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ABSTRACT

A general systenuatic approach is described for the chemometric modelling of liquid - hgud extraction date of drugs from biological
fluids. Extraction solvents were selected from Snyder’s solvent selectivity triangle: methyl rers-butyt ether, methylene chlorde and
chioroform. The composition ol a misaure of the three extraction solvents was varied and the extraction vield (recovery) ol a group of
tricyclic amines was measured at all ecmpositions sclected. Two process vitriables, the extraction time and the extraction intensity. were
varied simultancously with the mixture variubles to study their influence and their interaction with the mixture composition. The
combined mixture and factorial design statistical techniques obtained in this way enabled the recovery to be modelled as a function of
both the composition of the extraction liquid and the process variables. The models were assessed with regard to both descriptive and
predictive capacitics. The results showed that structurally related compounds may demonstrate different partitioning behaviour with
regard 1o both mixture variables and process variables. It was concluded that mixtures of solvents result in higher eatraction efficiencies
for the amines. A positive effect on the extraction efliciency was demonstrated by the extraction intensity process variable and extraction
time. A positive cffect on the extraction efficiency was demonstrated by an interaction between extraction intensity and time. Mixture
muodels in which process variables were introduced were recognized as being very suitable for modelling liquid-liquid extraction
systems.
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INTRODUCTION

Liquid-liquid extraction is often part of bioana-
lytical assay methods prior to chromatographic
analysis. Although this sample preparation stage is
very important from an analytical point of view, less
attention has been paid until now to the systematic
optimization of liquid-liquid extraction. For meth-
od development involving liquid-liquid extraction
prior to high-performance liquid chromatography
(HPLC), great effort is often spent on the develop-
ment of a proper sample preparation procedure,
Choices have to be made with respect to the
extraction solvent or mixture of solvents used, what
buffer solution will be used, etc. The choice of all
these parameters depends on the matrix that has to
be analysed, the equipment available, the method of
determination that is used and the amount of labour
and time spent. The use of systematic methods for
the development of sample preparation procedures
may decrease the method development time.

In liquid-liquid extraction, the partition coeffi-
cient of individual solutes may be influenced by a
number of factors. First, the influence of the pH is
an important factor [1-4]. Adjusting the pH to a
suitable value converts acidic or basic drugs into
non-ionized species, which are more soluble in a
non-polar solvent. Sccond, the ionic strength of ihe
biological sample influences the partition coeffi-
cient. The addition of highly water-soluble ionized
salts decreases the solubility of drugs in the aqueous
phase, followed by an increasc in the solubility of the
drug in the organic phasc. This phenomenon is
called the “salting out effect™ and is caused by
diminished availability of water molecules acting as
a solvent for the drug [5,6]. The influence of the ratio
of the volume of the organic phase, Ve to the
volume of the aqueous phase, V. is also known,
There is no influence of the ratio of VY, to V,, on the
magnitudce of the partition coefficient. However, it
docs influence the fraction of the drug extracted into
the organic phase (recovery). Of course, Vorg should
not be too high. for cconomical and practical
reasons. The temperature of an extraction system
has a minor effect on the partition coefficients.
Extractions are generally performed at room tem-
peraturc. Small fluctuations of room temperature
have insignificant cffccts on partitioning. Also im-
portant for the extraction of drugs trom body fluids
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is the sample matrix. However, this is an uncontrol-
lable factor. Finally, a very important factor influ-
encing the partitioning of drugs between two phases
is the choice of the organic solvent [4,7]. Specific
solvents can be selected with regard to their physical
propertics. Intuitively, one may have an idea about
the extraction behaviour of the analyte in develop-
ing new analytical assay methods using liquid-liquid
extraction. However, it is difficult to sclect a proper
extraction solvent with a first guess. Contingent
selection of a mixturc of different solvents is even
more difficult. Extraction solvents are often selected
by trial and error, and improvement of extraction
yiclds is not considered as long as they are satisfac-
tory, even if they are not optimum or if the repro-
ducibility of the extraction could be improved.
Implementation of chemometric optimization pro-
cedures in sample preparation procedures using
liquid-liquid extraction may be useful for the selec-
tion of optimum extraction conditions,

