
Chicken muscle [9] 844 £ 7.9
Sulfonamides (S = sulfa)
S-diazine Swine muscle [17] 95.1 £ 15.1 Wash; hexane; elute, DCM
Milk [15] 81.2 + 4.8 Wash; hexane; elute, DCM
Infant formula [16] 99.6 + 5.3 Wash; hexane; elute, DCM

(Continued on p. 26)
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Compound Matrix (ref.) Recovery MSPD wash and
(n = 20) eluting solvent®
S-dimethoxine Swine muscle [17] 95.8 & 12.4
Milk {15] 89.6 + 8.1
Infant formula [16] 103 £ 92
Catfish muscle [10] 101.1 +£ 4.2 Wash; hexane; elute, DCM
S-merazine Swine muscle [17] 78.1 £ 9.1
Milk [15] 82.0 + 4.5
Infant formula [16] 92.7 £ 88
S-methazine Swine muscle [17] 84.7 + 8.2
Milk [15] 927 + 5.6
Infant formula [16} 99.1 + 8.8
S-methoxazole Swine muscle [17] 95.7 + 14.8
Milk [15] 89.4 + 8.3
Infant formula [16] 112 + 8.2
S-anilamide Swine muscle [17] 70.4 £ 12.7
Milk [15] 731 £ 7.3
S-thiazole Swine muscle [17] 803 £ 11.1
Milk [15] 93.7 +£ 2.7
Infant formula [16] 759 £ 11.1
Sulfisoxazole Swine muscle [17] 928 & 11.8
‘Miik [21] 88.6 £ 11.2
Infant formula [22] 93.1 + 9.7
Tetracyclines
Chlortetracycline Milk [18] 77.2 £ 11.3 Wash; hexane; elute, ACN—ethyl acetate (3:1)
Oxytetracycline Milk [18] 933 + 34
Fish [11] 80.9 + 6.6 Wash, hexane; elute, ACN-MeOH (1:1)
Tetracycline Milk [18] 63.5 £ 19.6

2 Washing sequences are the same for compounds of the same class and for the same reference number.

The resulting eluate was assayed directly by GC-
electron-capture detection.

Pesticides in oysters [22] and crawfish and lobster
[23] hepatopancreas. Similarly, oyster or crusta-
cean hepatopancreas homogenate was eluted with
8.0 ml of ACN—MeOH (9:1, v/v) through a Florisil
co-column. The process isolated 14 chlorinated pes-
ticides with recoveries greater than 60% for concen-
trations ranging from 62-2000 ng/g of tissue. The
eluates were assayed, without further manipulation
of the sample, by GC with electron-capture detec-
tion.

Clorsulfuron in milk [24]. The milk/C,;s MSPD
column was eluted with 9.0 ml of hexane. The hex-
ane was discarded and the column was eluted with
9.0 ml of DCM. The solvent was removed by evap-
oration with nitrogen, reconstituted in 250 ul of
DCM and analysed by GC with nitrogen/phospho-
rous detection.

Disruption, lysis and fractionation of bovine muscle
tissue [25]

Samples were prepared as described above. Sev-
eral small aliquots were removed and were sprin-
kled onto scanning electron microscopy (SEM)
mounts coated with a thin layer of graphite paint.
C,s Material alone served as a control. After drying
overnight, the excess Cjg/sample blend was re-
moved by abrupt shaking. The coated mount was
then shadowed with gold-palladium and viewed
with a Cambridge Stereoscan Model F-150 scan-
ning electron microscope.

The MSPD column was eluted with 8.0 ml each
of the following solvents, hexane, DCM, ethyl ace-
tate, ACN, MeOH and water, respectively. The el-
uates were collected in preweighed conical glass
tubes and the solvents were evaporated under a
stream of dry nitrogen. The tubes were then re-
weighed to determine mass balance:. The column
packing was removed and sonicated in normal sa-
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line. Insoluble materials (other than the C,g itself)
were removed and assayed. Analyses for the deter-
mination on the various classes of compounds in
each of the different eluates were undertaken. (i)
Protein content by the method of Lowry described
in ref. 26. (ii) Total cholesterol by the Sigma col-
orimetric/enzymatic assay, Procedure No. 352. (iii)
Triglycerides were assayed by TLC [27]. (iv) Free
fatty acid content and bound fatty acid content (tri-
glycerides, phospholipids, etc.) were determined by
differential GC-MS analysis, comparing fatty acid
content with and without hydrolytic methanolysis
of the extract residues. GC-MS analysis of residues
with and without derivatization (trimethylsilyl,
TMS) afforded identification of several mono- and
disaccharides as well as other individual com-
pounds or compound classes [25].

Lysis and fractionation of bacteria [27]

Samples of pelleted M. paratuberculosis and E.
coli (0.5 g) were blended with 3.0 g and 2.0 g of the
C,s material, respectively. Aliquots were taken for
SEM analysis as described above. Similarly, pellet-
ed bacteria were blended with 40 ym underivatized
silica particles, containing no octadecylsilane, for
comparison.

Columns prepared from these blends were se-
quentially eluted with 12.0 ml each of hexane,
DCM, ACN, MeOH and water into preweighed
conical glass tubes. The organic solvents were re-
moved by evaporation with nitrogen and the water
extract was lyophilized. The tubes were then re-
weighed for deterrination of mass balance. Protein
content in the various fractions was determined by
the method of Markwell described in ref. 28. Sodi-
um dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) was also performed on all frac-
tions [29,30]. Nucleic acid content was determined
by measurement of absorbance at 260 nm and the
260 nm/280 nm ratio [31] and by the presence of
florescent bands on a 1.0% agarose minigel after
staining with ethidium bromide [32]. Phospholipid
content was determined by a direct colorimetric
method [33]. Quantitation of E. coli lipopolysaccha-
ride content was conducted by the method of Kark-
hanis described in ref. 34. As described above for
muscle tissues, the various eluates were also exam-
ined by differential GC-MS analyses to determine
the presence of other compounds or compound
classes.
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RESULTS AND DISCUSSION

A summary of results utilizing the MSPD tech-
nique for the isolation of drugs from a variety of
biological matrices is given in Table 1. Similarly, the
results of the application of this method to the isola-
tion of chlorinated pesticides and organophos-
phates from several aquatic and non-aquatic species
are given in Table 1I. Mass balance data for M.
paratuberculosis is shown in Table III. The identifi-
cation of various classes of compounds for the bac-
teria are given in Table IV. Micrographs from the
examination of the materials obtained by blending
the silica particles with tissue and bacteria are
shown in Fig. 1A-E.

The extraction methods for the various drug
classes summarized in Table I provided recoveries
of greater than 60% for the individual compounds,
whether the method was for a given compound or
for several compounds, over the range of concen-
trations examined. All of the procedures developed
gave correlation coefficients for linearity of 0.99 or
better. The limits of detection obtained for these
drugs were at or below the action levels established
for the various drugs By the different regulatory
agencies at the time of publication. In most cases,
no clean-up steps were required post-elution and
concentration. The extracts, analyzed by HPLC or
GC, were relatively free of contaminating co-ex-
tractants. In the LC analyses the drugs were assayed
using simple isocratic solvent systems with relative-
ly short run times (6-25 min), even when the analy-
sis was conducted for several compounds simulta-
neously.

Similarly, the methodlogy developed for the
chlorinated pesticides and organophosphates, and
summarized in Table II, provided more than ade-
quate limits of detection and excellent recoveries
and linearities over the ranges of concentrations
tested in the various matrices. The cleanliness of the
extracts also greatly enhanced the analyses and re-
duced the need for any post-elution clean-up. Es-
sentially the samples are assayed directly after elu-
tion, reducing the degree of sample manipulation
required and the time necessary to obtain results.
As with many of the drug methods, the MSPD ap-
proach required a minimum of 8.0 ml of solvent and
could be performed within 30 min, ready for analy-
sis.

There are several points to be made concerning
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THE PERCENT RECOVERIES OF VARIOUS PESTICIDES FROM DIFFERENT MATRICES

Samples were extracted by MSPD and assayed as described in Experimental. Recovery values are the mean for the range of concentra-

tions examined + S.D.

Pesticides Matrix
Catfish muscle {21]  Bovine fat [20] ~ Oyster [22]  Crawfish [23] Milk [24]  Bovine muscle [1]
Lindane 82 +5 85+ 3 78 + 7 86 + 7
Heptachlor 84 £ 9 86 £ 5 73+ 8 86 + 10
Aldrin 94 + 12 92 + 13 67 + 10 80 + 12
Heptachlor epoxide 93 £ 12 86 = 6 82 + 10 74+ 9
p.0’-DDE 91 + 6 94 + 6 81 + 11 94 + 13
Dieldrin 91 £ 2 95 + 3 73 £ 11 90 £ 11
Endrin 93 + 7 97 £ 3 74 +£9 79 £ 2
p,p’-TDE 97 + 4 97 £ 5
p.p'-DDT 97 £ 5 102 £ 5 69 + 12 96 + 13
a-BHC 77 £ 8 83+ 6
b-BHC 80 + 16 81 +4
4,4-DDD 81 + 14 90 = 9
Endosulfan-SO, 74 + 8 93 + 12
Methoxychlor 65 + 8 95 + 12
Endrin aldehyde 70 £ 7 54 £ 7
Clorsulfuron 92 + 11
Fenthion 86 + 8
Coumaphos 77+ 8
Famfur 82+ 9
Crufomate 94 x 6

these results as they relate to the MSPD process.
The compounds extracted represent a diversity of
molecular structure and polarity characteristics.
Nevertheless, an essentially generic methodology
afforded high recoveries, with a degree of specifici-
ty, of all of these various compounds from several
different matrices, even from the same sample. The

TABLE 111

THE PERCENT RECOVERIES (+ S.D.) AND MASS BAL-
ANCE FOR THE DISRUPTION AND FRACTIONATION
OF M. PARATUBERCULOSIS [27]

Data are calculated based on the dry weight of the sample (0.5 g
wet weight).

Solvent % Recovery M. paratuberculosis
Hexane 147 + 4.7
DCM 40.6 + 3.3
ACN 16.6 + 6.1
MeOH 172 + 2.8
Water 112 + 04
Remaining on column 6.8 £ 0.5
Total accounted for 100 + 4.7

mechanisms involved in MSPD appear to encom-
pass sample homogenization and cellular disrup-
tion, exhaustive extraction, fractionation and puri-
fication in a single process. The method involves the
dispersal of a sample over a theoretical surface area
of 1000 m? (500 m?/g C,5 solid support) in a thin
film (100 A), utilizing the shear forces of the parti-
cles and the blending or grinding action employed
to disrupt the sample architecture while the polymer
(C1s or others) serves to dissolve or disperse the
sample components on the basis of hydrophobic—
hydrophilic interactions. In this manner the poly-
mer bound to the solid support may literally disrupt
and unfold cell membrane or micellar lipids. The
disruption process can be envisioned as incorporat-
ing the use of shear forces from the particles with
tissue solubilization using detergents, two classical
approaches to tissue and cellular disruption. How-
ever, in MSPD the “detergent” is bound to the par-
ticles, eliminating the need to subsequently remove
the detergent before the final analysis, and provides
a unique column support material for subsequent
isolation of the dispersed compounds.
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TABLE IV

THE MAJOR COMPOUNDS OR CLASS OF COMPOUNDS
IDENTIFIED IN THE VARIOUS ELUATES OBTAINED
FROM THE DISRUPTION AND FRACTIONATION OF
THE BACTERIA M. PARATUBERCULOSIS AND E. COLI
BY MSPD [27]

Solvent Major compounds identified

M. paratuberculosis E. coli
Hexane Neutral lipids Neutral lipids
DCM  Phospholipids Neutral lipids
Short chain fatty acids
Indoles
Quinolines
ACN Short chain fatty acids Pyrimidine
Sterols Indoles
Aromatic acids
Sterols
MeOH Phospholipids Phospholipids
Amino acids Amino acids
Inositols Purines
Mono-, disaccharides Pyrimidines
Citric acid Mono-, disaccharides
Water Nuleotides/nucleotides Nucleotides/nucleotides

Lipopolysaccharides

Protein: Water >
DCM > MeOH > ACN

Protein; Water >>
MeOH > ACN

By transferring the material to a column and per-
forming a solvent elution one obtains a distribution
of the compounds as well as other sample compo-
nents that is dependent on (i) interactions with the
bound polymer phase and solid support, (ii) inter-
actions with the dispersed sample matrix compo-
nents, (iii) molecular size and (iv) interactions with
the eluting solvent(s). Combinations of these fac-
tors for individual components are also certain to
be involved as well. Although having many of these
properties in common with classical solid phase ex-
traction (SPE) the MSPD process is distinctly dif-
ferent, possessing elution and retention properties
that appear to be a mix of partition, adsorption and
paired ion/paired component chromatography that
is somewhat unique. These properties are effected
by the following variables. (i) The solid support and
the bound phase utilized. (ii) The nature of the sam-
ple matrix. (iii) The ratio of sample to solid support.
(iv) The solvent elution sequence performed. (v)
The use of matrix modifiers. One may influence the
disruption, distribution and subsequent elution
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profile of an MSPD column by blending the sample
in the presence of acids, bases, salts, chelators, pre-
servatives or other modifiers. (vi) The use of various
solid support combinations or tandem column con-
figurations. We have observed that for many of the
drugs and matrices examined, little or no further
clean-up or chemical manipulation of the sample is
necessary following elution. However, several class-
es of compounds co-elute with sample matrix com-
ponents that interfere with detection or that foul the
instrumentation after several injections. In some
cases a simple back-extraction or re-solubilization
process has eliminated such interferences. For sev-
eral drugs a more efficient process has been the use
of tandem columns. For example, the MSPD isola-
tion of nine pesticides from bovine fat or catfish
muscle and the fourteen pesticides for oysters and
crawfish hepatopancreas is assisted by including in
the bottom of the same column 2 g of Florisil,
which has little retention for such compounds but
readily removes lipids and other materials that ad-
versely effect subsequent GC—electron-capture de-
tection. Similarly, Schenck et al. have utilized alu-
mina SPE columns post elution of nicarbazin from
chicken liver [9] and muscle [9] and ivermectin from
beef liver [3]. We have also observed that the in-
corporation of up to 1 g of C;g in the bottom of an
MSPD column prior to addition of the matrix blend
can often provide extra fractionation and clean-up
of eluates.

These factors come into play whether one is iso-
lating drugs, pollutants or the naturally occurring
components of the sample matrix itself. As shown
in Table III one is able to account for the entire
sample through isolation of eluted components or
removal of uneluted components from the column
solid support. As with the drugs and pollutants,
there is a discernable specificity of elution of sample
structural components from the MSPD column.
Based on the analyses conducted on the various tis-
sue fractions [25], the elution sequence employed
efficiently fractionated triglycerides (hexane frac-
tion) from steroids (DCM fraction), fractionated
proteins into several eluates (MeOH > water >
ACN > ethyl acetate) and provided a degree of
separation of the various carbohydrate and other
components of muscle tissue. Connective tissues
were neither disrupted by the process nor were they
eluted from the MSPD column. Sonication of the
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Fig. 1.
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Fig. 1. Scanning electron micrographs of (A) C,,-derivatized silica particles used in the studies presented; (B) C,4-particles after
blending with bovine liver tissue, as described in Experimental; (C) C, g-material after blending with pelleted Mycobacterium para-
tuberculosis; (D) underivatized silica particles after blending with M. paratuberculosis (Note the degree of silica debris created and the
clumping of cells and debris in comparison to B and C); and (E) C 4-particle blended with M. paratuberculosis showing where two
particles had apparently been in contact and broken away. The layer of dispersed material is evident.

column packing allowed isolation of these com-
pounds as an insoluble agglomerate on the surface
of the saline sonicate supernatant. Some proteins
and materials extractable with a saturated solution
of EDTA remained on the column as well but were
isolatable by these procedures. The solvent se-
quence employed no doubt contributed to dena-
turation of some of the proteins and of larger nucle-
oside (DNA, RNA) components. Although not ex-
amined in the case of muscle tissues we have ob-
served for bacteria that DNA, RNA and other
higher-molecular-mass components can be eluted
from the less polar components of an MSPD col-
umn by beginning the elution sequence with aque-
ous buffers and reducing the solvent strength as one
progresses, ie., reversing the order of solvent
strength elutions performed here. However, the de-
gree of fractionation specificity is greatly dimin-
ished [27]. This difficulty may be resolved by in-
cluding a more polar polymer phase solid support
in the blend.

Thus, in the MSPD process for the isolation of
drugs or pollutants, one is simultaneously perform-
ing a sample matrix fractionation and distinct ma-
trix components will be found to be associated with
different drug or pollutant classes. Indeed, the
unique elution characteristics of MSPD colums
may be directly related to the association of target
molecules with the co-eluting tissue components
that distribute in the eluting solvents and their in-
teraction with the solid support and the remaining
tissue components.

As seen in Table 111 the application of MSPD to
bacteria also afforded a high degree of sample re-
covery and specificity of elution (Table 1V). It
should be noted that mycobacteria, such as M.
paratuberculosis, often require rather severe proce-
dures for complete cellular disruption, such as treat-
ment with antibiotics and high concentrations of
detergents or extended sonication at maximum in-
tensity [27]. Indeed, mycobacteria are among the
most difficult bacteria to disrupt due to the thick-
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ness of their cell walls. E. coli, on the other hand,
can be readily disrupted by treatment with lyso-
zyme and low concentrations of detergents or short
bursts of sonication. However, the results seem to
indicate that the MSPD process can perform facile
lysis and fractionation of both of these bacterial
classes in a chemically and physically mild manner
while providing the ability to perform sample frac-
tionation in a single step.

The protein elutions/distributions for E. coli (wa-
ter > MeOH > ACN) and M. paratuberculosis
(water = DCM > MeOH > ACN) were some-
what different. This may be due to differences in
hydrophobicity of certain mycobacterial versus E.
coli proteins and differences in the interactions be-
tween the individual proteins and the remaining
constituents on the column. The distribution of
proteins suggests that those eluting in the more
non-polar solvents (DCM, ACN) may be structur-
ally more lipophilic and possibly associated with
cell membranes in their native environment. Fur-
ther research is being conducted to answer this pos-
sibility.

The data also indicate that the MSPD process
separated the neutral lipids (hexane fraction) from
the phospholipids (IDCM and MeOH fractions) in
the bacteria. Likewise, fractionation of sterols, in-
doles, amino acids, purines, pyrimidines, inositols
and other mono- and disaccharides was observed
for each of the bacteria. However, their individual
solvent distributions varied between the two types
of bacteria. Since E. coli also has a high lipopoly-
saccharide content each fraction was examined for
this compound and was found to reside only in the
water fraction. Similarly, nucleic acids and nucleo-
tides were found only in the water fraction but did
not account for the total nucleotide content for the
mass of cells extracted. We have observed that by
beginning the elution sequence with water that a
much higher recovery of genomic and plasmid
DNA can be obtained from these bacteria and that
digestion of the DNA with various restriction endo-
nucleases can be accomplished [27,35].

Taken together these data lend strong support to
the proposal that the MSPD process provides a new
and generic technique for the homogenization, lysis
and/or fractionation of a variety of biological ma-
trices. This conclusion is further borne out by the
data obtained from SEM analysis of the various
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materials. Fig. 1 A shows the nature of the solid sup-
port/C, g particles themselves. The material used is
irregular in shape and contains serrated and sharp
edges. These characteristics, as in the use of sand,
alumina or other abrasives, assist in the initial dis-
ruption of the matrix achitecture. Fig. 1B shows the
same material after blending with bovine liver. Ex-
amination of these and other tissues gave no in-
dication for the existence of intact subcellular struc-
tures or individual cells, supporting the idea that
complete cellular lysis and dispersion is occurring.
Similarly, Fig. 1C shows the result of blending the
C.g with mycobacteria. Again, no intact cells were
noted. This should be contrasted to the results seen
with mycobacteria after grinding with identical sil-
ica particles that differed only in the fact that they
were not derivatized with C;g (Fig. 1D). In this case
fractured silica particles and clusters of intact my-
cobacteria were observed. Thus, the use of silica
particles alone and the application of shearing
forces by grinding were inadequate to obtain lysis
of the mycobacteria.

That the cellular components are dispersed is
somewhat evident from the various figures wherein
C,g derivatized particles were used. For example, as
shown in Fig. 1E, we often observed particles that
had apparently been in contact with others and had
broken away. These micrographs show what ap-
pears to be a thin layer or film of dispersed material
over the surface of the particles. Measurement of
the thickness of this layer gave a value of approxi-
mately 100 A.

This approach has several possible advantages
over classical methods for the disruption, lysis and
fractionation of biological matrices. The process of
blending is easy to perform and does not require
expensive equipment or special devices. For the
types of samples examined the process provides a
homogeneous blend of the biological and incurred
components dispersed over a large surface area in a
thin film. It is applicable to easy or difficult to dis-
rupt tissues as well as bacteria without modification
of the process or extra exertion. It is chemically and
physically mild, exposing the sample to no excessive
heating, mechanical forces or strong chemical or de-
tergent-based reagent. The material obtained can be
packed into a column from which compounds may
be isolated by various elution schemes. There is suf-
ficient flexibility in the method to allow use of the
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listed variables to make the approach applicable
and efficient for a variety of needs. It uses, relatively
speaking, very small volumes of extracting solvents,
greatly reducing solvent need and disposal costs.
The method, as applied here, is capable of provid-
ing a rapid isolation of the target molecule(s) with a
high degree of specificity. The inclusion of co-col-
umns and the use of other column technologies
(SPE, immunoaffinity, etc.) could further enhance
this specificity while retaining its overall efficiency.
The process is also amenable to automation, using
an automated mortar and pestle to prepare the sam-
ples and eluting the columns using robotics or batch
processing instrument configurations. The overall
process is also quite rapid and can greatly reduce
the time required to isolate and process samples for
various needs.

Given these possibilities there remains a wide
range of analytical problems to which MSPD may
be applicable. However, it is recognized that it will
not be applicable in all cases. Nevertheless, if it is
truly generic, it will provide an additional method
to the analyst for assisting in resolving difficult ana-
lytical problems when dealing with biological ma-
trices.
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High-performance liquid chromatography versus solid-
phase extraction for post-derivatization cleanup prior to
gas chromatography—electron-capture negative-ion mass
spectrometry of N1,N3-bis-(pentafluorobenzyl)-N7-
(2-[pentafluorobenzyloxylethyl)xanthine, a product derived
from an ethylene oxide DNA adduct

Manasi Saha and Roger W. Giese
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ABSTRACT

N7-(2-Hydroxyethyl)xanthine (N7-HEX), as a standard, has been measured at the low picomole level by the following sequence of
steps: (1) derivatization with pentafluorobenzyl bromide; (2) post-derivatization sample cleanup by reversed-phase high-performance
liquid chromatography (HPLC) or silica solid-phase extraction; and (3) separation/detection by gas chromatography electron-capture
negative-ion mass spectrometry (GC-ECNI-MS). The average yield of product from the two sample cleanup procedures applied to 95
pg (0.48 pmol) of N7-HEX was comparable: 60% for HPLC; 56% for solid-phase extraction. The reaction blanks (0 pg N7-HEX)
showed an interfering GC-ECNI-MS peak after HPLC cleanup. This problem was not encountered with solid-phase extraction, which,

along with its greater convenience, made it the preferred technique for post-derivatization sample cleanup.

INTRODUCTION

We are pursuing the detection of DNA adducts
in physiological samples as biomarkers for human
exposure to toxic chemicals. A DNA adduct is a site
on the DNA where a toxic chemical has caused co-
valent damage. Many carcinogeris and mutagens
appear to act by producing DNA adducts [1]. High
sensitivity is required to measure DNA adducts in
physiological samples since the samples not only
contain little DNA, but small numbers of such ad-
ducts may be toxic. The techniques which are being

Correspondence to: Professor R. W. Giese, 122 Mugar Building,
Northeastern University, Boston, MA 02115, USA.

employed or developed for this purpose have been
reviewed [2].

Previously we reported our initial progress on the
detection of N7-(2-hydroxyethyl)guanine, an ethy-
lene oxide DNA adduct, by gas chromatography—
electron-capture negative-ion mass spectrometry
(GC-ECNI-MS) [3]. In order to make this adduct
sensitive for detection by GC-ECNI-MS, we con-
verted it, as a standard at the milligram level, to
N7-(2-hydroxyethyl)xanthine (N7-HEX) with ni-
trous acid, followed by derivatization with pentaflu-
orobenzyl bromide to afford N1, N3-bis-(pentafluo-
robenzyl)-N7-(2-[pentafluorobenzyloxylethyl)xan-
thine, (PFBz)3-N7-HEX. As little as 1.3 attomoles
[signal-to-noise ratio (S/N) = 10] of the latter, as a
diluted standard, can be detected by GC-ECNI-MS
(4.

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Scheme for the detection of N7-HEX by GC-ECNI-MS.

Here we report additional progress towards the
goal of detecting a trace amount of N7-(2-hydroxy-
ethyl)guanine in a physiological sample. We have
been working on the pentafluorobenzylation reac-
tion (Fig. 1), and now are able to conveniently de-
tect as little as 95 picograms (0.48 picomole) of
standard N7-HEX by electrophore derivatization—
post-derivatization sample cleanup-GC-ECNI-
MS, as reported here. This progress has been made
largely by focussing on the post-derivatization sam-
ple cleanup step. The derivatization reaction, even
when performed in the absence of analyte, yields
many interfering products that need to be removed
prior to injection of the sample into the GC-ECNI-
MS system.

EXPERIMENTAL

Reagents

N7-(2-Hydroxyethyl)xanthine was piepared as
described [3]. Pentafluorobenzyl bromide, potassi-
um hydroxide and tetrabutyl ammonium hydrogen-
sulphate were purchased from Aldrich (Milwaukee,
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WI, USA). HPLC grade organic solvents were pur-
chased from Doe and Ingalls (Medford, MA,
USA).

High-performance liquid chromatography (HPLC)

A Microsorb silica reversed-phase column, 150
X 4.6 mm ILD., 10 um (Rainin, Woburn, MA,
USA) was used. The mobile phase was acetonitrile
(ACN)-water (65:35, v/v) at 1 mi/min. Detection at
270 nm was done with a Spectra Monitor 3000
(LDC-Milton Roy, Riviera Beach, FL, USA) and
an SP4270 integrator (Spectra-Physics, San Jose,
CA, USA).

GC-ECNI-MS

The GC (5890 Series II), MS (5900A) and data
system (59970 MS Chemstation) were from Hew-
lett-Packard (Palo Alto, CA, USA). Methane (2
Torr) and helium (20 p.s.i.) were used as reagent
and carrier gases, respectively. Other conditions
were as described before {4]. Specially cleaned and
silanized glassware, pipettes and syringes were used
to minimize adsorption losses and cross contam-
ination [5].

Solid-phase extraction

The solid-phase extraction columns were pre-
pared by dry-packing 200 mg of silica gel (60-A
pore, 40-um irregular particles, J. T. Baker, Phil-
lipsburg, NJ, USA) into a 5.25-in. borosilicate Pas-
teur pipette containing silanized glass wool (J. T.
Baker).

Derivatization of N7-HEX

N7-HEX (95 pg, 0.48 pmol) in 10 ul of 1 M HCI
was evaporated in a vial under nitrogen. From a
stock solution of tetrabutyl ammonium hydrogen-
sulphate (5 mg in 5 ml of 1 M KOH) was added 50
ul (0.15 umol) to each vial with subsequent addition
of 150 ul of CH,Cl; and 10 pl (0.065 umol) of pen-
tafluorobenzyl bromide. The reaction mixture was
stirred at room temperature for 20 h and the resi-
dual CH,Cl, was slowly evaporated under nitro-
gen. Water (50 ul) and ethyl acetate (150 ul) were
added, and the organic layer after vortexing and
centrifugation was collected. Three more 150-ul
ethyl acetate extractions were done, and the com-
bined organic layer was evaporated under nitrogen,
redissolved in 50 ul of acetonitrile prior to HPLC,
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or in 50 ul of hexane—ethyl acetate (1:1, v/v) prior to
solid-phase extraction, for post-derivatization sam-
ple cleanup as presented in Table I, followed by
GC-ECNI-MS as also described in this table.

RESULTS AND DISCUSSION

For post-derivatization sample cleanup of
(PFBz);-N7-HEX prior to detection by GC-ECNI-
MS, we decided to explore both HPLC and solid-
phase extraction. HPLC is attractive for this pur-
pose because of its speed, high resolution, availabil-
ity of automated equipment, the high quality of
modern HPLC packings, and the use of stainless-
steel hardware. These features collectively could be
important in overcoming the classic, two general
problems in trace organic analysis: losses and inter-
ferences. However, since all samples traverse the
same HPLC system, it can be necessary to thor-
oughly clean the system between injections to mini-
mize sample-to-sample effects such as carryover
(ghosting) of the analyte. Below a certain level of
analyte, on-line UV detection is no longer possible,
so any shifts in retention of the trace analyte might
be a second difficulty.

These two concerns about sample cleanup by
HPLC prior to detection by GC-ECNI-MS should
be easily avoided by solid-phase extraction. A new
cartridge for each sample eliminates the difficulty of
sample ghosting, and the use of optimized washing
and elution conditions can assure the location of
the analyte for a given batch of packing as long as
the sample matrix is relatively constant. On the oth-
er hand, it is not clear that packings for solid-phase
extraction are manufactured with as much attention
to quality and reproducibility as those for HPLC.
Also, solid-phase extraction is a lower-resolution
technique. Thus we wanted to explore both HPLC
and solid-phase extraction.

For HPLC, we selected a C,g-silica packing be-
cause of the well-deserved popularity of this type of
column, particularly its resistance to contamination
by conventional, small-molecule samples, and the
speed and ease of achieving re-equilibration of the
column after solvent changes. The latter property is
important for the thorough washing of the HPLC
system that we anticipated to be important for our
trace samples.

The HPLC procedure that we developed for sam-
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TABLE 1

TWO PROCEDURES USED FOR POST-DERIVATIZA-
TION SAMPLE CLEANUP

Double HPLC (C,g-silica)

( 1) Inject 29 ng of standard (PFBz),-N7-HEX into the
HPLC system to define the retention time e.g. 9.0 min
for this compound (UV detection).

( 2) Clean the HPLC system.”

( 3) Inject 50 ul of acetonitrile (ACN blank A), collect 2 ml,
and hold for steps 11, 12. Repeat HPLC cleaning and
ACN injection twice (ACN blanks B, C).

( 4) Inject reaction blank A, collect 2 ml, and hold for steps
11 and 12.

( 5) Clean the HPLC system.”

( 6) Repeat (steps 4 and 5) for reaction blank B, and for
reaction blank C.

( 7) Inject reaction sample A, collect 2 ml and hold for
steps 11 and 12.

( 8) Clean the HPLC system.”

( 9) Repeat for reaction sample B, and for reaction sample
C.

(10) Clean the HPLC system.”

(11) Evaporate ACN blank A, redissolve in 50 ul ACN,
inject into the HPLC system, collect 2.0 ml, evaporate,
redissolve in 50 ul of toluene, and inject 1 ul into the
GC-ECNI-MS system.

(12) Wash the HPLC injector with 3 ml of hot ACN (as in
step 2).

(13) Repeat steps 11 and 12 for each of the remaining
blanks and samples.

Solid-phase extraction

(1) Wash the silica cartridge with 1 ml of ethyl acetate and
1 ml of hexane.

(2) Load the reaction blank (A, B) or reaction sample (A,
B, C, D) in 50 ul of hexane—ethyl acetate (50:50, v/v).

(3) Wash with 4 ml of hexane and 8 ml hexane—ethyl
acetate (90:10, v/v).

(4) Elute with 2 ml of ethyl acetate.

(5) Evaporate and continue as in above step 10.

¢ The HPLC column was cleaned by twice conducting a gradient
from ACN-water (65:35, v/v) to 100% ACN over a 10-min
period, holding for 4 min, and returning over a 10-min period
to the initial condition. Before each gradient wash, the injector
was washed with 0.5 ml of warm ACN in the inject position
and the same in the load position.

ple cleanup of (PFBz);-N7-HEX derived from sub-
jecting 95 pg (0.48 pmol) of N7-HEX to our deriv-
atization reaction is summarized in Table I. This
procedure was the outcome of preliminary experi-
ments (data not shown) that led to the conditions
selected. Obviously the procedure is very tedious,
particularly the extensive washing of the column
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and injector between injections, and the separation
of each sample twice by HPLC. But our earlier ex-
periments gave irreproducible results by GC-
ECNI-MS in terms of both losses and interferences
when less rigorous inter-sample washing of the
HPLC system was done, or when the samples were
subjected to a single HPLC separation.

The results of this procedure (Table I) are shown
in Table II. Remarkably, once 29 ng of (PFBz)s-
N7-HEX are injected into the HPLC system in or-
der to establish the retention time (with UV detec-
tion), extensive washing of the HPLC system is nec-
essary before the compound is completely removed
from this system. As seen, the first two ACN blanks
(A and B; pure acetonitrile is injected) become con-
taminated [2.9 and 3.9 pg of apparent (PFBz);-N7-
HEX, respectively, at the end of the overall proce-
dure]. Finally the third ACN blank (C), collected
after the column and injector have been subjected to
a 3-h cleaning procedure (defined in Table I), shows
no analyte, as seen in Table II.

For the reaction blanks A-C, it is not clear
whether the observed, interfering peak by GC-
ECNI-MS, as cited in Table II, is contaminating
analyte or some other interfering compound de-
rived from the derivatization reaction. Conceivably
the HPLC system is still contaminated by analyte

TABLE 11

DETERMINATION OF N7-HEX BY PENTAFLUORO-
BENZYLATION-GC-ECNI-MS USING THE TWO POST-
DERIVATIZATION SAMPLE CLEANUP PROCEDURES
PRESENTED IN TABLE 1

Sample cleanup
procedure

Amount of (PFBz),-N7-HEX or interfer-
ence’ (pg) starting from 0 pg (ACN
blanks and reaction blanks) or 95 pg (re-
action samples) of N7-HEX. A 100%
yield of product would be 356 pg.

Double HPLC (C, g-silica)

ACN blanks (A,B,C) 2.9,39,00
Reaction blanks (A,B,C) 4.1, 10.5, 29.0
Reaction samples (A,B,C) 205, 305, 129

Solid-phase extraction (silica)
Reaction blanks 0,0
Reaction samples (A,B,C,D) 260, 180, 124, 234

% The interference is quantified, although it is an unknown, by
assuming that it is (PFBz),-N7-HEX.
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from the earlier, 29 ng injection, and the injection of
a reaction matrix as opposed to injection of pure-
solvent (the ACN blanks) displaces additional ana-
lyte from the system. At least the reaction itself is
working at this level: the reaction sample A—C show
an amount of product which is significantly higher
than that present in the reaction blanks. If we sub-
tract the average value for the reaction blanks from
the average value for the reaction samples, we ob-
tain a yield for the reaction of 60%. A representa-
tive GC-ECNI-MS chromatogram for a reaction
blank is shown in Fig. 2a, and for a reaction sample
in Fig. 2b. Note that the abundance scales are dif-
ferent, so the amount of the interfering peak (Fig.
2a) relative to the product peak (Fig. 2b) is different
than the visual appearance. While we could have
explored the origin of the contamination in more
detail, we were disuaded from this by the much bet-
ter performance provided by solid-phase extraction
for sample cleanup, that we investigated in parallel,
as presented below.

For post-derivatization sample cleanup by solid-
phase extraction, we selected a silica packing. While
C,s-silica packings are also popular for solid-phase
extraction, we wanted to avoid the potential for
variability in the C;g bonding to silica by manu-
facturers. Also, we had previously found a silica
cartridge to be useful for post-derivatization sample
cleanup of an electrophoric derivative of 5-methyl-
cytosine prior to. detection by GC with electron-

capture detection [6].

The convenient procedure that we developed for
post-derivatization sample cleanup of (PFBz);-N7-
HEX by solid-phase extraction on a silica cartridge
is summarized in Table 1. After the samples are
loaded onto the cartridge in hexane—ethyl acetate
(50:50) washing is done with hexane—ethyl acetate
(90:10), and then product is eluted with ethyl ace-
tate. The results from subsequent measurement of
the reaction blanks and reaction samples by GC-
ECNI-MS are shown in Table II. As seen, no in-
terfering peaks are encountered in the reaction
blanks, unlike what was observed after sample clea-
nup by HPLC. The average yield of product from
the four reaction samples tested (A-E) is 56%. [In
prior development work, spiking 57 pg in duplicate
of (PFBz);-N7-HEX into a reaction blank followed
by solid-phase extraction—-GC-ECNI-MS gave a re-
covery of 84 and 85%.] Obviously this technique
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Fig. 2. Detection of (PFBz),-N7-HEX by GC-ECNI-MS obtained via the scheme shown in Fig. 1 and using double HPLC for
post-derivatization sample cleanup as detailed in Table I. (a) Reaction blank A (see Table II); 0 pg of N7-HEX was derivatized. (b)
Reaction sample B (see Table II); 95 pg of N7-HEX was derivatized. For both chromatograms, 1/50 of the final sample in 50 ul of
toluene was injected. Each peak shown co-elutes with authentic (PFBz),-N7-HEX. GC column length: 12 m.

wins over the tedious, contaminant-prone double
HPLC technique. A representative GC-ECNI-MS
chromatogram for a reaction blank is shown in Fig.
3a, and for a reaction sample in Fig. 3b, after silica
solid-phase extraction.

CONCLUSION AND FUTURE WORK

A convenient procedure utilizing silica solid-
phase extraction for post-derivatization sample
cleanup has been developed for the detection of
standard N7-(2-hydroxyethyl)xanthine at the low

picomole level by GC-ECNI-MS. Since the yield
and signal-to-noise ratio are high, there is no in-
terfering peak in the reaction blank, and only 1/50
of the final sample is injected into the GC-ECNI-
MS, potentially the technique can be taken to a low-
er analyte level. We will be pursuing this goal in our
future work, and also attempting to extend the
method to the detection of a trace amount of the
parent adduct, N7-(2-hydroxyethyl)guanine, in bi-
ological samples. It is desirable to reach at least the
femtomole level in order to minimize the amount of
such samples required.
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Fig. 3. Same as Fig. 2 except silica solid-phase extraction was used for post-derivatization sample cleanup (see Table II). (a) Reaction
blank. (b) Reaction sample A (see Table 11). The peak or retention position (based on injecting authentic product) for (PFBz),-N7-

HEX is shown with an arrow. GC column length: 20 m.
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ABSTRACT

An investigation of sample preparation for natural waters using the Empore disk was conducted. The Empore disk is a new
solid-phase sample preparation technology which was developed for rapid isolation of organic contaminants from aqueous matrix. In
order to increase the volume of water that could be prepared, it was found that in-line or off-line filtration prior to the extraction step
was required. The appropriate filters were identified. When more than 10 liters of natural water were analyzed a non-specific interfer-
ence to capillary gas chromatography—electron-capture detection determination of analytes was present. The use of the Empore disks
offered some advantages in ease and specificity of elution that was not available with solvent extraction and other solid-phase sample

preparation technologies.

INTRODUCTION

Assessment of risk from organic chemicals in nat-
ural waters requires determination of numerous
analytes from diverse and complex matrices. Such
matrices vary with geography and within a geo-
graphical location the matrix can vary with depth of
the water column. In a given location the matrix can
also vary with time as a result of local and/or up-

stream weather and seasonal change. Finally the.

matrix can vary as a result of human activities.
Moreover, at this point in time it is still unclear
which compounds constitute any given ecological
problem. There is, however, sufficient evidence that
organic chemicals in water do pose a real ecological
hazard. Methods are, therefore, required to permit

Correspondence to: J. Rosenfeld, Department of Pathology, Fac-
ulty of Health Sciences, McMaster University, Hamilton, Onta-
rio L8N 3Z5, Canada.
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a thorough investigation of the nature of com-
pounds that put the environment at risk.

Analytical methods that are to be applied to reso-
lution of these problems should have a number of
characteristics. Simplicity and rapidity are obliga-
tory as these permit analysis of the large number of
samples necessary for appropriate risk analysis.
Some applications require independent determina-
tion of organics present in the water and those asso-
ciated with the particulates, whereas for other ap-
plications determination of total organics in the
sample is sufficient.

The sample preparation step of analytical meth-
ods is the most time consuming and most difficult to
automate. One approach to simplification, reduc-
tion of costs and automation is solid-phase sample
preparation (SPSP). The standard configuration for
an SPSP apparatus is that of a semi-preparative col-
umn or cartridge packed with reversed-phase chro-
matographic support [1-6]. A more recent SPSP
material is based on reversed-phase particles en-

1993 Elsevier Science Publishers B.V. Ali rights reserved
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meshed in a PTFE nefwork that is configured as a
disk [7,8]. The disk permits a faster flow-rate by
increasing the cross-sectional diameter of the
stream. Efficient adsorption from the fast flowing
water is a result of: (i) reduction in linear velocity of
the water flow; (ii) reduction of the particle size to
10 um; (in) packing these particles densely so that
the mean free path of dissolved analyte to an ad-
sorptive surface is small.

While the Empore disk has been used successfully
in a number of applications, to date, there has been
no extensive study regarding the feasibility of using
these disks for the preparation of larger volumes of
samples from natural waters. As part of our pro-
gramme in monitoring contamination of the Great
Lakes of North America we investigated determina-
tion of analytes concentrated from 10 or more litres
of water. Isolation and analysis of organics in more
than 10 000-20 000-fold concentration from water
is a requirement for this monitoring programme.

Monitoring of natural waters requires that meth-
ods of sampling be applicable to samples of differ-
ing complexity with some samples being free of par-
ticulates and others having a very heavy particle

load. A second requirement is that work-up proce-

dures can separate analytes of choice from contam-
inating materials. We investigated methods for: re-
ducing the deleterious effects of particulates; in-
creasing volume of sample that could be extracted
by Empore disks; improving selectivity of sample
preparation.

EXPERIMENTAL

Chemicals

Reversed-phase disks with octylsilica (Cg) and
octadecylsilica (C;g) enmeshed in PTFE were sup-
plied by Dr. C Markell, 3M Corporation (St. Paul
MN, USA) or purchased from Varian Associates
(Georgetown, Canada). The National Laboratory
for Environmental Testing (NLET) at the Cana-
dian Centre for Inland Waters (CCIW) (Burlington,
Canada) supplied a solution containing standard
organochlorine contaminants in methanol which
was used for spiking water. Niagara River water
was supplied courtesy of the Water Quality Branch
(Ontario Region) and the NLET. Samples from
Hamilton Harbour were supplied by the Laborato-
ry of Dr. K.L.E. Kaiser of CCIW and were collect-
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ed were collected in July 1991 and October 1991.
Water was stored at ambient pH and at 4°C; sam-

‘ples collected in July were analyzed within 2 weeks

whereas the October samples were stored and ana-
lyzed used over a period of 5 months. Extracts from
the October samples were stored in dichlorometh-
ane at 4°C; this extract was also made available
courtesy Dr. K. Kaiser. It was not possible to ana-
lyze the CH,Cl, extracts and the Empore disk ex-
tracts simultaneously because samples were collect-
ed and prepared by liquid—liquid extraction as part
of a routine monitoring programme. Timing of col-
lection for this study could not be deferred to com-
pensate for research and development on the use of
Empore disks as this would have required collection
of samples during the winter during which time the
Harbour is frozen.