Two general systematic optimization procedurcs
are the simultancous and sequential methods. In
scquential methods (e.g., simplex optimization),
results of previously performed experiments are
uscd to calculate conditions for new experiments to
be carried out. In this manner, the response surface
is scquentially tracked until an optimum has been
located, which is not, however, a priori a global
optimum. Another disadvantage of this located
optimum is that it may be dependent on the initial
variable scttings. Finally, a very important restric-
tien of a scquential simplex optimization may be the
complexity of the optimization function. This func-
tion is a predefined function, which may be com-
posed of several criteria. Such a composite criterion
leads to ambigious results [8]. Other important
disadvantages of a simplex optimization method are
that often local optima are determined and that the
number of experiments needed is not known before-
hand

Simultancous optimization methods do not suffer
from these problems. Experiments to be carried out
arc previously planned, according to some experi-
mental design, within the factor space. The experi-
mental results are collected and then any response
criterion desired can be modelled. Simultaneous
methods may provide the global optimum. The
experimental designs are used to obtain maximum
information out of a serics of carcfully selected
experiments.
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Applications of simultancous methods in chroma-
tography have been described by Glajch et al. [9] and
Weyland er al. [10] and more recently by Mutholland
and Waterhouse {1 1-13] and Coenegracht ez al. [14].

Applications of systematic optimization of e¢x-
traction liquid composition in biomedical analysis
using sequential or simultaneous methods in liquid-
liquid extraction have not been reported. In liquid-
liquid extraction, the selective interactions of the
extraction solvent and the matrix components to be
extracted influence the magnitude of extraction [15].
The extraction liquid composition should be chosen
such that there is high selectivity for the matrix
component(s) to be extracted. The polarity of the
extraction solvent used is very important for the
recovery. However, the sclective intcractions be-
tween solvent and solute are also very important.
Therefore, the selectivity of the solvent should be
adjusted such that interaction between the solvent
and solute is optimum. In this way. extraction yields
can be maximized. Here, we propose a new method
for the systematic optimization of the cxtraction
liquid in liquid-liquid extraction, in which several
theorics have been incorporated. The solvent selec-
tivity theory developed by Rohrschneider [16] and
Snyder [17] was used to select three solvents repre-
senting different types of sclective interactions.
Tricyclic amines were extracted with different mix-
tures of three extraction solvents according to a
mixture experimental design in combination with a
factorial design for two extraction process variabies.
The efficiency of the extraction (recovery) was
modelled. The final objective of this investigation
was o study the applicability of combined fractional
experimental designs for the simultaneous optimum
choice of extraction liquid composition (the mixture
design part), extraction time and extraction intensity
(the factorial design part). The optimization crite-
rion was to maximize tha extraction efficiency of the
extraction system and to minimize the time needed
for a single extraction. The latter criterion was
introduced for future application of a laboratory
robot with serialized sample processing. Moreover,
the ruggedness of the extraction system was evalu-
ated for pairs of amines.

THEORY

Several studies have attempted to reiue the
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partition coefTicient of a solute in a liquid chromato-
graphic system between two phases, one of which
has a varying composition {16,18-20]. Schoenma-
kers and co-workers {21,22] derived a relationship
for a binary mobilc phase in reversed-phase HPLC
from the solubility parameter theory of Hildebrand
et al. [23]. Similarly, a relationship can be derived for
liquid-tiquid extraction with extraction liquids com-
posed of three components:

In P=A¢@?+ Bpi+ Col+ Dogps +
E@ @3+ Fpapy+ Goy+ Hpx + los+J (1)

where A-J are functions of the solubility parameters
of the extraction liquid components and ¢, ¢; and
¢, are the fractions of mixture components 1, 2 and
3. respectively. This equation is a reduced form of a
qore complex equation with three mixture vari-
ables, but this complex equation has been simplified
hecause in mixtare designs the sum of the fractions
of the extraction liquid components equals 1 (¢ =
1 — ¢, — ¢:). Egqn. 1 provides considerable insight
into the partitioning of a solute between the aqueous
and the organic phase in liquid-liquid extraction.
Quadratic effects of fractions and interaction effccts
between two fractions are indicated. This factorial
design-like model can be transformed into a qua-
dratic mixture model when the constraint that the
sum of the fractions cquals 1 (¢ + @ + 3= 1) is
substituted, The mixture variables (the fractions of
the components in the extraction liquid) are now
represented by x;:

inP= [3(.\’1 + {g;.\'z + ['33.\'3 -+ f)’l_a_.\".\'_\_ +
Bisxixs + fasvaxa+e (2)