Diethyl ether, 2,2,4-trimethylpentane (isooc-
tane), hexane and dichloromethane were all analyt-
ical grade and purchased from BDH (Toronto,
Canada). n-Pentane was purchased from Caledon
Labs. (Georgetown, Canada). Individual standards
were purchased from the National Water Research
Institute as solutions of calibrated concentrations in
isooctane. Pre-filters used included the following:
nylaflo (nylon 6 fibres) 0.2 ym and 0.45 pym (Gel-
man Sciences, Ann Arbor, MI, USA); multigrade
glass microfibre filters (GMF) both 1 ym and 2 um,
47 mm and 90 mm were from Whatman (Maid-
stone, UK). The Whatman glass microfibre filter
GFJ/A, 1.6 um, 90 mm was obtained courtesy of Dr.
C. Markell, 3M Corp.

Sampling sites and techniques

The origin of all samples obtained was the west-
ern region of Lake Ontario which is the lowest of
the Great Lakes.

The Niagara River site. The Niagara River flows
from Lake Erie and enters Lake Ontario on the
south western shore. Samples from this river were
collected at the exit of the river into Lake Ontario at
the Niagara-on-the Lake station in July 1991 as
part of a monitoring programme of Environment
Canada. According to the monitoring protocols es-
tablished by Environment Canada, samples from
the Niagara River were centrifuged by a Westphalia
centrifuge prior to liquid-liquid extraction of or-
ganics from the water so clarified. This removed
particulates greater than 10 um.
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Tap water. Tap water was obtained at the
McMaster University Medical Centre which is sup-
plied by the Hamilton municipal water supply. The
intake pipes for this water supply is in Lake Ontario
is approximately 1 km from the western shore of the
lake. Water was collected directly from the tap as
needed.

Harbour water. Hamilton Harbour is a partially
enclosed water and the westernmost region of Lake
Ontario. On the southwest, the harbour is bounded
by the city of Hamilton, which is heavily industri-
alized. A substantial portion of the harbour front is
occupied by large steel making installations. On the
northwest, the harbour is bounded by a natural
swamp fed by waters from a farming area and by
runoff from a large open botanical garden. On the
east the harbour is bounded by a large sand bar
which has a ship channel connecting the harbour to
Lake Ontario. Water at this site was collected with-
out any pre-treatment and was sampled at the ap-
proximate geographical centre of the harbour.

Instrumentation

Gas chromatographic (GC) analyses were per-
formed on a Hewlett-Packard 5790 gas chromato-
graph equipped with a capillary column and used
under the following conditions: the column was
purchased from Supelco (Mississauga, Canada)
and was 30 m x 0.32 mm inner diameter, the phase
was DB-5 with 0.25 um film thickness. For the ma-
jority of analysis, the initial temperature was 130°C
and was raised at 4°C/min to a final temperature of
290°C. The pressure of the hydrogen carrier gas was
9p.si. (1 p.si. = 6894.76 Pa) and the linear velocity
was 0.62 m/s at 160°C. The flow-rate for argon—
methane make-up gas was 48 ml/min. Detection
was by electron-capture detection (ECD) with the
output recorded on a 3392A Hewlett-Packard in-
tegrator at an attenuation of 3 or 4.

Procedure

The SPSP procedure is presented in schematic
form in Table I and consisted of two basic steps:
filtration/extraction and elution.

Filtration. A standard filtration apparatus was
used [7], which was connected to a water aspirator
(less than 20 p.s.i.). If the water was to be filtered
prior to extraction of the analytes onto an Empore
disk, the filter and disk were arranged in one of two
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TABLE 1

SIMPLIFIED SOLID-PHASE EXTRACTION METHOD
WITH EMPORE MEMBRANES

Prepare membrane by wetting with methanol

Adsorb analytes onto membrane from environmental water

Dry the membrane placing in dessicator for 1 hour

Elute analytes by soaking the membrane in 5 ml of diethyl ether
for 10 min and washing with two 2.5-mi aliquots of ether

Concentrate analytes by evaporating ether under a stream of
nitrogen to 2 ml. Add 0.5 m! of isooctane containing external
standard: evaporate to 0.5 ml of isooctane.

Analyze 1-ul aliquot of extract by GC-ECD

Calculate yields

configurations. In the on-line configuration, the fil-
ter was placed above and in direct contact with the
Empore disk, and the water was passed through the
combined filters. In the off-line configuration water
was filtered through the pre-filter and the filtrate
was collected: this filtrate was then passed through
the Empore disk.

Isolation of analytes from the extraction disk. The
disk was placed in a desiccator containing CaCQOj;
for 1 h. This eliminated the need to dry the solvents
after eluting from the disk and prior to evaporation
and concentration. Analytes were eluted from the
47-mm disk by placing the disk in a beaker and
leeching the disk with 5 mi of diethyl ether for 20
min. The disks were then washed with two aliquots
of 2.5 ml diethyl ether. All eluates were combined.
For the 90-mm disk the volumes increased to 20 ml
of diethyl ether for the leeching step and to 5 ml for
the subsequent washing steps. To the combined
ether eluates either 0.5 or 1.0 ml of isooctane was
added as a keeper solvent; the isooctane contained
0.1 pg/ml of pentafluorobenzyl nonadecanoate as
an unextracted internal standard. The solution was
concentrated to 0.5 or 1.0 ml of isooctane under a
stream of nitrogen at 30°C, and a 1 ul aliquot was
injected directly onto the capillary column.

Spiking of standards into water. Standards were
added to a volume of water and stirred for 2 h be-
fore extraction. Spiking for determination of recov-
eries from all matrices were determined at 1 ug/l
concentrations.

Calculation of recoveries. For the extracts con-
taining organochlorines, the ratio (R1) of the area
of each component to the area of a known amount
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of pentafluorobenzyl nonadecanoate was deter-
mined for each component. A same amount of pen-
tafluorobenzyl decanoate in toluene was added to
the spiking solution and the ratio was calculated for
each component in the spiking solution (R2). To
calculate yields, the ratios were compared and re-
ported as a percentage R1/R2 x 100.

Recoveries of 2,4-dichlorophenoxy acetic acid
(2,4-D) and 2,4-dichlorophenol were based on the
recovery of '*C-labelled analogues. An aliquot of
the 30 000 counts radiolabelled compound (equiv-
alent to 0.83 nmol) was added to 1 1 tap water,
which had been previously adjusted to pH 2.2 with
HCL. The spiked water was then filtered through the
disk; the disk was not dried, but was extracted im-
mediately with 5 ml of methanol and a 1-ml aliquot
was transferred to a counting vial after 10 min.
NOTE: Drying of the disk was not used in this exper-
iment because the analytes are volatile. For this rea-
son, in order to minimize possible losses due to sample
preparation, the analytes were eluted from the disk
with methanol which could be mixed directly with the
scintillation fluid for counting. A 10-ml volume of
scintillation cocktail (Ready Safe, Beckman, Fuller-
ton, CA, USA) was added and radioactivity was
determined by scintillation counting.

Fractionation. Isolation of organochlorine com-
pounds from 10-11 1 of Hamilton Harbour water
required an additional purification step preparatory
to determination by capillary GC-ECD. This was
due to the presence a non-specific interference (NSI)
to such determination that appeared to be related to
a yellow coloured material that co-eluted from the
adsorption disk with this class of analytes in the
ether extract.

Two techniques were studied in order to separate
analytes from the coloured material and/or the
NSI. In the first, the organic analytes in the diethyl
ether cluate from the Empore disk were first trans-
ferred to iso-octane during the concentration stage.
This isolate was then transferred to a Florosil col-
umn consisting of 2 g of Florisil packed into a silan-
ized glass pipette sealed with a silanized glass wool
plug. The organics were then eluted with increasing
concentrations of diethyl ether in isooctane or n-
pentane. In the second technique, selective elution
from the disk was attempted with the solid phase
being leeched with 10, 25 or 50% diethyl ether in
n-pentane to directly fractionate the yellow material
and/or NSI from the organochlorines in situ.
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RESULTS AND DISCUSSION

Samples and matrices

In order to expand the possible applications of
the Empore disks we investigated these disks as an
SPSP phase in analysis of large volumes of natural
water samples with matrices of varying complexity.
The sample with the simplest matrix was obtained
at the Niagara Rivers site which had markedly re-
duced particulate load as a result of centrifugation
prior to collection of the water fraction. A some-
what more complex matrix was obtained by using
tap water from the Medical Centre of McMaster
University; tap water was used without any pre-
treatment. Samples with higher concentration of
particulates were obtained by collecting water from
Hamilton Harbour at two different seasons; mid-
summer (July) and mid-fall (October). The sample
collected in July was turbid indicating an elevated
particulate load and the sample collected in October
was clear indicating a considerable reduction in the
amount of particles present.

The investigations focused on the following ques-
tions. What is the magnitude and time course in the
reduction in flow-rates through an Empore disk re-
sulting from particulates in the sample? How can
this reduction in flow-rates be minimized? What are
the recoveries that could be achieved? Do natural
components affect the subsequent chromatographic
analysis and if adverse effects are found how can
these be minimized?

TABLE 11

THE EFFECT OF WATER SOURCE ON EXTRACTION
TIMES USING A 47-mm EMPORE DISK

ND = Not determined.

Water source Collection time Collection time

for 11 for21
(min) (min)
Niagara River 12 ND
Tap 20 90
Hamilton Harbour 60 840
(October 1991)
Hamilton Harbour 300 ND

(July 1991)
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Effect of matrix on the adsorption step of SPSP with
Empore disks

As expected, water that is relatively free of partic-
ulates passed through a 47-mm Empore disk quite
rapidly (Table II). Sample preparation time for 1 1
of Niagara River Water was only 12 min because
particulates had been removed by the Westphalia
Centrifuge. Preparation of 1 1 of tap water required
a somewhat longer time because no laboratory
treatment had been used to remove any organic or
inorganic particulates remaining from treatment for
converting lake water into drinking water [7].

Relative to these particulate free waters, the time
for passing 11 of untreated Hamilton Harbour wa-
ter through a 47-mm Empore disk increased 3- to
15-fold depending on the particulate load. This vol-
ume of water collected in the fall of the year could
be passed through a 47-mm Empore disk in 60 min
(a reasonable time frame) whereas water collected
in the summer required 300 min (Table II). With the
sample collected from Hamilton Harbour October
1991 preparation of 2 1 required more than 14 h to
pass through a 47-mm Empore disk and this is pro-
hibitive. (Due to the high particle load, it was not
considerable practical to prepare 2 1 of sample col-
lected in July 1991). Increase in preparation time for
2 1 rather than 1 1 (although not as dramatic) was
also observed for tap water. The exponential rate in
decrease of flow through an Empore disk has been
reported [7] and was reproducible in our hands; the
relative standard deviation of time for collection of
a given volumes on 6 different Empore disks was
less than 14% for times of greater than 6 min and
less than 18% for times of less than 4 min (see also
Table IV).

Development of methods to increase the volume of
sample prepared

The exponential curve in Fig. 1 was attributed to
progressive occlusion by particulate matter of the
disk with increased volume of water passed through
the disk. Such a mechanism was also proposed by
Hagen et al. [7]. Consequently, in order to increase
the amount of sample that can be prepared in rea-
sonable times, we investigated filtration prior to the
adsorption step on the disk. This approach, rather
than acidification [7], was selected because the in-
tent of these studies was to develop methods for the
wide diversity of sample types and problems en-
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Fig. 1. Hamilton Harbour water collected in October 1991 was
extracted under the following conditions: B = no filter octylsil-
ica Empore disk alone; + = 0.45 um filter on-line with octylsil-
ica Empore disk; * = 2.0 um GMF filter on-line with octylsilica
Empore disk; O = 1.0 um GMF filter on-line with octylsilica
Empore disk.

countered in environmental monitoring and re-
search. In this case it was important to consider a
number of factors.

First, the chemical and physical composition of
materials in natural waters that could occlude disk
pores is highly variable. These materials-can be of
inorganic [7], organic or microbiological origin and
the use of acidification would only be effective in
dissolving the inorganic particulates. Second, al-
though acidification is used as a preservation tech-
nique and is indeed obligatory for some analyses
(e.g. isolation of acid herbicides), lowering of the
pH may not be applicable to the wider range of
problems. It should be recognized that under acid
conditions the inorganic matrix and acid labile or-
ganic compounds are destroyed. In the former case
compounds are liberated that otherwise might not
be readily accessible to the environment and in the
latter instance analytes of interest might be de-
stroyed. In either case there is a possibility that im-
portant information may be lost.

Given the very heterogeneous nature of matrices
and variety of problems found in environmental
samples an empirical approach was required to de-
velop filtration procedures for increasing the
amount of natural waters that could be prepared on
an Empore disk. A large number of filters were
studied to determine compatibility both with the
aqueous sample and any organic solvents that
might be necessary for elution. Under these con-
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straints only two classes of filter proved acceptable:
glass fibre and nylaflo.

In the studies on preparation of 1-2-1 samples,
the filters were placed above and in direct contact
with the Empore disk and the sample was passed
through the combined filter/disk unit. This tech-
nique was termed on-line filtration. Both the chem-
ico-physical nature and the pore size were impor-
tant in determining the effectiveness at increasing
the volume of sample that could be prepared in one
h. Within the class of GMF filters, the pore size, as
expected, had a significant effect (Fig. 1). Relative
to the 2-um GMF filter, one with 1 um pore size
afforded a two-fold decrease in the time to prepare 2
1 of Hamilton Harbour water. Relative to the unfil-
tered case there was an eight-fold decrease in the
time to prepare the 2 | of this sample when the sam-
ple was prepared via the 1-um filter. The size of the
pores was not the sole determinant of efficacy when
different types of filters were used. Despite the four-
fold differences in pores size, use of the 2-um GMF
and the 0.45-um nylafio filters gave comparable re-
sults for an on-line filtration (Fig. 1).

Increased efficiency with decreased pore size sug-
gested that use of nylaflo filters with 0.2-um pores
might further increase the volume of waters that
can be prepared in the 1-2-h time frame. Moreover,
a possible source for occlusion of filter pores are
microbes and since the 0.2-um size is a sterilization
filter, any microbiological matter would be trapped
prior to passage through the Empore disk. A 47-
mm nylaflo filter with 0.2-um pore size was tested
with the sample of Hamilton Harbour water col-
lected in October 1991. Further reduction in pore
size, rather than increasing flow rate, resulted in a
filtration time of 130 min for 2 1 of this sample. The
long filtration time may be explained by the exces-
sive blocking of the small pores of the pre-filter or
by viscous drag through the small pores.

The substantially longer filtration times indicated
that a different approach was required if the 0.2-um
pore nylaflo filters were to be used to remove partic-
ulates prior to the adsorption step on an Empore
disk. An off-line filtration technique was studied in
which the sample was first passed through the
0.2-um nylaflo filter and the resulting filtrate was
then passed through an Empore disk. The flow
characteristics of this filtrate through the Empore
disk were substantially improved. For instance, 2 1
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TABLE 111

TIMES REQUIRED FOR UNFILTERED WATER TO
FLOW THROUGH A 0.2-um NYLAFLO FILTER

Diameter of 0.2-um Volume (I) of Time required
pore size nylafio October sample (min)

filter (mm) of natural water

filtered through

nylaflo filter
47 2 131
90 2 9
90 5 128

of unfiltered sample collected from Hamilton Har-
bour in October 1991 required 840 min to pass
through the 47-mm Empore disk whereas the fil-
tered water required only 70 min (Tables III and
V).

These data suggested that efficient application of
the sterilization filter would be to use larger-diame-
ter filters prior to the adsorption onto the 47-mm
Empore disks. A smaller Empore disk was consid-
ered preferable as this would minimize the volume
of solvent needed for elution of analytes. In order to
test this technique a 2-1 sample of Hamilton Har-
bour water collected October 1991 was filtered wa- -
ter through a 90-mm nylaflo filter with 0.2-ym pore
size and this step was complete in only 9 min.

A doubling of the diameter of the filter should
increase the flow-rate by only four-fold yet in this
instance there is a 15-fold decrease in the time re-
quired to collect 2 1. It should be recognized that
these studies were conducted with natural waters
that contained a particulate load. In such instance

TABLE IV

TIMES REQUIRED FOR WATER INITIALLY FILTERED
THROUGH NYLAFLO TO FLOW THROUGH AN EM-
PORE DISK

Diameter of empore Volume of pre-fillered  Time required

disk (mm) water (1) passed (min)
extracted on an
Empore disk
47 2 70
90 5 21
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TABLE V
LARGE VOLUME FLOW THROUGH 90-mm DISK

47

Filter type Filtration time Filtration time

Filtration time

Filtration time

and pore size (min) for 2 1 (min) for 51 (min) for 101 (min) for 111
GMF 2 ym 5 27 90 ND

GMF 1 ym 6 21 56 ND

GMF 1 um 7 23 63 75

GF/A 1.6 ym 9 17 33 ND

the flow-rate decreases exponentially with volume
filtered [7} (Fig. 1 and Table V). Accordingly,
whereas with a 47-mm filter, the flow-rate is mark-
edly decreased with filtration of more than I 1 a
similar decrease in flow-rates is not observed with a
90 mm filter until more than 5 1 are collected (Table
V). Filtration of 2 1 through the 90-mm filter thus
occurs in throughout region of the volume filtered
vs. time curve where for this size filter the flow-rate
is very fast and so a sixteen-, rather than four-fold
decrease in filtration time is observed.

Again the filtrate from the 90-mm nylaflo filter
with 0.2-um pore size could be passed through a
47-mm Empore disk in 70 min; thus the total time
for adsorption step for 2 I of sample was 79 min as
opposed to 209 min if both the filter and Empore
disk were 47 mm in diameter. Thus, if small pore
sizes are required (e.g. to remove microbes) then
acceptable sample preparation times can be
achieved filtering the sample through a larger-diam-
eter filter prior to extraction which could be done
on a smaller-diameter Empore disk.

Use of either of the GMF or the nylaflo filters
produced some losses. The GMF filters are thick
and this resulted in an approximate 10% loss of
sample due to wicking and resultant leakage
through the sides [7]. This problem may have been
due to a poor design of the holder where clamping
pressure is applied on one side only and the oppo-
site side is thus not sufficiently compressed. The ny-
laflo filters are thinner and not subject to the same
losses. These filters, however, (but not those of the
GMTF group) retained analytes with higher molec-
ular masses such as DDT and DDE and reduced the
yields by approximately 20-30%.

These results suggest that the GMF and nylaflo
filters could be used for different applications. For

instance, the nylaflo class would be suitable for de-
termination of total analyte (e.g. water soluble and
particulate bound). In this case the filter (containing
both particulates and some organics adsorbed on
the nylaflo filter) and Empore disk (containing a
substantial part of the organics dissolved in water)
would be extracted together to recover total organ-
ics in water and sediment. The GMF filters (with
better designed holder) would be suitable for a inde-
pendent analysis of the compounds in the liquid
and solid phases. In this case, the filter and the Em-
pore disk would be separated and the two fractions
independently extracted. The isolate from the filter
would contain analyte initially bound to particu-
lates and the isolate from the Empore disk would
contain analytes that were initially dissolved in wa-
ter.

In order to increase the amount of water collect-
ed the size of both the filtration and Empore disks
was increased to 90 mm. With a 1-um GMF filter
on-line with the Empore disk, 10 | of sample collect-
ed from Hamilton Harbour in October 1991 could
be passed through combined filter/Empore disk in 1
h (Table V). When a similar glass fibre filter, the
1.6-um GF/A was used, the time for preparation of
10 1 of the same water decreased to 33 min. By al-
lowing the collection of 10 1 use of the 90-mm disks
can readily produce concentration factors of
10 000-20 000 fold. The data in Table V where two
experiments on filtration through a 1-um GMF fil-
ter again shows that filtration times are reproduc-
ible and also demonstrates the exponential decrease
in flow-rates with volume collected.

Drying procedure for an Empore disk
In addition to decreasing the time for the adsorp-
tion step [7), it also proved simpler to dry and Em-
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TABLE VI
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SUCCESSIVE WASHES FOR RECOVERY OF INDIVIDUAL COMPONENTS: PERCENT OF TOTAL RECOVERY IN 30 min

Normalized to final recovery = (absolute recovery in fraction/final absolute recovery) x 100.

Component Recovery in 10 min: Recovery in 20 min: Recovery in 30 min
absolute recovery absolute recovery
(normalized to (normalized to
final recovery) final recovery)
Methoxychlor 77 100
Heptachlor 37 (76.3) 46 (94) 49 (100)
Mirex 32 (76.9) 39 (97) 41 (100)
Aldrin 28 (79) 35(98) 36 (100)
Cummulative recoveries (78) (96.5) (100)
normalized to final
recovery

pore disk than to dry a cartridge. Drying of the
solid phase is required in all of SPSP techniques for
two reasons: (i) a coating of water on the solid
phase can reduce efficiency of the desorption for
analytes adsorbed on the solid phase by water-im-
miscible solvents; (ii) whether by desorption or
physical displacement water “co-elutes” from the
solid phase with the eluting solvents which must be
dried ‘prior to further sample work-up or instru-
mental analysis. Drying solid phase in the column
configuration requires filtering air through the
SPSP phase at 100 ml/min to remove water from
the solid phase [2]. Such a high flow-rate can cause
losses of the more volatile constituents and in addi-
tion requires extra manipulation: first to link the
gas lines to the cartridge, and then to detach the
cartridge for subsequent isolation of analytes. The
disk configuration, however, exposes a large area to
the atmosphere and as a result the Empore disks
can be dried by simply placing in a desiccator for 1
h.

Recoveries

Several recovery studies were performed by add-
ing aliquots of the organochlorine spike to envi-
ronmental water, tap water or distilled water and
extracting using SPSP. Initial recoveries were high
but with unacceptable variability; relative standard
deviations were 32.4% (for spikes in the 0.5-5.0 ng/
ml range), 30.9% (for spikes in the 2.5-25 ng

range), 25.2% (for spikes in the 5-50 ng range) (da-
ta not shown). The reason for the unacceptable
R.S.D.s stems from the loss of components in the
concentration and evaporation step. By using a
more controlled evaporation and using 0.5 ml of
iso-octane as a keeper solvent, reproducibility be-
came more acceptable with R.S.D.s ranging from
8.6 to 18.8% (Table VI) in the 100 ng/l concentra-
tion range.

The studies on recovery identified three classes of
compounds: those recovered in high yield; those ob-
tained in low yield due to breakthrough and those
obtained in low yield for causes (as yet undeter-
mined) other than breakthrough. Half of the com-
pounds studied were recovered in yields of 70% or
more (Table VII). One compound, 2,4-dichlorophe-
nol, was recovered in low yield but this was due to
breakthrough as shown by the fact that the filtrate
contained the “missing” portion of the analyte.
Three of the 12 compounds (heptachlor, mirex, al-
drin) were recovered in yields below 50% but the
reduced yield was not due to breakthrough. Less
than 2% of these three analytes initially spiked into
the water was recovered from a re-analysis of the
water that had passed through the disk. Losses on
glass-ware of these three compounds was consid-
ered and so the containers used to make up the
spiked aqueous solutions were washed with metha-
nol but no analytes were recovered in this wash.

It was also considered possible that the low re-
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TABLE VII
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PERCENT RECOVERIES OF INDIVIDUAL COMPONENTS FROM TAP OR DEIONIZED WATER

Methods: A = 10 min leech time with recoveries being determined by GC-ECD; B = 30 min leech time with recoveries being
determined by GC-ECD; C = elute analytes with methanol and determine recoveries by scintillation counting.

Component Yield (%) R.S.D. (%) No. of trials Method
Dieldrin 94 18.8 5 A
p.p'-DDE? 74 17.5 5 A
Endrin 132 16.2 5 A
p.p'-TDE? 100 8.62 5 A
o,p'-DDT* 100 8.62 5 A
Methoxychlor 90 9.64 5 A
Methoxychlor 103 ND 1 B
Heptachlor 48.7 9.64 5 B
Mirex 40.5 3.01 4 B
Aldrin 36.6 6.5 5 B
2,4-D* 69.2 11.2 5 C
2,4-Dichlorophenol 36.1 6.34 5 C

@ p,p’-Dichloro-2,2-bis(p-chlorophenyl)ethylene.

b Tetrachlorphenylethane.

¢ 0,p"-1,1,1-Trichloro-2,2-bis(p-chlorophenyl)ethe....
4 2,4-Dichlorophenoxyacetic acid.

covery of heptachlor, mirex and aldrin may have
been due to insufficient time for elution of the ana-
lytes from the disk. The effect of elution time on
recovery of analyte was therefore determined. A
leeching technique was used to simplify control of
the contact time between eluting solvent and solid
phase. To this end the kinetics of the extractions
were studied for four selected compounds (me-
thoxychlor, heptachlor, aldrin, mirex) that had
been adsorbed onto an Empore disk from tap wa-
ter. It was found that an average of 78% of the total
amount of analyte ultimately recovered was present
in isolate after the first 10 min. An additional 18%
were recovered by leeching the disk for another 10
min and only a 4% gain for the total 30-min leech
(Table VII). This pattern of recovery was indepen-
dent of whether the analyte was finally obtained in
high or low yield. Similar results were obtained by
leeching the disk in a large volume of diethyl ether
and removing small aliquots at 10-min time inter-
vals: 78% of the analyte ultimately recovered was
present in the diethyl ether after the first 10 min of
leeching and 94% was present after 20 min. How-

ever, while the second method requires less manip-
ulation, the first method of leeching and decanting
the eluant from the disk provides more consistent
recoveries with R.S.D.s for the four separate ana-
lytes of less than 5%. These data suggested that
losses did not result from insufficient extraction
time. If low yields for compounds such as mirex
were due to slow elution from the disk then the frac-
tion recovered with longer extraction times would
have been higher.

A 1-1 volume of water (Hamilton Harbour) col-
lected in July was extracted using a 47-mm Empore
disk and the analytes were eluted from the solid
phase by leeching with diethyl ether for 20 min. This
provided sufficient amounts of analyte for detection
of organic electrophores (Fig. 2). Several of these
compounds could be identified on the basis of their
retention times (min) in comparison to a spiking
solution containing these components: penta- and
hexachlorobenzene (7.26, 7.76), heptachlor (11.58),
aldrin (13.03), y-chlordane (16.07), «-chlordane
(16.56), and endrin (18.71). Several components
with retention times of 8.12, 21.42 and 25.69 min
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Fig. 2. Gas chromatographic trace with electron-capture detection
Empore disk.

were also present in the extraction of 11 of distilled
or doubly distilled water demonstrating that these
were contarhinants from laboratory equipment or
from the Empore disk. The remaining peaks could
only be tentatively identified as organochlorines or
phthalates on the basis of being detected by ECD.

Removal of non-specific interferences
When larger volumes of Hamilton Harbour wa-
ter were extracted, elution of analytes with diethyl

DETECTOR RESPONSE

RETENTION TIME (MINUTES)

of 1 I extract of Hamilton Harbour water on a 47-mm octylsilica

ether resulted in a co-elution of standard organo-
chlorine analytes with highly pigmented material
and materials that caused considerable NSI in the
capillary GC-ECD trace (Fig. 3). It is not yet clear
whether the pigmented and the NSI material are
one and the same. An investigation of this problem
demonstrated another possible advantage to using
the Empore disk; the feasibility of selective elution.

The initial approach to separate NSI from ana-
lytes was use of semi-preparative normal phase col-

DETECTOR RESPONSE

T y

12 1‘6 20
RETENTION TIME (MINUTES)

2|4 32

Fig. 3. (A) Capillary GC-ECD trace of a 10-] extract of Hamilton Harbour water (October 1991) using a 90-mm octylsilica Empore disk
with a 1.0-um GMF filter. Organics adsorbed on the disk were extracted with diethyl ether and concentrated with no further clean-up.
(B) 10-1 extract Hamilton Harbour water (October 1991) using a 90-mm octylsilica Empore disk with a 1.0-um GMF filter. Organics
adsorbed on the disk were extracted with diethyl ether and separated by elution from a Florisil column with diethyl ether-isooctane
(5:95, v/v).
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Fig. 4. Cumulative recoveries from a Florisil column by elution with n-pentane, 5 and 10% diethyl ether in #-pentane. Compounds: 1
hexachlorocyclohexane; 2 = hexachlorobenzene; 3 = lindane; 4 = heptachlor; 5 = heptachlor epoxide; 6 = y-chlordane; 7
a-chlordane; 8 = dieldrin; 9 = p,p'-dichloro-2,2-bis(p-chlorophenyl)ethylene (p,p’-DDE); 10 = endrin; 11 = f-endosulphan; 12 =
tetrachlorphenylethane (p,p’-TDE) + 0,p’-1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane (o,p’-DDT); 13 = methoxychlor; 14 = mirex.

100% 7
90% - l
80%
ey 9
5 70% 7
>
3  .60% ¢
[
o« 0
o 50% T
>
S 40% A
©
3 30% 1
3
S 20% -
10% T
0%
1 2 3 4 5 6 7 8 9 10 1 12 13 14
Analyte
M 10% Diethyl Ether [J 25% Diethyl Ether B 50%Diethyl Ether

Fig. 5. Cumulative recoveries by leeching adsorbed analytes directly from an Empore disk with 10, 25 and 50% diethyl ether in
n-pentane. Compounds: 1 = hexachlorocyclohexane; 2 = hexachlorobenzene; 3 = lindane; 4 = heptachlor; 5 = heptachlor epoxide;
6 = y-chlordane; 7 = a-chlordane; 8 = dieldrin; 9 = p.p'-dichloro-2,2-bis(p-chlorophenyl)ethylene (p,p’-DDE); 10 = endrin; 1 =
B-endosulphan; 12 = tetrachlorophenylethane (p,p-TDE) + o0,p"-1,1,1 trichloro-2,2-bis(p-chlorophenyl)ethane (o,p’-DDT); 13 =
methoxychlor; 14 = mirex.
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umn chromatography. The organics were first elut-
ed from the Empore disk and concentrated in isooc-
tane or hexane. This isolate was transferred to a
column of Florisil for separation. (This phase has
retentivity intermediate between silica and alumi-
na). Elution with 10% diethyl ether in pentane reco-
vered 12 of the 14 target organochlorine analytes in
varying yield (Fig. 4). In order to recover the addi-
tional two analytes elution with 25% diethyl ether
in pentane and then with 50% diethyl ether in pen-
tane was attempted but the NSI began to elute with
the former solvent system and more NSI was reco-
vered with the latter eluent. These data suggested
that normal-phase chromatography was not com-
pletely effective in separating analytes from the col-
oured material and/or the NSI.

The second separation technique was based on
selective elution from the disk. In this case solvent
of differing polarities were used to elute the com-
pounds directly from the disk. The data in Fig. 5
shows that leeching the Empore disk with 10%
diethyl ether in pentane recovers all of the com-
pounds but does not optimally recover each ana-
lyte. Nevertheless all compounds spiked into the
sample are isolated in greater than 65% of the final
yield of any given analyte. More important, 10%
diethyl ether in pentane does not elute either the
coloured material and/or the NSI In contrast,

TABLE VIII
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while 25% diethyl ether in pentane does give a more
complete recovery this solvent system also elutes a
sufficient amount of pigment and/or NSI is eluted
so as to compromise the capillary column GC-
ECD analysis.

Comparison of liquid-liquid extraction and SPSP
with an Empore disk

Liquid-liquid extraction and SPSP of large vol-
umes of Hamilton Harbour water were compared
using recovery of ambient compounds as the basis
for comparison. Despite the fact that a direct com-
parison (i.e. comparison of recoveries of analytes
from two aliquots of the same water sample of wa-
ter prepared by the same technician on the same
day) could not be made a substantial fraction (8/13)
of ambient compounds were recovered in compara-
ble yield (Table VIII). Three compounds were reco-
vered in greater yield by liquid-liquid extraction
but this may have been due to losses on storage. The
higher recovery for heptachlor with liquid-liquid
extraction may, however, may accurately reflect the
fact that recoveries for this compound by SPSP
were low. One compound was extracted in higher
yield by SPSP possibly reflecting a more efficient
extraction. These data suggest that SPSP with the
Empore disk is a viable alternative to liquid-liquid
extraction for the recovery of ambient organic ana-
lytes from natural waters.

COMPARISON OF RELATIVE RECOVERIES OF ANALYTES FROM NATURAL WATERS USING USING LIQUID-
LIQUID EXTRACTION (LLE) OR SOLID-PHASE SAMPLE PREPARATION (SPSP)

Component RI1 for LLE R1 for SPSP Ratio of recoveries
for LLE/SPSP
1 19.6 5.84 3.36
2 5.05 17.8 0.28
3 3.29 3.44 0.96
4 29.1 257 1.09
5 (hexachlorobenzene)  2.71 4.01 0.68
6 4.38 4.39 1.00
7 4.66 20.5 0.23
8 1.8 2.58 0.70
9 34 1.39 2.45
10 (heptachlor) 14.1 1.42 9.93
11 (aldrin) 5.69 5.80 0.98
12 (e-chlorodane) 2.84 3.39 0.84
13 4.34 3.77 1.15
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CONCLUSIONS

Optimal use of the Empore disk for the analysis
of natural waters requires that the problems of par-
ticulate matter and non-specific interferences be re-
solved. It proved possible to use filters set in-line or
off-line with the Empore disks to remove particu-
late matter prior to extraction and thus relatively
large volumes (10-11 1) of natural water could be
treated. Non-specific interferences could also be
separated by selective elution from the disk whereas
semi-preparative chromatography on Florisil does
not separate all analytes from NSI. Finally, the re-
coveries from the Empore disks are comparable to
that obtained by liquid-liquid extraction using di-
chloromethane.
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water for gas chromatographic—-mass spectrometric

analysis
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ABSTRACT

An automated solid-phase extraction (SPE) method was developed for the pre-concentration of chioroacetanilide and triazine
herbicides, and two triazine metabolites from 100-ml water samples. Breakthrough experiments for the C, ; SPE cartridge show that the
two triazine metabolites are not fully retained and that increasing flow-rate decreases their retention. Standard curve r* values of
0.998-1.000 for each compound were consistently obtained and a quantitation level of 0.05 ug/l was achieved for each compound tested.
More than 10 000 surface and ground water samples have been analyzed by this method.

INTRODUCTION

The triazine and chloroacetanilide herbicides
atrazine and alachlor are widely used pre-emergent
herbicides in the midwestern USA. These herbicides
have been reported as common contaminants in
both surface and ground water [1-3]. Two dealky-
lated triazine metabolites, deisopropylatrazine and
deethylatrazine, have also been detected [2,3]. As a
result of this environmental problem several meth-
ods using gas chromatography—mass spectrometry
(GC-MS) have been developed to analyze these
herbicides [4-6]. However, regional reconnaissance
and process studies usually require the analysis of
large numbers of samples. Because of the extensive
automation available for liquid chromatographic
and GC-MS analysis the most time-consuming, ex-
pensive, and error-prone step then becomes the pre-
concentration of the analytes of interest.

Correspondence to: M. T. Meyer, Water Resources Division, US
Geological Survey, 4821 Quail Crest Place, Lawrence, KS 66049,
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Solid-phase extraction (SPE) has been successful-
Iy used for the extraction of triazine and chloro-
acetanilide herbicides [7-9]; however, automated
methods for the preparation of these frequently
analyzed organic compounds are needed to reduce
the costs of analysis, diminish sample handling and
preparation errors, increase sample through-put,
and increase safety. The most common techniques
for the extraction of non-ionic, non-polar organic
compounds from water are liquid-liquid extraction
and SPE [10,11]. Of these techniques, SPE is best
suited for automation because the small disposable
cartridges containing small amounts of solid sor-
bent require little organic solvent and are readily
fitted into a robotic system. Several other advantag-
es of SPE over liquid—liquid extraction as a sample
preparation technique also have been espoused
[10,12,13].

Automation of SPE is a relatively new concept as
commercial equipment for this purpose has become
available within only the last 5-6 years. Further-
more, only within the last 4 years has an automated
SPE workstation been available that was capable of
processing more than three large samples of 100-
1000 ml, which are necessary for environmental

1993 Elsevier Science Publishers B.V. All rights reserved
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analysis. This paper presents an automated method
for the isolation of chloroacetanilide and triazine
herbicides, and two polar metabolites of atrazine,
deethylatrazine and deisopropylatrazine, from wa-
ter using a Millilab 1A workstation (Waters Chro-
matography, Milford, MA, USA) with an on-line
computer. Coupled with GC-MS-selected-ion
monitoring (SIM) this is a robust method for the
analysis of herbicides from water present at ng/l lev-
els using only a sample of 100 ml.

EXPERIMENTAL

Apparatus
The Millilab 1A workstation with an on-line
computer was used for the automated SPE of herbi-
cides from water. Here we describe the pertinent
set-up information for implementing this proce-
dure. The two syringe pumps on the fluidics module
were outfitted with a 5- and 1-ml syringe. Two mul-
tiple intake accessories (MIAs) were added to the
5-ml syringe on the fluidics module to increase the
number of water samples that could be processed
from 3 to 14. Also a distilled water reservoir, for
rinsing the PTFE tubing and XYZ probe, was con-
nected to one of the valves of an MIA. Solvent res-
ervoirs of distilled water, ethyl acetate, and metha-
nol, attached to the I-ml syringe, were used as
working solvents for elution of the SPE cartridges
and the pipetting of reagents and spiked sample el-
uates. Custom-designed Plexiglas racks that could
hold up to fourteen 125-ml bottles were used to or-
ganize water and quality assurance samples into
sets. The bottle racks were keyed to fit into a cus-
tom-designed Plexiglas housing that was mounted
in front of the fluidics module. PTFE sample lines
from the MIAs were held securely in the sample
bottles by pre-drilled holes in the top of the Plexi-
glas housing, through which the hoses were strung.
The transport module of the Millilab workstation
contained an XYZ probe used for pipetting and dis-
pensing reagents, and delivering the water sample
to the SPE cartridge. Also, the transport module
had a test-tube rack, and SPE cartridge rack, which
also contained positions to which small reservoirs
containing pipetting reagents can be placed. To one
of the reagent positions a custom designed Plexiglas
rack was attached to hold a 10-ml screw-top test-
tube so that an internal standard could be pipetted
into each of the sample eluates.
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Reagents

Pesticide-grade methanol and ethyl acetate were
obtained from Fisher Scientific (Springfield, NI,
USA). Ametryn, atrazine, prometon, prometryn,
propazine, simazine, and terbutryn were obtained
from Supelco (Bellefonte, PA, USA); alachlor, cya-
nazine, nietolachlor, metribuzin, terbuthylazine
(the surrogate, recovery standard), and [2H;o]phe-
nanthrene (the internal standard) were obtained
from EPA Pesticide Chemical Repository (Re-
search Triangle Park, NC, USA). Two triazine me-
tabolites, deethylatrazine and deisopropylatrazine,
were obtained from Ciba Geigy Agricultural Divi-
sion (Greensboro, NC, USA). All of the standards
obtained were greater than 97% pure. Concentrat-
ed stock and spiking solutions were prepared in
methanol, except for [?H;o]phenanthrene which
was prepared in ethyl acetate. Distilled water was
generated by purification through activated char-
coal filtration and deionization with a high-purity,
mixed-bed resin, followed by another activated
charcoal filtration step and finally distillation in a
Wheaton Autostill-5 (Millville, NJ, USA). Sep-Pak
plus cartridges, containing 360 mg of 40-um C,g
bonded silica packing, were obtained from Waters
(Milford, MA, USA).

Extraction procedure

Surface and ground water samples collected for
analysis were filtered through 0.7-um glass-fiber fil-
ters (Geotech, Denver, CO, USA), then refrigerated
in 125-ml glass bottles. Ten samples were placed
into custom-made Plexiglas racks. Two distilled wa-
ter solutions fortified with a herbicide mix and two
blanks were then added to the sample racks for
quality control. The concentration of the fortified
distilled water solutions ranged from 0.05 to 5.0
ug/l. Then 100 ul of a surrogate standard, terbuthyl-
azine (1.34 ng/ul), were added to each bottle.

The SPE cartridge was conditioned by passing 2
ml of methanol, 6 ml of ethyl acetate, 2 ml of meth-
anol, and 2 ml of distilled water. Reagents were
pipetted through the SPE cartridge from the re-
agent reservoirs on the transport module. The
PTFE sample lines were primed with 23 ml of water
sample prior to pumping the remaining 100 ml of
sample through the SPE cartridge at a flow-rate of
20 ml/min. The probe was then rinsed with distilled
water and filtered compressed air then was passed
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through the SPE cartridge for 1 min to remove as
much water sample trapped in the cartridge as pos-
sible. The SPE cartridge was eluted with 2.5 ml of
ethyl acetate into a centrifuge tube. Each sample in
the set was sequentially prepared in the same way.
An internal standard, [*H;,]phenanthrene (500 ul,
0.2 ng/ul), was then added to each of the sample
eluates in a batch spiking procedure. The Millilab
mixed the sample eluate, then pipetted the ethyl ace-
tate into a clean centrifuge tube to separate it from
the residual water in the SPE cartridge, which co-
eluted with the ethyl acetate. The interior and exte-
rior of the probe were then washed with ethyl ace-
tate after each sample was mixed and pipetted. This
cycle was repeated until all the samples were mixed
and separated. The eluates were removed from the
Millilab, reduced to a volume of approximately 100
ul using a Zymark Turbovap LV evaporator (Hop-
kinton, MA, USA), and transferred into 200-ul
glass-lined polystyrene vials for analysis by GC-
MS.

GC-MS analysis

. Sample eluates were analyzed using a Hewlett-
Packard Model 5890 gas chromatograph and a
5970B mass-selective detector (Palo Alto, CA,
USA). Operating conditions were as follows: a di-
rect capillary interface at 280°C, ionization voltage
70 eV, ion source temperature 280°C, electron mul-
tiplier 400 V above autotune, tuned daily with per-
fluorotributylamine. The filament and electron mul-
tiplier were turned on 15 min into each sample run.
Twenty-nine ions divided into four acquisition
groups were monitored during each sample run.
The area of the base-peak ion for each compound
was divided by the single 188 ion-peak of the
[*H;¢]phenanthrene and the 214 ion-peak of ter-
buthylazine for quantification. Compound confir-
mation was based upon the presence of the molec-
ular ion, and one to two confirming ions (with area
counts +20%), and a retention time match of
+0.2% relative to [*°H, ¢]phenanthrene.

Samples were injected in the splitless mode into
the gas chromatograph. The injector temperature
was 280°C. Herbicides were separated ona 12 m x
0.2 mm L.D., HP-1 fused-silica capillary column
with a film thickness of 0.33 um (Hewlett-Packard).
The helium carrier gas flow-rate was 1 ml/min with
a head pressure of 35 kPa. The column temperature
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was held at 60°C for 1 min and programmed to
ramp at 6°C/min to 250°C.

RESULTS AND DISCUSSION

Table I shows that only the two triazine metabo-
lites were detected in the breakthrough determina-
tions. As the flow-rate was increased from 20 to 60
ml/min the breakthrough of deisopropylatrazine in-
creased from 35 to 40% and deethylatrazine from 5
to 10%. The standard deviations of the mean
breakthrough for some adjacent flow-rates overlap
for both compounds. Thus, it is not certain that
there is discernible difference in breakthrough by
increasing the flow-rate from 20 to 30 ml/min.
However, there is a trend of increased break-
through with increasing flow-rate. Furthermore,
there is a distinguishable difference in breakthrough
from 20 to 60 ml/min for both compounds. These
data indicate that for compounds with low sorption
capacity precise control of the flow-rates is neces-
sary to ensure consistent quantitative results.

Deisopropylatrazine has less sorption capacity
than deethylatrazine because it has one less carbon
group in the alkyl sidechain and can undergo less
hydrophobic interactions with the C, g resin. Break-

TABLE I

PERCENT BREAKTHROUGH FOR SEP-PAK C,, CAR-
TRIDGE FOR 13 HERBICIDES AS A FUNCTION OF
FLOW-RATE

Using 100-mi sample, 1 pg/l concentration for each compound,
passed through two cartridges in tandem, cartridges eluted sep-
arately using Millilab procedure and analyzed by GC-MS.
Breakthrough based on an external standard curve for each com-
pound. Procedure performed for each flow-rate in duplicate.