This transformation of a physico-chemical model
into a chemometric model was also discussed by
Weyland et al. [9]. A ternary non-lincar blending
term is often added to improve the descriptive power
of eqn. 2. Then, a special cubic mixture model
(eqn. 3) is obtained:

In P= ﬁl'\‘l + ﬁ.’!xl -+ /33:(3 + ﬁ:g.\?;.\'x -+
Biaxixy 4 BazvaXy 4 fraaviXoxs+e (3)

where 8,-f123 are the regression coefficients to be
estimatcd after the experimental part and ¢ is the
residual error to be estimated. For estimation of the
regression coefficients and the residual error. at least
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us many cxperiments have to be performed as the
number of model coefficients plus one. In a mixture
design experiment, the responsc to a mixture of ¢
components depends only on the fractions of mix-
ture components and does not depend on the total
amount of the mixture.

Eqn. 3 describes the relationship between the
composition of an extraction liquid and the parti-
tion coefficient. However, liquid-liquid extraction is
often quantified by the recovery R, i.e., the fraction
of the total amount of analyte transferred from the
aqucous phase into the organic phase (R = @,,):

Vmg)
(v

— (4)
Z
P -—-“-‘l‘> +1
( Vl\‘!

where V,, and V,, are the volumes of the aqueous
and organic phase, respectively, and P is the parti-
tion coefficient of a given analyte under certain
conditions (pH, ionic strength, extraction liquid,
temperature, sample matrix). This relationship can
be transformed into the following:

R= d’nrg =

With a constant ratio of the phase volumes
through ali the experiments;
R

Px—
1-R
Thus, when recoveries of analytes are measured,
these recoveries can be related to the extraction
liquid composition by writing eqns. 2 and 3 as
follows:

R
ln(l . R) = ﬁb\'l + Bz.\'g + ﬁg..\';; + /{12-\'!~\'2 +

ﬂ;_}.\f\.\'3 + I)’}_A.\‘z.\',\ (+ {).)23.\'[.\'3.\'3) + ¢ (5

Summarizing, to opumize the partition coeffi-
cient P of a solute i and consequently R;. P; and R;
should be maximized by mixing three solvents in the
correct proportions. The use of mixture design
statistical techniques with the natural logarithm of
the partition coefficient as response criterion is a
valid way to achieve this.
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Introduction of process variables in mixture models

For the selection of fuctors that influence extrac-
tion one has to sclect as few variables as possible, to
avoid models with large numbers of coefficient and,
consequently, large numbers of experiments. Fac-
tors that influence liquid-liquid cxtraction are the
following: the pH of the aqueous phase of the
extraction system; the ionic strength of the aqueous
phase; the ratio of the volumes of the organic phase
and the aqueous phase. V., and ¥, the tempera-
ture of the extraction system; the matrix in which the
solute is dissolved; the choice of the solvent: the time
in which the extraction is performed (cxtraction
time); and the intensity with which the extraction
takes place (extraction intensity) -« the rotations per
minute of a tumble mixer.

The first six factors were discussed in the Intro-
duction. Arguments for the introduction of the last
two factors {(extraction intensity and extraction
time) are discussed below.,

Liquid-liquid extraction is based on partitioning
cquilibrium of a solute over the two phases. Impor-
tant factors for this phenomenon may be the time of
extraction and the intensity of evtraction. The
influence of these factors is generally not known,
For extraction solvents with different compositions,
cquilibria may possibly adjust diffcrently. Thus,
when different solvents (or mixtures of solvents) arc
used, different adjustment parameters (process vari-
ables) are probably needed. They may be different
for several solutes [24]. Often an extraction equilib-
rium is obtained rapidly. Extraction times arc often
too long [25], which was also acknowledged by
Campbell [26]. However. Lagerstrom et al. [27]
found a time-dependent cxtraction from plasma.
They investigated the influcnce of extraction time on
the extraction yicld of hydrophobic tertiary amines
in dicthy! cther, hexane-propanol (95:5) and meth-
ylenc chloride. They suggested that the amines
investigated were probably occluded in protein
precipitates and that diffusion out of that environ-
ment was very time consuming, Schill er al. [28]
showed the effect of dilution in protein precipita-
tion: extraction yields of two sulphonamides in-
creased strongly after dilution of plasma with water.