Flow-rate % mean breakthrough + S.D.¢
(m!/min)
Deisopropylatrazine Deethylatrazine
20 35+ 19 5406
30 37 £ 25 7+07
40 37 £ 1.1 9+ 09
60 40 + 0.3 10 £ 0.2

“ Breakthrough not detected for the other 11 herbicides listed in
the Reagents section.



58

through volumes for the triazine and acetanilide
herbicides on C;3 at a flow-rate of 4 ml/min have
previously been reported [6]. The results from that
study, with 10 and 100% breakthrough for deiso-
propylatrazine occurring after 75 and 225 ml of
sample were passed through a Cyg cartridge, are in
good agreement with those presented in Table 1.

The variation of the recovery ratio of terbuthyl-
azine to [*H;o]phenanthrene was calculated for 11
historical standard curves. The ratio was calculated
by dividing the area of the 214 ion of terbuthylazine
by the 188 ion of [*H,¢]phenanthrene. The relative
standard deviation (R.S.D.) for the average ratio
calculated from each standard curve varies from
+2to 6% and the average R.S.D. is 4%. The devia-
tion of the terbuthylazine to [2H,o]phenanthrene
ratio for the majority of samples measured was, in
general, within +10% of the ratio calculated from
the standard curve being used. However, the per-
cent deviation for most of the samples was only 3 to
7% greater than the R.S.D. for the recovery ratios
calculated from the standard curves. Most of the
deviations greater than +10% are due to either a
spiking error, usually the terbuthylazine, or because
the full volume of sample was not pumped through
the cartridge. Thus, most of the variation in this
method is not from extraction efficiency from com-
plex matrices but is from spiking error, or instru-
ment malfunction.

For each compound #? values from 11 standard
curves were between 0.998 and 1.000. The high r?
values, obtained using both the [*H; o]phenanthrene
and the terbuthylazine as quantification standards,
shows that a high degree of reproducible precision
has been maintained with this automated method.
Furthermore, herbicide concentrations calculated
by both standards usually agree within +10%. Be-
cause the 5.0 ug/l standards exerts a lot of leverage
on these standard curves it is important to maintain
r* values of 0.997 or greater to have good control
over the 0.05 to 0.2 ug/l range in the standard curve.

Quantitation levels of 0.05 pg/l are achieved for
each of the 13 herbicides. However, deisopropyla-
trazine and cyanazine give significantly less re-
sponse than the other compounds. A chromato-
gram of our 13-compound mix published in a previ-
ous study [6] illustrates this point. For deisopropyl-
atrazine the response is diminished because 35 to
40% of the compound is not sorbed to the SPE
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cartridge. Furthermore, cyanazine and deisopropyl-
atrazine are susceptible to losses in the injection
port as the injection sleeve becomes dirty [6], which
raises the quantitation levels if the injection sleeve is
not regularly replaced. The fortified distilled water
solutions run with each set were used to detect dete-
rioration in analyte response. When the slope of the
standard curve was adjusted by more than 15% to
compensate for this loss the injection sleeve was re-
placed. Finally, analysis of duplicate samples and
fortified distilled water solutions by independent
laboratories were used as an independent check for
method accuracy. In general, the results from the
inter laboratory comparisons agree within 10 to
20% of the results obtained from our laboratory.

CONCLUSIONS

The breakthrough experiments show that the C, 4
SPE cartridge has limited sorption capacity for de-
isopropylatrazine and deethylatrazine and that the
sorption capacity for these compounds is reduced
with increasing flow-rates. Therefore, for accurate
quantitative analysis of compounds with limited
sorption capacity, such as deisopropylatrazine, pre-
cise control of flow-rate is necessary. The recovery,
and standard curve data along with the analysis of
thousands of fortified distilled water solutions and
several hundred duplicate samples show that the
precision (% relative standard deviation) for this
method is +£10% for each compound. Further-
more, inter laboratory comparison studies of forti-
fied distilled water solutions, and duplicate samples
show that this method is accurate. Also this auto-
mated SPE method has reduced the amount of
man-hours required for extraction by more than
70%, increased precision by 5%, increased sample
through-put by 200% using two Millilab worksta-
tions, and reduced significantly technician exposure
to solvent fumes. Finally, automated SPE coupled
with GC-MS-SIM is a robust and reliable method
for the routine detection of herbicides in the sub-
ppb levels using only a 100-ml water sample.
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ABSTRACT

When extraction recoveries during solid-phase extraction are affected by the volume or type of matrix applied to the column, the
assay is not very robust. Using as examples the extraction of four basic drugs from biological matrices using cyano and octadecyl
solid-phase extraction columns, it is shown that the recovery from 1 ml of plasma can be good while the recovery from water or diluted
plasma is poor. Control of sample pH was found to increase recoveries from the cyano column by improving adsorption during sample
application. Addition of detergent was found to enhance recoveries from the octadecyl column by moderating retention and allowing

the drugs to be eluted more easily.

INTRODUCTION

Although solid-phase extraction (SPE) is widely
used for the cleanup of biological samples prior to
chromatographic analysis [1,2], developing rugged
methods based on solid-phase extraction is still
somewhat of an art. One problem that we have fre-
quently encountered is a biofluid volume and/or
type dependent recovery of drug and internal stan-
dard. There are three potential causes of poor re-
coveries: incomplete adsorption of drug to the SPE
stationary phase during sample application with the
’lost’ drug thus eluting in the initial flow-through of
the column; premature elution during column-
washing; or incomplete elution during the final elu-
tion step.

Experimentally determined differences in recov-
eries of drug from plasma, urine, or water must be
due to chemical or physical differences between
these matrices which affect either the properties of
the solute or the stationary phase. The most likely
factors causing matrix-dependent recoveries are

Correspondence to: R. R. Walters, Drug Metabolism Research,
The Upjohn Company, Kalamazoo, MI 49001, USA.

pH, ionic strength, and surface tension. This pre-
sentation will describe the results of experiments
aimed at identifying the crucial variables for assay
methods for two basic compounds extracted using
cyano SPE columns and two other basic com-
pounds extracted using C;g SPE columns, and
show how the assays could be made more rugged
with respect to recovery from water, plasma, and
urine samples of various volumes.

EXPERIMENTAL

Materials

The compounds tested for recovery, U-77567,
U-88055, U-70226, and U-74747, were obtained
from Upjohn (Kalamazoo, MI, USA). Sequanal
quality trifluoracetic acid (TFA) was from Pierce
(Rockford, IL, USA). Other chemicals were reagent
grade and solvents were of HPLC or UV grade.

Apparatus

Solid-phase extraction was performed using
Bond-Elut C, g and Cyano SPE columns containing
100 mg of stationary phase and a Vac-Elut solid-
phase extraction manifold (Analytichem, Harbor
City, CA, USA). The HPLC system used for the
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measurement of U-77567 and U-88055 recoveries
consisted of a Beckman 110B solvent delivery mod-
ule set at a flow-rate of 1 ml/min, a Perkin-Elmer
1SS-100 autosampler with a temperature-controlled
sample tray thermostatted to 2°C, a Zorbax RX Cg
analytical column (5§ ym, 250 x 4.6 mm I.D.) with a
guard column (12.5 X 4.0 mm 1.D.), and a Waters
470 fluorescence detector with an excitation wave-
length of 275 nm and an emission wavelength of 310
nm. Samples were injected every 15 min and eluted
isocratically with a mobile phase consisting of ace-
tonitrile-0.01 M sodium acetate, pH 4.0 (10:90, v/
v). The HPLC system used for the assay of U-70226
and U-74747 was a complex column-switching re-
versed-phase system which will be described sep-
arately [3].

Procedure

A 50-p1 volume of a 200-ng/ml aqueous solution
of U-77567 was mixed with 50 ul of a 300-ng/ml
aqueous solution of U-88055 and various volumes
of buffer, detergent, plasma (rat), urine (rat), etc. as
shown in Table I. Additional water was added to
bring the volume of each sample to at least 1 ml.
The mixtures were applied to Bond-Elut Cyano
SPE columns which had been preconditioned with 1
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ml each of methanol and water. Following sample
application, the columns were washed with 2 ml of
water, dried for 3 min by sucking air through the
columns using house vacuum (ca. 70 kPa), washed
with 300 ul of hexane, and eluted by gravity with
300 ul of methanol containing 0.1% TFA. The last
volume was forced out using pressurized nitrogen.
Following evaporation and reconstitution, the re-
coveries were measured by reversed-phase HPLC
against a non-extracted solution of the compounds.

A 10-ul volume of an acetonitrile solution con-
taining 1100 ng/ml of U-70226 and 1500 ng/ml of
U-74747 was mixed, in duplicates, with various so-
lutions (including human plasma and urine) as
shown in Table II, then applied to Bond-Elut C,g
SPE columns which had been preconditioned with 1
ml each of methanol and water. Following sample
application, the columns were washed with 1 m! of
acetonitrile-methanol-water (25:25:50), dried for 3
min by sucking air through the columns using
house vacuum (ca. 70 kPa), washed with 300 ul of
hexane, dried again in the same manner for 10 min,
and eluted by gravity with 500 ul of acetone—aceto-
nitrile-triethylamine (TEA) (50:50:0.2). The last
volume was forced out of the column using pressur-
ized nitrogen. After evaporation, the samples were

TABLE I
RECOVERIES OF U-77567 AND U-88055 FROM VARIOUS MATRICES AFTER EXTRACTION USING CYANO SPE COL-
UMNS
Treatment U-77567 recovery (%)  U-88055 recovery (%)
Water 1 ml 2 2
Plasma 0.01 ml 29 29
0.1 ml 95 99
1 ml 100 106
Urine 0.01 ml 16 16
0.1 ml 96 99
1 ml 103 109
0.1 M pH 5 buffer 0.1 ml 57 53
1 ml 70 81
0.1 M pH 7 buffer 0.1 ml 101 105
1 mi 101 105
0.1 M pH 9 buffer 0.1 ml 96 99
1 mi 99 104
Saline 0.1 ml 34 30
1 mi 37 43
5% Dextrose 0.1 ml 3 2
1 ml 3 2
0.04% Tween 80 1 ml 17 2
0.04% Triton X-100 1 ml 4 4
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TABLE II
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RECOVERIES OF U-70226 AND U-74747 FROM VARIOUS MATRICES AFTER EXTRACTION USING C,, SPE COLUMNS

Treatment U-70226 U-74747
Recovery (% = S.D.)  Recovery (% * S.D.)
n=2 n=2)

Plasma + 0.05 M pH 7 1 ml each 106 + 1 104 £ 3

buffer-0.1% TEA

Urine + 0.05 M pH 7 0.1 m! urine, 76 £ 13 51 + 10

buffer-0.1% TEA 1 ml buffer

Water + 0.05 M pH 7 1 ml each 78 £ 0 54 %3

buffer-0.1% TEA

Water 1 ml 54 x 1 3341

Plasma 1 ml 71 £ 3 68 + 3

Plasma 0.1 ml + 67 £ 2 59+ 1

0.9 ml water
Urine 1 ml 66 + 1 46 = 1
Urine 0.1 ml + 59 + 4 40 £ 5
0.9 ml water

0.1 M pH 5 buffer 1 ml 64 £ 0 48 + 1

0.1 M pH 7 buffer 1 ml 55+ 2 41 + 2

0.1 M pH 9 buffer 1 ml 79 £ 1 60 £ 0

Saline 1ml 73 +£ 3 53+ 1

Saline-0.1% TEA [ mi 29+ 6 42 7

- 5% Dextrose 1 ml 576 36 + 6

0.04% Tween 80 1 ml 96 + 3 104 £ 1

0.04% Triton X-100 I ml 94 + 1 95 + 2

0.04% Triton X-100-0.1% TEA 1 ml 57+ 2 97 £ 2

derivatized with 1-naphthyl isocyanate [4] and as-
sayed by reversed-phase column-switching HPLC
[3]. Recoveries were measured against a derivatized,
non-extracted solution of the compounds.

The buffers used to dilute the samples in Tables I
and II were all sodium phosphate buffers of the in-
dicated pH and molarity. The pH of each buffer
containing TEA was adjusted after addition of
TEA.

RESULTS AND DISCUSSION

U-77567 (Fig. 1) is a basic compound assayed in
biofluids using solid-phase extraction (cyano col-
umn) followed by reversed-phase HPLC. Recover-
ies of drug and internal standard (U-88055, Fig. 1)
were high for 0.1-1 ml samples of both plasma and
urine but low if 10 ul of plasma or urine were dilut-
ed to 1 ml with water prior to extraction due to their
high drug content (same total amount of drug in all
cases). It was suspected that this biofluid volume-
dependent extraction recovery problem was caused

by incomplete adsorption of drug to the cyano
phase during sample application. Therefore, several
experimental factors, such as pH, ionic strength,
and the use of detergents, were tested for their ef-
fects on drug recovery.

The data from the experiments with U-77567 and
U-88055 are shown in Table I. The results clearly

NH-CH, CH, CHy

N

NH—L

~0

U-77567

NH-CHZ—Q

U-88055

N

N—L

~0

Fig. 1. Structures of U-77567 and U-88055, which were solid-
phase extracted using a cyano column.



64

show the diminished recoveries when water or small
plasma or urine volumes were extracted. This was
obviously a pH effect, since addition of pH 7 or 9
buffers to the samples resulted in high recoveries,
whereas ionic strength changes and addition of de-
tergents did not alter the recoveries substantially.
Since the pK, values of these compounds are ap-
proximately 8, it can be concluded that the recovery
problem was a simple equilibrium problem, with re-
tention being too weak when the pH was not opti-
mal. Apparently large plasma and urine samples
provided their own buffering capacity, while sam-
ples diluted with water did not have sufficient buff-
ering capacity to control the pH of the column.
U-70226 (Fig. 2), another basic drug, and its in-
ternal standard (U-74747, Fig. 2) were assayed by
reversed-phase HPLC after solid-phase extraction
on an octadecyl phase and derivatization of the al-
cohol moiety with 1-naphthyl isocyanate [3,4]. It
was discovered that the recovery of drug from plas-
ma samples was greater than from water and from
other biofluids including urine, tissue homogenates,
saliva and microsome samples. This problem was
initially believed to be a result of variable adsorp-
tion during application to the SPE column. An ex-
periment was conducted in which the compounds
were applied to the SPE column in 1 ml of water.
The flow-through was collected, mixed with 1 ml of
plasma and 1 ml of pH 7 buffer-0.1% TEA, and
reextracted (the latter conditions were known to re-
sult in high recoveries, see Table II). However, the
compounds were not found in the initial flow-

/CHZCHa
CH3—802—NH@?H-CHZCHchZ—N\
OH CH, (CHy) gCH,

U-70226

,CH2CH3
CH3-S0, -NH@?H-CH2CHZCH2—N\
OH CH, (CH,) SCHS

U-74747

Fig. 2. Structures of U-70226 and U-74747, which were solid-
phase extracted using an octadecy! column.
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through, indicating that the problem was not one of
poor initial adsorption.

The original SPE column was then eluted three
times with 0.5 ml volumes of the acetone—acetoni-
trile-TEA elution solvent. The recoveries of
U-70226 and U-74747 were 67 £ 7% and 48 +
7%, respectively, in the first fraction, 14 + 3% and
11 £ 2% in the second fraction, and none in the
third fraction. The total recoveries of 81% and
59%, respectively, after elution along with the lack
of drug in the application flow-through suggest that
these compounds are tightly adsorbed to the SPE
stationary phase and are incompletely eluted by the
elution solvent. In contrast, when the sample was
applied in plasma, quantitative recoveries were
achieved in the first 0.5 ml elution volume (Table
).

This problem was further examined by applying
the compounds in a variety of solutions (Table II).
Recoveries were lower when the drugs were mixed
with water than when mixed with urine, and lower
in urine than in plasma. Smaller volumes of plasma
or urine (with additional water added) also resulted
in lower recoveries. Recoveries were not improved
by mixing the drugs with buffers of various pH val-
ues, saline, or dextrose. Addition of detergents, ei-
ther Triton X-100 or Tween 80, did result in nearly
quantitative recoveries. Addition of a pH 7 buffer
containing TEA to the drugs in urine, water or plas-
ma also improved recoveries, with recoveries being
quantitative in the latter case. However, unbuffered
TEA solutions (in saline or detergent) resulted in
lower recoveries.

These data suggest that the C;3 SPE phase con-
tains strong adsorption sites. Some of these may be
strong hydrophobic sites, others may be polar sites
from exposed silanol groups. Addition of plasma,
detergents, or buffered TEA during sample applica-
tion each help to mask some of these sites, resulting
in higher elution recoveries of drug. The highest re-
coveries were obtained by applying the samples in
plasma and buffered TEA or in a detergent solu-
tion.

CONCLUSIONS
In the two examples given, matrix type and vol-

ume-dependent recoveries were found to be im-
proved by addition of various reagents to the sam-
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ple solution applied to the SPE columns. Testing
the effects of buffers, detergents, etc. on solid-phase
extraction recoveries during method development is
useful in designing more rugged assays. If critical
parameters can be identified, it may be possible to
design assays such that any volume or type of ma-
trix can be assayed without modification of the as-
say procedure.
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Alternatives to methanol-water elution of solid-phase
extraction columns for the fractionation of high log Kow
organic compounds in aqueous environmental samples
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ABSTRACT

A toxicity-directed method for fractionating non-polar organic toxicants using solid-phase extraction (SPE) is described in phase II
of EPA’s “Methods for aquatic toxicity identification evaluations”. This method has been used very successfully to extract and
fractionate acutely and chronically toxic complex effluents and ambient waters. However, when fractionating samples that contain very
hydrophobic (high log K,,) toxicants the methanol-water elution sequence requires modification for optimum results. An elution
modification has been made to the phase II SPE fractionation method for use with aqueous samples which contain such compounds
(e.g. sediment pore water). The modified elution and fractionation method has been found to be effective for the separation and
isolation of a mixture of compounds with log K, values ranging from 2.5 to 7 from aqueous solution and for toxicants from a sediment

pore water sample.

INTRODUCTION

It is a difficult task to identify the contaminants
which cause toxicity in complex environmental
samples. A chemical screening method such as pri-
ority pollutant analysis may fail to identify the tox-
icants because the sample may contain thousands of
compounds and there is no assurance that those
measured are responsible for the toxicity. One ap-
proach for separating toxic from non-toxic compo-
nents is the use of toxicity guided fractionation
[1-4]. This approach uses organism response as the
“toxicity detector”. The US Environmental Protec-
tion Agency (USEPA) has developed a method to

Correspondence to: Elizabeth Durhan, Environmental Research
Laboratory—Duluth, US Environmental Protection Agency,
6201 Congdon Boulevard, Duluth, MN 55804, USA.

identify acutely toxic compounds in aqueous envi-
ronmental samples using freshwater fish or inver-
tebrates as the toxicity detector. This method, entit-
led “Methods for aquatic toxicity identification
evaluations” (TIE), uses a three phase approach:
phase I, toxicity characterization [5]; phase II, tox-
icity identification [6]; and phase III, toxicant con-
firmation [7]. These procedures have been used suc-
cessfully to identify toxicants in wastewater ef-
fluents [1,8,9], ambient water [10], and sediment
pore water [11,12]. Typical toxicants identified were
cationic metals, ammonia, chlorine, pesticides, and
non-polar organics. The identification procedure
for non-polar organic toxicants described in phase
II of the TIE methods relies on reversed-phase
* chromatography to separate toxic from non-toxic
sample components [13-15]. The reversed-phase
chromatography is achieved with C,;g solid-phase
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extraction (SPE) and a methanol-water solvent sys-
tem. This method has been used very successfully to
fractionate and isolate non-polar organic toxicants
from complex effluents [1,2,8]. However, other
aqueous samples, such as sediment pore water, of-
ten contain toxicants not typically found in ef-
fluents, which are not effectively fractionated by the
phase II method. For example, compounds such as
polyaromatic hydrocarbons, polychlorinated bi-
phenyls and long chain aliphatic hydrocarbons
have been implicated in the toxicity of sediment
pore waters [16]. These compounds are highly
hydrophobic, as is evidenced by their high log K,
values. Such hydrophobic compounds are not well
fractionated by the phase I method. To overcome
this limitation a study was conducted which eval-
uated alternative solvent systems and alternate sor-
bents, to achieve optimum toxicant separation and
recovery over a broad range of log K., values. One
major limitation of the solvent system choice is that
the fractionation method is toxicity directed, there-
fore all SPE fractions must be tested with aquatic
organisms to track the toxicity. Methanol is one of
the very few solvents that these organisms can toler-
ate at the percentage levels used in the aqueous ex-
posure tests. When solvents were evaluated for their
efficacy in eluting highly hydrophobic compounds
we were left with very few choices that met our tox-
icity testing requirements. Problems such as high
toxicity, the formation of azeotropes or immiscibil-
ity with methanol eliminated the use of solvents
such as acetonitrile, acetone, diethy! ether and hex-
ane. Methylene chloride was selected because of its
solvent strength and because it can be removed
from a methanol-methylene chloride mixture leav-
ing a methanol fraction that can be tested for toxic-

1ty.
EXPERIMENTAL

Instrumentation

GC-MS. A Hewlett-Packard (Palo Alto, CA,
USA) Model 5970B mass selective detector with a
Model 5980A gas chromatograph, Model 7673A
automatic liquid sampler and HP-UX series Chem-
station.

HPLC. A Hewlett-Packard Model 1090 liquid
chromatograph with a diode array detector and an
Isco (Lincoln, NE, USA) Foxy fraction collector
were used for HPLC analyses.
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Materials

SPE. The two SPE sorbents evaluated were octa-
decylsiloxane (C;g) and octylsiloxane (Cg) bonded
to silica. The SPE columns were obtained from
J.T.Baker (Phillipsburg, NJ, USA) and contained 1
g of sorbent.

XAD. Two resins were evaluated: prepurified
XAD-4 and XAD-7 obtained from Alltech Associ-
ates, Inc. (Deerfield, IL, USA).

High-purity water was obtained from a SuperQ
system of Millipore (Bedford, MA, USA). High pu-
rity Burdick & Jackson (Muskegon, MI, USA)
methanol, methylene chloride and high-purity wa-
ter were used for all fractionations.

A test mixture containing compounds with a
range of log K, values of 2.5 to 7.0 was used to
evaluate chromatographic separations of the SPE
and XAD resins. Chemicals in the test mixture and
their estimated log K, are listed in Table 1. The
stock solutions of the test mixture compounds were
prepared in acetone, and the sorbent loading solu-
tion contained approximately 10 ug/l of each com-
pound in high-purity water with 5% methanol.

Methods

SPE loading and fractionation. A 1-g SPE column
was conditioned by pumping 25 ml methanol
through the column, followed by 25 ml high-purity
water. A 950-ml volume of loading solution (unfil-
tered) or sediment pore water (filtered through a
0.45-um nylon filter) was then passed through the
column at a rate of 5 ml/min. The post-column so-

TABLE 1
TEST MIXTURE COMPOSITION

Compound Abbreviation Estimated
Log K .*
Diethyl phthalate DEP 2.57
Naphthalene NAPH 332
Phenanthrene PHEN 4.49
Chrysene CHRY 5.66
Hexachlorobenzene HCB 6.42
p.p’-DDE DDE 6.94

¢ Calculated using the CLOGP program of A. J. Leo, Pomona
College, Claremont, CA, Medchem Project, CLOG-3.3 com-
puter program, 1985.
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TABLE i1

COMPOSITION OF 11 RECOMMENDED FRACTIONS IN
MODIFIED ELUTION SCHEME

Fraction Composition of eluting solvents (%, v/v)
Water (%) Methanol (%) Methylene
chloride (%)
1 75% 25 0
2 50 50 0
3 25 75 0
4 20 80 0
5 15 85 0
6 10 90 0
7 5 95 0
8 0 50 50
9 0 0 100
10 0 0 100
11 0 0 100

lution was collected and extracted with hexane. The
hexane extract was concentrated and analyzed by
GC-MS for breakthrough. The column was then
eluted with 2 x 1.5 ml volumes of solvents such as
those described in Table I1. The resulting fractions
were diluted to approximately 475 ml with high-
purity water, extracted with hexane, concentrated,
and analyzed by GC-MS.

XAD loading and fractionation. A glass chroma-

tography column was packed with 5 ml XAD pre-

purified resin as a methanol slurry. The resin bed
was then washed with 100 ml methanol, followed by
100 ml high-purity water. A 950-ml volume of load-
ing solution was then passed through the column at
a rate of 5 ml/min. The post-column solution was
collected, extracted into hexane, concentrated, and
analyzed by GC-MS for breakthrough. The col-

TABLE 11
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umn was then fractionated with 15-ml volumes of
the methanol and methylene chloride solutions list-
ed in Table II. These fractions were then diluted to
approximately 475 m} with high-purity water, ex-
tracted into hexane, concentrated, and analyzed by
GC-MS.

Original elution method. The 1-g C;g SPE column
was eluted with two successive 1.5-ml aliquots of
each of the following methanol-water mixtures: 25,
50, 75, 80, 85, 90, 95 and 100% (v/v) methanol in
water, This resulted in eight 3-ml fractions.

Modified elution method. The modified elution
scheme eliminates the 100% methanol fraction used
in the original method, and adds four fractions, one
50%, and three 100% (v/v) methylene chloride in
methanol fractions. The composition of the result-
ing eleven 3-ml fractions is shown in Table IT.

Solvent exchange. Methylene chloride is toxic to
aquatic organisms, even at very low concentrations.
As a consequence, it must be removed from SPE
fractions before the fraction can be tested for toxic-
ity. This should be accomplished without risking
the loss of fraction toxicants, and can be achieved
by exchanging the methylene chloride fraction into
methanol. Exchanging methylene chloride into
methanol is relatively easy because of its volatility.
The fractions to be exchanged (12 ml) are placed in
a centrifuge tube with a PTFE stir bar and an addi-
tional 12 ml of methanol. The tube is placed in a
30°C water bath and stirred while a gentle stream of
nitrogen is passed over the solution surface. When
the volume of the solution reaches 3-ml, the sides
are carefully rinsed with 3 additional ml of metha-
nol, and the solution is reduced again to a final 3 ml
volume. The recoveries of the test mixture chem-
icals using this method of solvent exchange are
shown in Table III.

RECOVERIES OF TEST MIXTURE CHEMICALS USING SOLVENT EXCHANGE METHOD

Recovery data from one experiment. Abbreviations are listed in Table 1.

Test chemical

DEP NAPH PHEN

CHRY HCB

DDE

Recovery (%) 82 69 85

108 81 100
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GC-MS analyses. The quantitations of the test
mixture chemicals were done using the selected ion
monitoring (SIM) mode of the mass spectrometer.
For each compound the two major ions and a qual-
ifier ion were acquired. The sediment pore water
fractions were analyzed using a full scan mode col-
lecting data on 50-650 amu. Library searches of the
resulting spectra were performed automatically by
probability matching algorithms and by using the
USEPA/NIH/NBS mass spectral library database.

RESULTS AND DISCUSSION

The original phase IT TIE procedure of isolating
non-polar organic compounds on a C;3 SPE col-
umn was carried out on a sediment pore water. The
toxicants were removed by the C;g SPE column
from the pore water sample, but were not recovered
in the methanol-water SPE fractions. However,
when methylene chloride was added to the metha-
nol-water elution scheme, toxicity recovered from
the column was measured in the eluted fractions.
With this initial success in reclaiming difficult to re-
cover toxicity from pore water, further investiga-
tion was initiated to determine which elution mix-
tures of water, methanol and methylene chloride
would yield the optimum recovery and separation
of compounds over a log K, range of 2.5 to >5.

Original % recoveries SPE

The % recoveries from C;g SPE columns using
the original phase II methanol-water elution

TABLE IV
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scheme are listed in Table IV and Fig. 1a. The re-
coveries of the diethylphthalate, naphthalene and
phenanthrene range from acceptable, in the case of
phenanthrene, to very good. The percent recovery
of the compounds with log K, greater then five
drop off significantly to levels that would probably
be undetectable in a toxicity test.

Methods development of elution scheme

The first change that was made to the elution
scheme was to increase the number of 100% metha-
nol elutions. When the number was increased to
three there was no improvement for the higher log
K,,, compounds. This was unexpected because these
compounds could be eluted from a C,;3 HPLC ana-
lytical column using a methanol-water gradient.
The next change was to add methylene chloride af-
ter the three 100% methanol fractions. The elution
profile of this change is shown in Fig. 1b. The high-
er log K, compounds did elute in the methylene
chloride fractions but there seemed to be two dis-
tinct peaks of the same compounds, one in the
methanol-water elution portion followed by one in
the methylene chloride-methanol fractions. This
elution doublet could possibly be the result of a
mixed-mode interaction (polar and non-polar) of
the Cyg SPE resin and the test compounds.

Modified % recoveries SPE

Using the modified elution scheme (Table II) the
recovery of the higher log K, compounds increased
while the double peak effect observed in the initial

RECOVERIES OF TEST MIXTURE CHEMICALS USING ORIGINAL AND MODIFIED ELUTION SCHEMES

Recovery data from one experiment. Abbreviations are listed in Table I.

Elution scheme Sorbent Test chemical (total % recovery®)

DEP NAPH PHEN CHRY HCB DDE
Original Cis 108 116 62 22 52 32
Modified Cis 99 98 109. 60 95 76
Modified XAD-4 112 72 94 101 57 82
Modified XAD-7 103 95 126 102 109 104
Modified Cq 104 87 115 77 75 89

@ Total % recovery = sum of all fraction recoveries.
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scheme decreased. The double peak effect for phe- ly used in environmental analyses [17-19]. Two
nanthrene could not be eliminated. The percent re-  XAD resins, XAD-4 and XAD-7 were evaluated
coveries of the sorbent loading mixture compounds  along with Cg SPE resins. The results of these ex-
are listed in Table IV and Fig. lc. This elution  periments can be seen in Table IV and Fig. 2. The
scheme was repeated using other sorbents common- evaluated resins could be substituted for C,5 SPE

Percent Recovery

100

80 -

HCB
DDE
CHRY
PHEN
NAPH
DEP

60 —

20

25% 50% 75% 80% 85% 90% 95% 100%
CHOHHO

Fraction

b

Percent Recovery

100

80 -

40
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Fig. 1. (Continued on p. 72)
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Fig. 1. (a) C,4 SPE original elution scheme; (b) C,; SPE methanol extended elution scheme; (c) C,, SPE modified elution scheme.

and reasonable recovery results could be expected. eluted in three to five fractions. The ideal resin, and
Even though the total recoveries for the test com- elution scheme would separate each compound
pounds were very good for XAD-7 there was signif- from the others, and each chemical would elute in

icant compound coelution and each compound only one fraction.
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Fig. 2.
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Fig. 2. (a) C, SPE modified elution scheme; (b) XAD-7 modified elution scheme; (¢c) XAD-4 modified elution scheme.

GC-MS identification of fractions of sediment pore
water

The fractions collected from the pore water C;g
SPE fractionation were analyzed using GC-MS.
The resulting chromatograms were library searched

and a list of tentatively identified compounds was
compiled. In general, the results indicate that there
are compounds (eleven in this case) that will be elut-
ed from the C,;g SPE column that cannot be re-
moved by methanol-water elutions. These com-
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TABLE V

AVERAGE LOG K_, OF COMPOUNDS IDENTIFIED BY
GC-MS IN SEDIMENT PORE WATER C,, SPE FRAC-
TIONS

C, SPE fraction No. of Average
compounds log K ,*
identified

Methanol-water (25:75) 2 2.2

Methanol-water (50:50) 3 1.3

Methanol-water (75:25) L 2.1

Methanol-water (80:20) 2 34

Methanol-water (85:15) 4 3.7

Methanol-water (90:10) 2 4.2

Methanol-water (95:5) 1 6.1

All methylene chloride 11 7.0

fractions

¢ Calculated using the CLOGP program of A. J. Leo, Pomona
College, Claremont, CA, Medchem Project, CLOG-3.3 com-
puter program, 1985.

pounds generally have higher log K, values than
the compounds in the methanol-water fractions. A
list of all the fractions and the average log K., of the
identified compounds can be seen in Table V.

CONCLUSIONS

The current phase II method for fractionating
non-polar organic toxicants in aqueous samples
does not effectively fractionate compounds that are
highly hydrophobic. Modifications made to the
SPE method have been successful in overcoming
this limitation. An elution scheme incorporating
water, methanol and methylene chloride has been
designed that effectively elutes and fractionates
compounds over a log K, range from 2.5 to 6.9.
The higher log K,, compounds, however, elute in
the same set of fractions. Further fractionation by
HPLC is needed to achieve better resolution of
these kinds of compounds. Substituting other sor-
bents for the currently used C;g SPE resin has
shown that both Cg SPE and XAD-7 sorbents can
be effective for the fractionation of particular kinds
of toxicants.
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Fractionation of polar organic extracts of airborne
particulate matter using cyanopropyl-bonded silica in

solid-phase extraction

L. A. Gundel, K. R. R. Mahanama and J. M. Daisey

Energy and Environment Division, Lawrence Berkeley Laboratory, University of California, Berkeley, CA 94720 (USA)

ABSTRACT

A mg-scale fractionation method has been.developed for polar organic matter in airborne particles. The method gives reproducibly
good recoveries of mass while avoiding the use of water or salts. Cyanopropyl-bonded silica solid-phase extraction (SPE) columns were
used to fractionate a mixture of standard compounds and acetone-soluble extracts from particles collected in Elizabeth, NJ, USA and
from National Institute of Standards and Technology Standard Reference Material SRM 1649 (urban air particles). Critical factors
proved to be reducing the polarity of the extract before its application to the column and pre-wetting the column with n-hexane. Ten
fractions were eluted with solvent mixtures of increasing polarity, ranging from n-hexane to methanol. Blank-corrected mass recoveries
were 95 and 98% for the Elizabeth, NJ, USA and SRM 1649 extracts, respectively.

INTRODUCTION

In this paper the term particulate polar matter
(PPOM) refers to acetone-soluble material extract-
ed from samples of ambient airborne particles after
they have already been extracted with the less polar
solvent dichloromethane (or cyclohexane followed
by dichloromethane) [1,2]. PPOM accounts for 30
to 60% of the organic-solvent extractable mass of
airborne particles [1,2] and 30 to 50% of the direct-
acting mutagenic activity in the Ames bioassay with
TA-98 [3,4]. However, relatively little work has
been done to date to chemically characterize this
material or to develop fractionation methods for it.
This is because of the difficulties in working with
complex mixtures of polar organic compounds.

We chose acetone extracts because some charac-
terization and bioassay data were available for the
(unfractionated) acetone extracts used in this study.

Correspondence to: L. A. Gundel, Energy and Environment Di-
vision, Lawrence Berkeley Laboratory, University of California,
Berkeley, CA 94720, USA.

Methanol extracts have also been characterized to
some extent [5,6]. Acetone has been found to ex-
tract less inorganic and more organic material from
Standard Reference Material SRM 1649, urban air
particles, than methanol [5,7]. Acetone extracts of
SRM 1649 also had higher mutagenic activity (in
revertants per gram of extract) than methanol ex-
tracts [5,7].

The goal of the research reported here was to de-
velop a mg-scale fractionation method for partic-
ulate polar organics based on polarity, with repro-
ducibly good mass recovery, while avoiding addi-
tion of water or salts to the fractions. Evaporation
of water or other high-boiling solvents to concen-
trate samples for bioassay and chemical character-
ization is very difficult, as is salt removal. Neither
normal-phase chromatographic separation on silica
or alumina nor reversed-phase separation on C;g
columns could meet these requirements. Substantial
losses of mass could be expected from use of a nor-
mal-phase silica or alumina column. Losses of mu-
tagenic activity have also been reported for these
sorbents [8,9]. Such losses would not be expected
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for a C, g reversed-phase system; however, such sys-
tems typically use water as one of the solvents for
the separation. Reversed-phase columns also re-
quire the presence of buffer salts to control the ion-
ization of polar compounds and thus permit repro-
ducible retention behavior of polar compounds.

Normal-phase separation on cyano-bonded silica
was investigated, based on the nature of the organic
materials and the need for elution solvents that
could be easily evaporated, e.g., n-hexane, dichloro-
methane or methanol [10]. Lafleur and co-workers
[9] have reported good recoveries of mass and mu-
tagenic activity for dichloromethane extracts of
combustion aerosols which were separated on cya-
nopropyl solid-phase extraction (SPE) columns.
Lafleur and Nakagawa [11] also found good mass
recovery when they used cyanopropyl SPE columns
to fractionate pyridine extracts of bituminous coal.
This is the first study to use cyano-bonded silica for
more polar organic materials found in the acetone-
soluble fraction of ambient aerosols.

SPE offered the possibility of fractionation of mg
quantities of material in a single application. This is
in contrast to more time- and solvent-consuming
fractionation methods based on fraction collection
from cyano-bonded columns in high-performance
liquid chromatography [12,13].

EXPERIMENTAL

Sources of particles, sampling, extraction, storage of
extracts

Two types of particulate matter were used in this
investigation: filter samples of inhalable particulate
matter collected in Elizabeth, NJ, USA [14] during
the winter of 1983 and National Institute of Stan-
dards and Technology (NIST) Standard Reference
Material (SRM) 1649, Washington Urban Air Par-
ticulate Material. The Elizabeth samples were col-
lected on pre-cleaned glass fiber filters for 24-h peri-
ods over a 6-week period, using a hi-volume air
sampler with a size-selective inlet (Dso = 15 pm).
Individual filters were Soxhlet-extracted sequential-
ly with cyclohexane, dichloromethane, and acetone
[1,2,14]. Each extract was filtered and reduced in
volume to 10.0 ml using a rotary evaporator. Ex-
tract masses were determined with a Cahn microba-
lance, Model 25, by weighing the residue of dupli-
cate 100-ul aliquots of the extracts taken to dryness
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on a slide warmer at 45°C. Samples were stored in a
freezer at —30°C, in the dark. For this research, a
composite sample of the acetone-soluble extracts
from Elizabeth, NJ, USA, collected during winter
1983, was prepared based on equal air volumes for
each of the 39 days of the sampling period. The
total composite mass was 479 mg, corresponding to
sampling 44 400 m3 air over a 6-week period. The
SRM 1649 acetone extract was prepared by sequen-
tial Soxhlet extraction of a 1-g portion of particles
with dichloromethane followed by acetone, filtra-
tion and rotary evaporation of excess solvent. Ex-
tract samples were stored in the freezer. Previous
work had shown that the mass of material extracted
with dichloromethane is equivalent to the sum of
the masses extracted with cyclohexane followed by
dichloromethane [15].

Fractionation on cyanopropyl-bonded phase columns

SPE solid-phase extraction columns containing
500 mg of cyanopropyl-bonded silica packing (J.T.
Baker) were used. They were pre-cleaned with 10 ml
of chromatographic-grade solvents, in order: n-hex-
ane, ethyl acetate, dichloromethane, and methanol.
The columns were covered loosely with aluminum
foil and dried overnight. Prior to sample applica-
tion, the columns were wetted with 2 ml of n-hex-
ane. The acetone extract of the Elizabeth sample
was evaporated to near dryness, redissolved in
methanol and then evaporated to near dryness
again. This was done to remove acetone which has
appreciable ultraviolet absorbance and interferes
with characterization by high-performance liquid
chromatography. Methanol, dichloromethane and
n-hexane were added to the dried extract, in that
order, so that the final solvent proportions were
1:1.2:1.4. This mixture of solvents dissolved the ex-
tract completely and kept the extract in a narrow
band at the top of the column.

Before application to the column the mass densi-
ty of the mixture was determined for duplicate dried
100-ul aliquots, using a Cahn microbalance. An
amount of 4 mg of extract in 200 ul of solvent mix-
ture was applied to the top of a pair of coupled
columns which had been wetted with n-hexane. The
loaded columns dried in air overnight. A series of
elution solvent mixtures of increasing polarity was
then passed through the coupled columns, and the
eluent fractions were collected and evaporated to
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dryness. Methanol (500 ul) was added to each frac-
tion and the dry mass of two 100-ul portions was
determined. The elution solvents were: n-hexane,
25% dichloromethane in n-hexane (2 aliquots),
100% dichloromethane (2 aliquots), 2%, 5%, 15%
and 40% methanol in dichloromethane, and 100%
methanol. The aliquots were each 2 ml, except for
the methanol which was 3 or 6 ml. Air pressure was
applied to the top of the coupled columns to keep
the solvent flow-rate at about 2 ml/min.

The fractionation and mass determination were
done with three separate aliquots of the Elizabeth
winter 1983 extract. The fractions were labelled A-J
in order of increasing elution solvent polarity. Col-
umn blanks were eluted the same way and the mass
in each recovered fraction determined for a blank
correction. The fractions were characterized by
HPLC with ultraviolet (UV) detection. A 4-mg
sample of the acetone extract of NBS 1649 particles
was also fractionated and characterized as de-
scribed above. The capacity of 500-mg SPE col-
umns was determined by adding up to 6.2 mg of the
Elizabeth extract mixture and assessing the quality
of the separation visually.

The fractionation procedure was performed on a
mixture of these standard compounds (obtained
from Aldrich): 5-nitrovanillin, vanillin, 2-naphthoic
acid, 1,4-dihydroxynaphthalene, S-nitroquinoline,
2-nitro-6H-dibenzo[b,d]pyran-6-one  (6-nitro-3,4-
benzocoumarin), 2-nitronaphthalene, 5,6-benzo-
quinoline, acridine, pyrene carboxaldehyde and
dioctylphthalate. The standards were prepared in
either methanol or acetonitrile, but the mixture was
evaporated to dryness and reconstiuted in 0.45 mi
of n-hexane, dichloromethane and methanol in the
proportions given above, before application to a
single clean, n-hexane-wetted cyano SPE column.
Elution and analysis procedures were the same as
for the extracts of ambient particles. Two aliquots
of the standard mixture were fractionated. In one
experiment, evaporation losses were evaluated by
determining recovery of the standard compounds
after reconstitution and before fractionation. In an-
other experiment the Elizabeth acetone extract was
spiked with the standard mixture and fractionated.

High-performance liguid chromatography
Standard compounds, whole extracts and frac-
tions were analyzed on a Hewlett-Packard Model
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1090M  high-pressure liquid chromatograph
equipped with a DR 5 solvent delivery system, a
diode array UV—Vis detector, a fluorescence detec-
tor (Model 1046A) and Model 79994A LC Work-
station software. Samples were chromatographed
on a Vydac 201TP52 C, g reversed-phase microbore
column, 15 cm X 2.1 mm I.D. and 5 um diameter
particles, using gradient elution. The analytical col-
umn was preceded by a guard cartridge column fil-
led with 10 gm diameter Vydac 201 TP packing ma-
terial (purchased from Alltech). A 5-ul injection
loop was used. The initial solvent composition was
5% acetonitrile in water. From 3 to 13 min the sol-
vent composition was changed linearly to 100%
acetonitrile and held there for S min. Gradient re-
versal and column equilibration were complete 25
min after injection. Flow through the column was
0.3 mil/min. Three absorbance wavelengths were
used for detection: 205, 230 and 254 nm. The fluo-
rescence detector used an excitation wavelength of
230 nm, and all emitted light above 305 nm was
collected.

Retention times were determined for the polar
aromatic standard compounds at about 0.4 mg
ml~ ! each in a methanol-acetonitrile mixture (1:5,
v/v): S-nitrovanillin, 1.6 min; vanillin, 4.2 min; 2-
naphthoic acid, 6.5 min; 1,4-dihydroxynaphtha-
lene, 7.6 min; 5-nitroquinoline, 8.4 min; 2-nitro-6H-
dibenzo[b,d]pyran-6-one, 12.4 min; 2-nitronaphtha-
lene, 12.8 min; 5,6-benzoquinoline, 13.6 min; acri-
dine, 14.2 min; pyrene carboxaldehyde, 14.6 min;
and dioctylphthalate, 16.8 min. Retention times for
S-nitrovanillin, vanillin, naphthoic acid and dihy-
doxynaphthalene depended on the condition of
both the analytical and guard columns and use of
freshly filtered and degassed elution solvents. The
gradient elution program was modified as necessary
to ensure reproducible retention times of standard
compounds before the extracts of ambient particles
or their fractions were analyzed.

RESULTS

In developing this fractionation method, the be-
havior of the colored Elizabeth extract on the cyano
SPE columns was monitored using various propor-
tions of hexane, dichloromethane and methanol as
elution solvents. Initially, visual monitoring of the
movement of colored bands on the column and the
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mass distribution in the resulting fractions were
used to assess the success of the fractionation. Fi-
nally, characterization by HPLC was used to assess
polarity differences among UV-absorbing compo-
nents of the fractions. The choice of elution solvents
was based on low boiling points, relative chemical
inertness and UV absorbance. All fractions were re-
dissolved in methanol because of its UV transpar-
ency and compatibility with reversed-phase HPLC.
Development of the fractionation method started
with actual acetone extracts of ambient particles
rather than with standard compounds because very
little data is available about the chemical composi-
tion of such polar extracts of ambient air particles.

At first we intended to separate the extract mass
into four fractions, if possible. We found that ten
fractions of increasing polarity led to three separate
mass recovery maxima, centered on fractions B, D
and H (Table I). Table I shows that B was colorless,
but both D and H were yellow. Each group of frac-
tions was separated by at least one fraction which
had much lower mass. Such a mass distribution
showed promise for future bioassay and chemical
characterization studies.

Once the desired fractionation mass distribution
had been achieved, three pairs of coupled (500 mg)
cyano-bonded silica packed columns were used to
fractionate three aliquots (4 mg each) of the acetone
extract of the Elizabeth winter particle samples.
Critical factors in successful fractionation proved to

TABLE I
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be reduction of the polarity of the extract before its
application to the column and wetting the column
with n-hexane before application of the extract. The
blank-corrected mass distribution is displayed in
Table I for the three aliquots of Elizabeth Winter
1983 particles. The total mass recovery, with blank
correction, averaged 96 + 5%. The most polar
fractions G, H, I and J, accounted for 61% of the
recovered mass. The observed differences in mass
distribution among the replicates reflect differences
in elution flow-rate, one done at 2 ml min~! and
two at about 4 ml min 1. For the latter two, 8 and 6
ml methanol were used, respectively, for the final
fraction J, whereas the first used only 3 ml metha-
nol. Larger methanol volumes yielded only a few
percent better recoveries.

Each fraction from the first of the three fraction-
ations was characterized by HPLC with diode array
detection at 205, 230 and 254 nm. The chromato-
grams for 205 nm are shown in Fig. 1. Absorbance
intensity decreased in the order 205 > 230 > 254
nm for all peaks. The unfractionated extract had
two peaks at widely separated retention times, in-
dicating the presence of two strongly-absorbing po-
larity groups within the acetone extract. The second
fraction, B, showed a strong absorbance at the same
retention time and wavelength as observed for the
polar fraction in the preliminary fractionation by
solvent polarity [7]. The fourth fraction, D, had no
appreciable absorbance although it contained 10%

FRACTIONATION OF THE ACETONE EXTRACT OF AMBIENT PARTICLES FROM ELIZABETH, NJ, USA

Fraction Solvent Color Intensity” Mass recovery, %?
Average S.D.

A Hexane Clear 0 1.2 0.1
B 25% MeCl, Clear 0 8.6 0.4
C 25% MeCl, Faint 0.5 2.7 1.7
D MeCl, Light yellow 3 9.8 1.5
E MeCl, Light yellow 2 5.8 0.4
F 2% MeOH Pale 1 47 12
G 5% MeOH Yellow 3 16.2 4.0
H 15% MeOH Yellow 5 314 7.1
I 40% MeOH Light yellow 1.5 13.1 1.2
J MeOH Clear 0 6.7 2.6
Total recovery 96 5

e Visual estimate; a value of 5 was arbitrarily assigned to the fraction with the most intense color.

b Blank-corrected recovery, %.
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Fig. 1. Reversed-phase chromatograms of the acetone extract of
Elizabeth ambient particles. The ordinate shows absorbance at
205 nm in absorbance units. The top chromatogram indicates
the retention times for the standard compounds: a = 5-nitrova-
nillin; b = vanillin; ¢ = 2-naphthoic acid; d = 1,4-dihydroxy-
naphthalene; ¢ = S5-nitroquinoline; f = 2-nitro-6H-diben-
zo[b,d]pyran-6-one; g = 2-nitronaphthalene; h = 5,6-benzoqui-
noline; i = acridine; j = 1-pyrenecarboxaldehyde, and k = dioc-
tylphthalate. The unfractionated extract is labelled as UN; frac-
tions are identified by capital letters at the right of each
chromatogram.

of the mass. Fractions H and I had absorbance
peaks similar to that seen for the very polar fraction
VP [7]. Other fractions had no appreciable absor-
bance. Based on comparison of retention times to

TABLEII
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those of standards, the first fractions were much less
polar than the later eluting fractions.

The acetone extract of SRM 1649 had a mass
distribution similar to that for Elizabeth, as indicat-
ed in Table II. Blank-corrected mass recovery was
98%. Absorbance chromatograms at 205 nm are
shown in Fig. 2. The total extract mass separated
into three broad groups, centered on fractions B, D
and H. The mass distribution was similar to that
observed for Elizabeth, but the chromatograms did
not show much absorbance for the least polar mass
peak (B).

The capacity limit of single 500 mg cyanopropyl-
bonded silica columns was determined to be be-
tween 5.7 and 6.2 mg for the Elizabeth extract. The
visually-determined integrity of the fractionation
procedure was beginning to deteriorate at 6.2 mg,
and no heavier loadings were attempted.

After the acetone extracts of ambient particulate
matter had been fractionated and analyzed, the pro-
cedure was tested with a standard mixture contain-
ing polar aromatic compounds. Compounds were
selected on the basis of their polarity and the pos-
siblity of their presence in ambient particulate mat-
ter. They also had to have appreciable UV absor-
bance or fluoresence. Included in the mixture was a
compound recently identified as a potent mutagen
in dichloromethane extracts of ambient air parti-
cles, 2-nitro-6H-dibenzo[b,d]pyran-6-one [16]. All
compounds except S-nitrovanillin were eluted in
fractions A and B. Less than 1% of the applied

FRACTIONATION OF THE ACETONE EXTRACT OF AMBIENT PARTICLES-SRM 1649

Fraction Solvent Color Intensity” Mass recovery, %"
A Hexane Clear 0 6.8
B 25% MeCl, Pale 1 8.9
C 25% MeCl, Clear 0 29
D MeCl, Faint 0.5 10.3
E MeCl, Clear 0 6.7
F 2% MeOH Clear 0 2.8
G 5% MeOH Light yellow 2 13.1
H 15% MeOH Yellow 4 26.2
I 40% MeOH Pale 1 13.3
J MeOH Clear 0 8.8
Total recovery 98

% Visual estimate; a value of 4 was arbitrarily assigned to-the fraction with the most intense color.

b Blank-corrected recovery, %.
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Fig. 2. Reversed-phase chromatograms of the acetone extract of
SRM 1649 ambient particles. The ordinate shows absorbance at
205 nm in milliabsorbance units. The top chromatogram indi-
cates the retention times for the standard compounds: a 5-
nitrovanillin; b = vanillin; ¢ = 2-naphthoic acid; d = 1,4-di-
hydroxynaphthalene; ¢ = 5-nitroquinoline; f = 2-nitro-6H-di-
benzolb,d]pyran-6-one; g = 2-nitronaphthalene; h = 5,6-ben-
zoquinoline; i = acridine;j = I-pyrenecarboxaldehyde, and k =
dioctylphthalate. The unfractionated extract is labelled as UN;
fractions are identified by capital letters at the right of each chro-
matogram.

TABLE 111
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mass of any compound was found in any other frac-
tion, with typically at least two thirds of the mass of
each compound found in fraction A. 5-Nitrovanil-
lin was not recovered from any of the ten fractions
in either attempt. The recovery data from the evap-
oration and fractionation procedures are given in
Table ITI. Compounds are listed in order of increas-
ing retention time (decreasing polarity) on the re-
versed-phase HPLC column.

Six compounds showed substantial losses in the
evaporation step: three of the four nitro com-
pounds, plus vanillin, 2-naphthoic acid and 1,4-di-
hydroxynaphthalene. Four are naphthalene deriv-
atives which are fairly volatile; the other two are
benzene derivatives with multiple polar groups.
These losses were reflected in lower than average
fractionation recoveries. The losses were more se-
vere in the first fractionation. The two fractionation
experiments differed in whether or not the column
was air-dried prior to elution and the amounts of
applied material. Low applied masses and a degen-
erating guard column in the HPLC led to no detec-
tion of the first four compounds in the first fraction-
ation. The second fractionation used about four
times the mass used in the first fractionation, and
somewhat higher recoveries were obtained overall.

EVAPORATION AND FRACTIONATION DATA FOR STANDARD COMPOUNDS

Compound Intitial mass (ug) Recovery (%)

Evap.® Frac. 1* Frac.2* Evap.” Frac. 1> Frac. 2°
S-Nitrovanillin 4.6 4.6 18.5 71 - -
Vanillin 42 4.2 17.5 39 - 81
2-Naphthoic acid 0.87 0.87 35 57 - 82
1,4-Dihydroxynaphthalene 1.6 1.6 6.5 27 - 59
5-Nitroquinoline 46 4.6 4.6 60 66 80
2-Nitro-6H-dibenzo[b,d)pyran-6-one 1.4 1.4 5.4 115 86 91
2-Nitronaphthalene 1.8 1.8 7.1 52 1064 78
5,6-Benzoquinoline 1.8 1.8 7.2 112 67 90
Acridine ) 1.9 1.9 7.7 89 72 90
1-Pyrenecarboxaldehyde 1.6 1.6 6.4 97 524 90

" Dioctylphthalate 38 3.8 15.2 117 105 96.3

Average = S.D. 76 £ 32 79+21 84 %10

¢ Standard mixture was evaporated to dryness in a water bath and reconstituted in methanol.
b Standard mixture was reconstituted in n-hexane, dichloromethane and methanol, and fractionated. Column was air dried before

elution, as was done for extracts of ambient particles.

¢ Standard mixture was reconstituted in n-hexane, dichloromethane and methanol and fractionated without column drying before

elution.

¢ These values are less certain because of the condition of the HPLC column.
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The averaged recovery results for the other com-
pounds are statistically indistinguishable for the
two experiments. The effect of air-drying does not
appear to be significant. Losses of the standard
compunds appear to be due largely to evaporative
losses rather than irreversible adsorption or reac-
tion on the cyanopropyl-bonded silica of the SPE
column.

A mixture of the Elizabeth acetone extract and
the standard compounds was also fractionated and
analyzed by HPLC. The resulting absorbance chro-
matograms resembled the sum of the independent
chromatograms; i.e., there was no apparent interac-
" tion between the two sample types. Retention times
and recoveries were not substantially changed.

DISCUSSION AND CONCLUSIONS

Cyanopropyl-bonded silica SPE columns proved
capable of fractionating mg quantities of acetone
extracts of airborne particulate matter with good
recovery of mass without addition of water or buff-
er salts. When eluted using normal-phase chroma-
tography, with solvent mixtures of increasing polar-
ity, the resultant fractions increased in polarity, as
judged by HPLC analysis. This is consistent with
the results of fractionating pyridine extracts of coal
using the same type of SPE columns [11].

The observation that the acetone extracts of am-
bient particles redissolved in methanol can be ex-
plained by noting that methanol is more polar than
acetone. Fractionation of the acetone extract has
been possible because of the selective elution of
components of the material from the cyano SPE
adsorbent in a series of solvent mixtures, most of
which are much less polar than the extraction sol-
vent, acetone. Since the parent pollution particles
had already been extracted with dichloromethane,
this result may appear surprising. However, the
original two-step extraction process had dissolved
species which may have been strongly adsorbed on-
to the particulate matrix. Once desorbed from that
matrix they may have been more soluble in solvent
mixtures of lower polarity than they were when
sorbed onto the matrix. We found that the ten-frac-
tion separation was only possible when n-hexane, a
non-polar solvent, was used, along with dichloro-
methane, to decrease the polarity of the ambient
samples and allow adsorption of the polar compo-
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nents onto the cyanopropyl matrix before fraction-
ation could begin. A stronger adsorbent such as
non-bonded silica would probably have irreversibly
adsorbed the species of interest, perhaps parallel-
ling the earlier adsorption of the polar species to
their parent particulate matrix.

The standard compounds tested in this study
were apparently less polar or more soluble in n-hex-
ane and dichloromethane than the acetone extracts
of ambient particulate matter for which the tech-
nique has been developed. All the standards eluted
before the bulk of the mass of either extract of air-
borne particles. An earlier study using preparative
HPLC with a cyano column [12] found vanillin in
the fourth of seven fractions of increasing polarity.
(In that study the most polar fractions were not ex-
tensively characterized due to the limited recovery
of very polar material from gas chromatographic
columns.) Vanillin was one of the two most polar
compounds tested here, as judged from reversed-
phase HPLC retention times. Non-polar and mod-
erately polar species such as vanillin and the nitrat-
ed low-molecular-mass polycyclic aromatic hydro-
carbons would have been removed from the ambi-
ent particles during the first extraction step in di-
chloromethane.

The technique reported here is easy, fast and in-
expensive when compared to fractionation by pre-
parative-scale HPLC. Mass distributions for both
acetone extracts of ambient particles and a mixture
of polar standard compounds were quite reproduc-
ible. The cyano SPE columns showed no evidence
for destruction or irreversible adsorption of compo-
nents in the polar extracts of urban airborne partic-
ulate matter.
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Application of solid-phase extraction in the determination
of U-82217 in rat serum, urine and brain

W. Z. Zhong

Drug Metabolism Research, Upjohn Laboratories, Kalamazoo, MI 49001 (USA)

ABSTRACT

The techniques of solid-phase extraction (SPE) were applied in the analytical method development for the determination of U-82217,
3-(5-cyclopropyl-1,2,4-oxadiazol-3-yl)-5-[(4-methoxyphenyl)methyl]-imidazo[1,5-alquinoxalin-4(SH)-one, in rat serum, urine and
brain. Samples of serum, urine or brain homogenate containing U-82217 were loaded on C,; SPE columns and eluted with acetonitrile
(300 pl). The prepared samples were analyzed by reversed-phase HPLC using an ODS column with a mobile phase of acetonitrile-water
(45:55, v/v) containing 0.12% of acetic acid (pH 6.0 # 0.1). The UV absorbance of the column effluent was monitored at a wavelength
of 318 nm. The absolute extraction recovery from serum, urine and brain samples was ca. 90%. Linear calibration graphs were obtained
over the ranges 5 ng/ml-20 ug/ml (serum), 20 ng/ml-20 pg/ml (urine) and 50 ng/g—200 ug/g (brain). The intra- and inter-assay precision
and accuracy were all found to be < 13% at the concentrations evaluated. The strategy in SPE development and the application of this
method to the determination of U-82217 in rat serum and brain for a pharmacokinetic study are also discussed.

INTRODUCTION

Solid-phase extraction (SPE) methods have been
extensively used in the extraction of chemicals from
biological samples. Highly purified and concentrat-
ed isolates for chromatographic analysis can be
achieved by the selective extraction with desired
sorbents. to yield chromatograms with minimal in-
terferences and improved sensitivity [1]. Therefore,
the SPE method is useful in bioanalytical method
development. The method for the determination of
U-82217 in rat serum, urine and brain is a typical
example of the application of SPE in biomedical
analysis. U-82217,  3-(5-cyclopropyl-1,2,4-oxa-
diazol-3-yl)-5-[(4-methoxyphenyl)methyl]-imidazo-
[1,5-alquinoxalin-4(5H)-one, is under preclinical
evaluation as a potential hypnotic compound.
U-82217 is an oxadiazole-substituted imidazoben-
zodiazepine compound which has demonstrated re-
duced physical dependence-inducing properties

Correspondence to: W. Z. Zhong, Drug Metabolism Research,
Upjohn Laboratories, Kalamazoo, MI 49001, USA.

compared to benzodiazepine agonists, minimal am-
nesia-inducing effects and high potency on locomo-
tor-based hypnotic tests in animal models [2]. A
number of analytical methods have been reported
for the determination of other imidazobenzodiaze- -
pines in biological samples [3—7]. Most of them were
for plasma samples and used a liquid-liquid extrac-
tion procedure for isolating the compounds of in-
terest from the biological matrix. An HPLC meth-
od with UV detection using an SPE procedure for
the determination of U-82217 in rat serum, urine
and brain was therefore developed to support the
evaluation of oral bioavailability and pharmacoki-
netic characteristics and initial toxicokinetic prop-
erties of U-82217 in animal models. In this paper
the analytical method development and validation
for the determination of U-82217 in biological ma-
trices, particularly the development of SPE proce-
dures, are discussed.

EXPERIMENTAL

Reagents and materials

U-82217 and the internal standard (I.S.),
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U-80447 (Fig. 1) were provided by Upjohn (Kala-
mazoo, MI, USA). HPLC-grade acetonitrile was
obtained from Burdick and Jackson (Muskegon,
MI, USA) and analytical-reagent grade acetic acid,
ammonia solution and potassium phosphate (di-
basic) from Mallinckrodt (Paris, KY, USA). Puri-
fied water was produced with a Milli-Q reagent wa-
ter system (Millipore, Bedford, MA, USA).

Chromatography

The liquid chromatographic system consisted of
a Waters (Milford, MA, USA) M-6000A pump, a
Kratos (Ramsey, NJ, USA) Spectroflow 783 vari-
able-wavelength UV detector set at 318 nm, a Per-
kin-Elmer (Norwalk, CT, USA) ISS-100 Autosam-
pler fitted with a 200-ul sample loop, and an ODS
column (250 X 4.6 mm L.D., 5 um particle size)
(Jones Chromatography, Littleton, CO, USA) pro-
tected by a Pelliguard ODS guard column (50 x 2.1
mm I.D., 32 um particle size) (Whatman, Clifton,
NJ, USA). The mobile phase was a mixture of 450
ml of acetonitrile, 550 ml of water and 1.2 ml of
acetic acid with an apparent pH of 6.0 +£0.1 adjust-
ed with ammonia solution, and was then filtered
and degassed with helium prior to use. The chro-
matographic system was operated at ambient tem-
perature (21-23°C) with an eluent flow-rate of 1.0
ml/min. Quantification was accomplished based on
the peak-height ratio of drug to I.S. using a Harris
computer system.

Serum extraction

Twelve C;g SPE columns (100 mg/1.0 ml) (Var-
ian, Harbor City, CA, USA) placed on the vacuum
extraction manifold (Supelco, Bellefonte, PA,
USA) were prewashed with one column volume of

AL XA,

OCH,

U-82217 LS.
Fig. 1. Structures of U-82217 and the 1.S. (U-80447).
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acetonitrile followed by one column volume of 0.1
M K,;HPO, solution. Unknown serum samples
(1ml}), each mixed with 50 ul of 10 ug/ml LS. solu-
tion, were loaded onto SPE columns with a vacuum
of 86 kPa. After vacuum aspiration for 5 min at ca.
27 kPa, the SPE columns were rinsed with 100 ul of
acetonitrile-water (30:70,v/v) followed by 2 ml of
0.1 M K,;HPO, solution (86 kPa). The columns
were dried with vacuum aspiration (ca. 27 kPa) for
10 min. U-82217 and the L.S. were then eluted from
the column with 300 ul of acetonitrile by applying a
slow uniform pressure to the top of the column us-
ing nitrogen (about 0.2 kg/cm?). Each eluate was
collected in a 2-ml autosampler vial and mixed with
200 ul of purified water. A 50-ul volume of the mix-
ture was injected into the HPLC system for analy-
sis.

Urine extraction

A 1-ml volume of unknown urine sample mixed
with 100 pl of 10 ug/ml LS. solution was transferred
to the prewashed SPE column as described above.
The SPE column was rinsed with 150 ul of aceto-
nitrile-~water (30:70, v/v) under gravity flow (with-
out vacuum). The remainder of the SPE procedure
was the same as described for serum except that 700
ul instead of 200 yul of water were mixed with the
300 ul of acetonitrile extract for final HPLC analy-
sis.

Brain extraction

Unknown brain samples were prepared by homo-
genizing accurately weighed rat brain sample (ca.
200 mg) in a 5-m! grinding chamber with 1 ml of
acetonitrile-water (50:50, v/v). The homogenate
was combined with 1 ml of water used for rinsing
the grinder piston and vortex mixed for 30 s. A 1-ml
volume of the brain homogenate was transferred
into a 1.5-ml micro centrifuge tube, mixed with 50
ul of 1.S. working solution (10 ug/ml) and centri-
fuged at 750 g for 1 min in a Brinkmann (Westbury,
NY, USA) Model 5415 micro centrifuge. The su-
pernatant of brain homogenate was then trans-
ferred into a C, g SPE column. The remainder of the
SPE procedure was the same as that for the serum
extraction.

Validation
The assay validation was similar to the analytical
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method validation procedures described by Shah et
al. [8] for bioavailability, bioequivalence and phar-
macokinetics studies. Briefly, to determine the line-
ar range of this method, freshly prepared fortified
standards of U-82217 were analyzed on four differ-
ent days. The limit of quantification (LOQ) was es-
timated by analyzing fortified serum samples at the
presumed LOQ in five replicates to determine if it
had acceptable precision and accuracy (<20%).
The precision and accuracy of the method were
evaluated at three concentrations (low, medium and
high). The intra-assay precision was determined by
analyzing five fortified serum samples at each con-
centration on the same day, and the inter-assay pre-
cision was obtained by analyzing one fortified se-
rum sample at each concentration on four different
days. The absolute extraction recovery was deter-
mined at three concentrations for U-82217 and the
I.S. Samples at each concentration were extracted
as outlined for unknown samples and analyzed in
four replicates. The peak heights of the extracted
samples were compared with those of unextracted
external reference standards containing the corre-
sponding concentrations. In all instances, the

. means, standard deviations (S.D.) and relative stan-
dard deviations (R.S.D.) were calculated. A p-value
of <0.05 was considered significant in statistical
analysis.

RESULTS AND DISCUSSION

Solid-phase extraction development

Extraction is still the one of the most important
preparation procedures for the assay of drugs in
biological samples. An efficient extraction method
can improve the assay precision and accuracy and
also the sensitivity. It is well known that proteins
are major components that must be removed from
biological samples before chromatographic analy-
sis. The solid-phase extraction technique has been
proved to be one of the best approaches for remov-
ing large amounts of protein from biological sam-
ples. Owing to their high molecular masses, most
proteins are exposed to a minimum of active func-
tional groups on the sorbent surface and pass un-
retained, particularly through non-polar SPE col-
umns. The retained proteins can be easily eluted by
rinsing the SPE column with water or buffer solu-
tions. Therefore for this application, Cg, C;5 and
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phenyl SPE columns were evaluated to determine
their extraction efficiencies. Among these, the C;g
column proved to be the most satisfactory phase as
far as the extraction recovery of U-82217 was con-
cerned. Further, a C;5 column provided relatively
cleaner background of chromatographic profiles
with minimum impurity front from endogenous
components of biological samples compared with
phenyl and Cg columns. In general, the smaller vol-
ume of solvent used for the elution of the com-
pounds of interest from the SPE column produced
cleaner extracts if an adequate recovery of U-82217
and the 1.S. can be achieved. The 100 mg of sorbent
were sufficient to retain the compounds and provid-
ed efficient elution with a minimum volume of sol-
vent (300 ul) so that the compounds could be con-
centrated for HPLC without the need for evapora-
tion. Approximately 80% extraction recovery was
obtained when using 300 ul of acetonitrile to elute
U-82217 and the 1.S. The recovery was further im-
proved to 90% when the SPE column was condi-
tioned with 2 ml of 0.1 M K,HPO, prior to the
elution step, which provided a basic environment to
facilitate complete elution of the compounds of in-
terest. A large impurity front from endogenous
urine components was observed following the ex-
traction procedure developed for serum samples.
When the SPE column was rinsed with 150 ul of
acetonitrile—water (30:70, v/v) under gravity flow,
most of the endogenous urine components were
eliminated without reducing the extraction recov-
ery. The solvent used for extracting U-82217 from
brain was acetonitrile-water (50:50 v/v), 1 ml of
which was sufficient to obtain an extraction recov-
ery greater than 90%. The extract was then purified
through the SPE column, yielding a clean chro-
matogram with no interfering peaks at the retention
volumes of U-82217 and the 1.S.

The average absolute extraction recoveries were
evaluated for both U-82217 and the I.S. at concen-
trations of 0.01, 0.5 and 10 ug/ml for serum, 0.02,
0.5 and 10 pg/ml for urine and 0.1, 5 and 100 ug/g
for brain. The overall average (n=4) extraction re-
coveries for U-82217 ranged from 93.5+£3.0 to
95.6+£2.6%, 91.2+33 to 94.0x3.5% and
88.7+6.1 to 95.4+4.8%, for serum, urine and
brain, respectively, with no perceivable dependence
on the recoveries as a function of analyte concentra-
tion. The extraction recovery for the I.S. was great-
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er than 88% in all instances. Typical chromato-
grams after extraction of fortified serum, urine and
brain standards along with a serum blank are
shown in Fig. 2.

Linearity and sensitivity

Linear calibration graphs were obtained over the
concentration ranges 5 ng/ml-20 ug/ml, 20 ng/
ml-20 pg/ml, and 50 ng/g-200 upg/g, for serum,
urine and brain, respectively, with correlation coef-
ficients greater than 0.999 and intercepts not signif-
icantly (p > 0.05) different from zero. The linear
regression equations were y = (0.1239 £ 0.0026)x
— (0.0309 %+ 0.0132), y = (0.1270 £ 0.0018)x —
(0.0364 £ 0.0240) and y = (0.1301 % 0.0032)x —
(0.0781 £ 0.0792) (n =4) for serum, urine and
brain standard curves, respectively, where y is the
peak-height ratio of drug to I.S. and x is the drug
concentration. The LOQ at which the precision
(R.S.D.) and accuracy (bias) were acceptable
(<20%) were 5 and 20 ng/ml for serum and urine,
respectively, and 50 ng/g for brain, based on using 1
ml of serum or urine and 200 mg of brain for extrac-
tion.

Precision and accuracy
As listed in Table 1, intra-assay (n = 15) and
inter-assay (n = 12) precisions ranging from 3.5 to

W.Z. Zhong | J. Chromatogr. 629 (1993) 83-87

8.9%, 3.6 to 8.6% and 3.3 to 11.7%, for serum,
urine and brain, respectively, were obtained at the
three concentrations studied. The accuracy was
<10.0% in all instances. The system precision, de-
termined by injecting a prepared sample five times,
was found to be not greater than 0.8% in most in-
stances.

Application

The proposed method was applied to the deter-
mination of U-82217 concentrations in serum and
brain samples collected from a pilot pharmacoki-
netic study in rats. The study was conducted using
66 male Sprague-Dawley rats with approximate
masses of 250 g. The rats were randomized into four
dose groups using body masses. The vehicle group,
consisting of three rats, received a single oral dose
of control article and were killed for blood sampling
1 h after dosing. The remaining three groups, each
containing 21 rats, received a single oral dose of
U-82217 at levels of 10, 30 or 100 mg/kg. The con-
trol article (vehicle: 98.35% purified water, 1.25%
Avicel 591, 0.2% sorbic acid and 0.2% polysorbate)
and the U-82217 suspension formulation were ad-
ministrated orally by gastric intubation. Three rats
were killed for blood and brain sampling at each of
0.5, 1, 2, 4, 8, 16, and 24 h after dosing. The blood
samples were allowed to clot at room temperature

(a)

¥ |} T T v \ v 1
o 2 4 [} L] 1]

Minutes

Fig. 2. Typical chromatograms after extraction of (a) rat serum blank, (b) rat serum blank fortified with 0.5 ug/ml each of U-82217 and
1.S., (c) rat urine blank fortified with 1 ug/ml each of U-82217 and 1.S. and (d) rat brain sample fortified with 5 pug/g of U-82217 and 0.5

ug/ml of LS. Detection wavelength, 318 nm.
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TABLE I
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INTRA- AND INTER-ASSAY PRECISION AND ACCURACY

Sample Theoretical Intra-assay (n = Inter-assay (n = 4)
concentration
Precision Accuracy Precision Accuracy
(%) (%) (%) (%)
Serum 10 ng/ml 7.4 8.0 6.8 10.0
500 ng/ml 3.5 1.6 4.0 —44
10 ug/ml 3.9 2.0 8.9 1.0
Urine 20 ng/ml 8.6 -1.5 10.4 5.5
500 ng/ml 44 —42 3.6 -49
10 pg/ml 3.8 5.0 5.2 -2.0
Brain 100 ng/ml 49 -1.6 11.7 42
5 ug/ml 42 —4.0 8.1 —4.0
100 pg/ml 5.0 32 33 -19

for 15-20 min and the serum was harvested by cen-
trifugation, then transferred into a clean tube. Brain
samples were frozen on dry-ice immediately and se-
rum and brain samples were stored at —20°C until
analysis.

The average serum concentration—time curves of
each dose level for U-82217 are shown in Fig. 3. The
low systemic serum concentration of U-82217
(<0.12 ug/ml for all doses) in rats might reflect
poor absorption owing to the low water solubility
of this drug (0.4 ug/ml). The concentration of
U-82217 in brain at dose levels of 10 and 30 mg/kg
were below the level of detection except for one

-
k-

120 |
;“ “\
J . .
\
\
1 b
\

U-82217 Serum Concentration (ng/ml)

Time (h)

Fig. 3. Average serum concentration—time profiles of U-82217 in
rats after single oral administration of (@) 10 mg/kg, (M) 30 and
(A) 100 mg/kg of U-82217.

brain sample that contained 52 ng/g of U-82217 at 2
h after a dose of 30 mg/kg. The brain concentra-
tions were all less than 0.17 ug/g at a dose level of
100 mg/kg. These results agree with the U-82217
serum concentrations, which suggested poor oral
bioavailability of U-82217 in rats.
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ABSTRACT

An automated high-performance liquid chromatographic assay, using on-line solid-phase extraction, is described for the determina-
tion of dimethindene in urine. The solid-phase extraction of the sample (1000 ul) and the elution of the drug on to the analytical column
are performed automatically and concomitantly. The limit of quantification is 5 pmol/ml.

INTRODUCTION

When a drug is applied topically it can cross the
skin and reach the systemic circulation. Concentra-
tions of the drug in the blood can therefore give a
measure of its percutaneous absorption. The skin is
known to be an excellent barrier to the permeation
of substances and therefore the amount of a drug
found in the blood is often very low. Hence, sensi-
tive analytical methods able to determine the drug
are needed.

An enzyme-linked immunosorbent assay (ELI-
SA) has been found to be useful for the determina-
tion of the antihistaminic drug dimethindene ma-
leate, N,N-dimethyl-3-[1-(2-pyridinyl)ethyl)]-1H-
indene-2-ethanamine maleate, in serum at concen-
trations as low as 0.5 pmol/ml following oral and
intravenous administration [1]. For topical admin-
istration, serum levels are very low and the ELISA
technique is not sensitive enough. However, con-
centrations of dimethindene found in urine are
higher than in the blood and can be determined us-
ing high-performance liquid chromatography
(HPLC) [2] and gas chromatography [3]. The chro-
matographic methods were suitable for its determi-

Correspondence to: D. Chollet, Department of Toxicology and
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nation at the 10 pmol/ml level in urine. However,
they involve a tedious liquid-liquid extraction and
evaporation-redissolution. In addition, they re- -
quire deactivation of the glassware with silylating -
reagents to limit the strong adsorption of dimethin-

dene on the glass. Unfortunately, ELISA cannot be

used to determine dimethindene in urine owing to

cross-reactions.

Application of automated on-line solid-phase ex-
traction to biopharmaceutical analysis has been
shown to be effective [4-7]. In this paper, a fully
automated on-line HPLC system, using solid-phase
extraction with automatic extraction cartridge ex-
change, is described.

EXPERIMENTAL

Chemicals

Anhydrous sodium acetate, ammonium sulphate,
glacial acetic acid, fuming hydrochloric acid (37%)
and sodium hydroxide, all of analytical-reagent
grade, were purchased from Merck (Darmstadt,
Germany). Ammonium acetate (BioChemika Mi-
croSelect, >99%) was obtained from Fluka
(Buchs, Switzerland). HPLC grade methanol and
acetonitrile were from Maichler (Basle, Switzer-
land). Water was doubly distilled.

Dimethindene maleate (mol. mass 408.50) and its
metabolite, N-desmethyldimethindene, were ob-

1993 Elsevier Science Publishers B.V. All rights reserved
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tained from Zyma (Nyon, Switzerland). All refer-
ence solutions were freshly prepared in drug-free
urine. A reference stock solution was prepared by
dissolving about 20 mg (49 umol) of either dimeth-
indene maleate or its metabolite in 10.0 ml. Dilute
solutions were obtained by successive dilution with
the drug-free urine used for the reference solutions.

Apparatus

The chromatographic system consisted of three
Model 6000A pumps, a Model 680 gradient/event
controller and a Model 710B intelligent sample
processor (WISP), all from Waters Assoc. (Milford,
MA, USA). A Model OSP-2 on-line sample prepar-
ator was obtained from Merck. A Model 783A vari-
able-wavelength UV detector was obtained from
Applied Biosystems (Foster City, CA, USA). The
WISP was equipped with a 2000-ul fixed loop, a
2.5-ml syringe and a cooling unit set to 10°C. Full
details of the system configuration have been de-
scribed in a previous paper [5].

LiChroCART cartridges (4 mm x 4.0 mm 1.D.)
from Merck, which were packed with either Li-
Chrospher 100 CN (particle diameter, d, = 5 um)
or LiChrospher 100 RP-18 (d, = 5 um), were used
for on-line solid-phase extraction. The analytical
column (Suplex pKb-100, d, = 5 ym) (150 mm x
4.6 mm 1.D.) was purchased from Supelco (Belle-
fonte, PA, USA).

Data acquisition and integration were performed
using a Maxima 820 datastation from Waters As-
SOC.

Chromatography

Extraction and elution on to the analytical col-
umn were performed concomitantly by the OSP-2
on-line sample preparator, which was activated by
the gradient/event controller following the instruc-
tions in Table L.

The HPLC mobile phases used were as follows:
(A) mixture of 0.01 M sodium acetate and 0.04 M
ammonium sulphate, adjusted to pH 3.0 with acetic
acid—-acetonitrile (90:10, v/v); (B) solution of 0.05 M
ammonium acetate buffer adjusted to pH 7.0 with 1
M sodium hydroxide; (C) methanol-water (90:10,
v/v). All aqueous solutions used were filtered on Ze-
tapor membranes (pore size 0.22 mm) from Cuno
(Meriden, CT, USA). The mobile phases were
quickly degassed in vacuo prior to use. The flow-
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TABLE I

EVENT SETTINGS OF THE GRADIENT/EVENT CON-
TROLLER FOR ON-LINE SAMPLE PREPARATOR ACTI-
VATION

Time Event Action Comment
(min)
000 1 On Valve 1 in position 2
000 3 On Clamp closed (ready for extrac-
tion)
000 S Off Move direction set (left to right)
45 1 Off Valve 1 in position 1(bypass of ex-
traction side, end of washing)
460 3 Off Clamp opened
470 4 Pulse Move (1 cartridge from extraction
side to analytical side)
480 3 On Clamp closed (ready for analysis)
500 2 On Valve 2 in position 2 (desorption,
start of drug elution)
550 1 On Valve | in position 2 (conditioning
of a new cartridge)
1400 2 Off Bypass of valve 2 (initial setting)

rates of the pumps were varied according to the in-
structions in Table II. The injection volume for
samples and standards was 1000 yul. Detection was
performed at 258 nm. The run time and the acquisi-
tion time were set to 28 min. Typical chromato-
grams are given in Fig. 1.

Sample preparation

In order to prevent drug adsorption, the 4-ml
WISP vials were directly filled from the 2-1 flasks
usually used for urine collection in pharmacokinetic
studies, without any pipetting device.

TABLE 11

FLOW-RATE SETTINGS OF THE GRADIENT/EVENT
CONTROLLER

Time  Flow-rate Eluent A Eluent B FEluent C Curve’

(min) (ml/min) (%) (%) (%)

Initial 2.20 45 0 55 -
6.00 3.20 62 0 38 11
8.00 3.20 0 62 38 11

14.00 3.20 62 0 38 11

20.00 2.20 45 0 55 11

35.00 0.00 45 0 55 11

@ Curve 11 : new values are instantaneously set without any flow
or eluent gradient.
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Fig. 1. Typical chromatograms of urine standards: (A) 0.0; (B)

4.9; (C) 12.3; (D) 24.5; (E) 49.0 pmol/ml. For experimental con-
ditions, see text.

Standard preparation
Standard urine samples were prepared by dilut-
ing drug-free urine with reference solutions.

Calibration and quantification

Calibration was performed by linear regression
analysis of the detector response over the concen-
tration range 4.9-49.0 pmol/ml of dimethindene.
The concentration of dimethindene equivalent in
each sample (pmol/ml) was calculated using the cal-
ibration graphs.

Method validation

The recovery was determined according to ref. 8.
The linearity range was checked by the correlation
coefficient (r) of a calibration graph in the range
4.9-490 pmol/ml. The linearity of the calibration
graphs was checked by their correlation coefficient
in the range 4.9-49.0 pmol/ml. The precision was
determined in terms of repeatability and reproduc-
ibility (n = 6). The accuracy was determined as the
percentage deviation between the mean concentra-
tion found (n = 6) and the theoretical concentra-
tion. The stability of dimethindene under the exper-
imental conditions was investigated.

RESULTS AND DISCUSSION
Solid-phase extraction

Systematic investigations were carried out com-
bining either a cyanopropyl (CN) or an octadecyl
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(RP-18) reversed-phase extraction cartridge with a
CN or a deactivated reversed-phase (Suplex
pKb-100) analytical column. The combination of a
CN cartridge and a Suplex analytical column was
found to give more reproducible results than the
other combinations.

Dimethindene could not be extracted onto the
short CN cartridges in its fully protonated form,
i.e., in acidic medium. However, good extraction
efficiency was observed with spiked urine samples
using ammonium acetate buffer (pH 7.0). The re-
covery of dimethindene was found to be higher than
100% (n = 4) for a standard 49.0 pmol/ml urine.
This result demonstrated that dimethindene in
aqueous solutions (pH 7) is strongly adsorbed on
plastic and glassware, as suggested by others [2,3].
Investigations of the adsorption of dimethindene on
glass were carried out with dimethindene maleate
standards in water and urine. The results showed
that, in contrast to water, urine prevented this ad-
sorption. Therefore, all the reference and standard
solutions were prepared in drug-free urine.

As shown in Fig. 2, very efficient clean-up was
obtained. Almost all of the matrix components
were washed out of the cartridge within 4.5 min (see
also Table I).

The extraction capacity of the cartridges was
found to be higher than 490 pmol/ml. The plot of
dimethindene peak height versus its concentration
in prepared standards was linear in the range 4.9-
490 pmol/ml (r = 1.000).

The relative standard deviation for the cartridge-
to-cartridge variation of the dimethindene peak
height was found to be 1.3% for a standard 49.0

T
Column DIMETHINDENE
T switching
0.02V
MM .

A

5 o & 0 20 min,

Fig. 2. Clean-up of the same urine sample under the experimen-
tal conditions with a washing time of (A) 4.5 and (B) 2.0 min.
The time needed for a cartridge move was 0.5 min. For experi-

mental conditions, see text.
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TABLE 111
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PRECISION AND ACCURACY OF DIMETHINDENE ASSAY

Analyses carried out under the described experimental conditions.

Nominal Concentration found RSD* Confidence interval Accuracy®
concentration (mean £ SD.,n = 6) (%) of the mean value (%)
(pmol/ml) (pmol/ml) (P = 95%) (pmol/mi)
Intra-assay variability
49 4.76 + 0.29 6.0 476 + 0.30 -29
12.3 12.21 + 0.63 5.1 12.21 £ 0.66 -0.3
24.5 24.90 + 0.88 3.5 2490 + 0.93 1.6
49.0 48.89 + 2.43 5.0 48.89 + 2.55 -0.3
Inter-assay variability
4.9 4.82 + 046 9.6 4.82 + 0.49 -1.7
12.3 12.28 + 0.78 6.4 12.28 + 0.82 0.2
24.5 24.89 + 1.82 7.3 24.89 + 1.91 1.6
49.0 49.10 + 1.14 23 49.10 £ 1.20 0.2

¢ Relative standard deviation.

® Defined as the percentage deviation between the mean concentration found and the theoretical concentration.

pmol/ml urine sample (# = 10). No peak broad-
ening was observed. One cartridge could be used up
to 24 times.

Chromatography

Dimethindene was desorbed from the cartridge
and eluted onto a deactivated reversed-phase ana-
lytical column (Suplex pKb-100) by isocratic elu-
tion with a mobile phase consisting of buffers (pH
3.0)—-acetonitrile (90:10, v/v). This column was espe-
cially designed for the determination of basic com-
pounds such as antihistamines. The dimethindene
metabolite N-desmethyldimethindene [2] eluted at
the same retention time as dimethindene. The UV
spectra of dimethindene and its metabolite, record-
ed in solution in the mobile phase, showed that their
molar absorptivities are identical. As the objective
of the study was to determine the amount of drug
reaching the systemic circulation, the measured
amount of dimethindene included dimethindene
plus N-desmethyldimethindene. Under the de-
scribed experimental conditions, the recoveries of
dimethindene and its metabolite were identical.

N-Desmethyldimethindene could be separated
from dimethindene (¢; gimethindgene = 0.78) using 0.05
M ammonium acetate buffer (pH 7.0)-acetonitrile
(77:23, v/v) as the mobile phase, but variations in
the N-desmethyldimethindene peak area of 30%

were observed. These variations were considered to
be unacceptable. In a separate study [9], the concen-
tration of the metabolite in the urine of healthy vol-
unteers, collected after topical administration of di-
methindene maleate, was found to be ca. 20% of
the dimethindene content.

Method validation

The precision and the accuracy were determined
over the range 4.9 - 49 pmol/ml. The results (Table
IIT) ranged from 2.3 to 9.6% and from —1.7 to
1.6%, respectively. The parameters of the linear re-
gressed calibration graphs, relating the dimethin-
dene peak height to its concentration in prepared
standards, were typically slope = 0.0343 and in-
tercept = 0.26 with a correlation coefficient (r) of
0.999. The linearity range was from 4.9 to 490
pmol/ml of urine ( = 1.000). The limit of quantifi-
cation for the assay was of the order of 5 pmol/ml.
Dimethindene was found to be stable under the ex-
perimental conditions for up to 12 h. The relative
standard deviation measured for a standard sample
of 24.5 pmol/ml analysed every 30 min was 3.9%
(n = 23). No drift of peak height was observed.

CONCLUSION

The method developed is suitable for the determi-
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nation of dimethindene in urine at the pmol/ml lev-
el. It allows fully automated extraction and analysis
of urine samples. Detailed validation data demon-
strate its reliability.
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