A survey of a number of recent i wues of Journal of
Chromatography (Biomedical Apr ‘ications) showed
thit & small number of publications describing
liquid - fiquid extraction prior to determination did
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not report the extraction time. However, most of the
publicatio.s in these issues did not report the
extraction intensity or even the method of shaking.
This indicates that the significance of the physical
conditions during an extraction is often disregarded
and is not considered as being important. However,
investigation of the extraction conditions other than
pH or solvent used may be interesting, as demon-
strated by the examples reported above [24-26].

Of course, ncither factor influences partition
cocfTicicnts, but they may help to acceclerate the
adjustment of extraction equilibria. Arguments can
be put forward to optimize both factors. In most
routine laboratorics samples to be analysed arc
prepared simultancously: the actual shaking of all
samples does not last longer than the time necded to
extract onc sample. In automated liquid-liquid
extraction processes (robots), howcever, in which
samples ar processed consecutive [29-31), time is an
important variable; the shorter the time of extrac-
tion, the higher is the throughput of samples. On the
other hand. cquilibria may adjust stowly and long
periods of extraction may be necessary. Optimiza-
tion of the extraction time may be required. Higher
extraction intensities decrcase the size of the droplets
of the organic and the aqueous phase in the extrac-
tion container. This results in a larger contact
surface between the two phases and may influence
cxtraction positively. Vigorous shaking may reduce
the extraction time nceded. In other words. there
may bc interaction between extraction time and
extraction intensity. Disadvantages of thorough
mixing may be the formation of emulsions, which
may be difficult to separate in & centrifuge. A
disadvantage of both long periods of extraction and
high extraction intensitics may be the amount of
contamination extracted. Also, drawbacks of ex-
tended extraction may be irreversible adsorption
of associated drug molecules to plasma proteins.
Hence for many reasons it is important to select
proper values of the process variables.

Three variables were selected: the composition of
the extraction liquid (which may be divided into a
number of sub-variables. the number of mixture
components), the extraction time and the extraction
intensity. The cxtraction liquid components arc
called mixture variables. Extraction time and exirac-
tion intensity arce called process variables or faciors
and their influence can bhe studied with factorial
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designs. It is not irrational to presume interaction(s)
between mixture and process variables: equilibrium
may be achieved faster using a given extraction
solvent A than using a given extraction solvent B or
o mixture of A and B.

Optimization strategy

Mixture designs. A wide varicty of applications of
mixture experimental designs were summarized by
Cornell [32]. For the optimization of the liquid-
liguid extraction of drugs from biological matrices.
the use of mixture components as variables scems
very reasonable, as discussed previously. The loga-
rithm of the partition coefficient of the analyte is the
responsc to be optimized and the fractions of the
different mixiure components in the cxtraction
solvent are the control variables. Particularly when
morc solutes with different structures have to be
extracted from a sample, a mixture of solvents may
give a better response than a single solvent.

Aspects of mixture designs have been described in
detail by Scheffé {331, Sneec {34] and Gorman and
Hinman {35]. Influcnces of pure components cannot
be investigated in mixture designs, as a change in the
fraction of one mixture component always causes a
change in the fraction of another component: vari-
ables cannot be varied iLidependently. The quadratic
and cubic terms in egns. 2 and 3 are therefore not
called interaction terms. but non-lincar blending
terms.

By mixing more solvents into one extraction
solvent, the multivaniate solubility parameter 6
22.23] of the extraction hiquid can be adjusted to an
optimum value.

Factorial designs. Factorial designs are often
applied to study the influence of process variables
(factors) or to optimize the settings of factors. The
application. use and characteristics of factorial
designs have been discussed in detail by Box et al.
[36].

Combined designs. When both mixture and pro-
cess variables are observed in one design. interaction
between these variables can be investigated. There-
fore, a combined experimental design has to be
selected. which may become large unless cfficient
fractionation can be accomplished. There are nu-
mierous cxamples in the literature of combincd
mixture and factorial designs [37-43]. Fractionation
may often be necessary: the experimental effort may
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Fig. 1. Two representations of full combined mixture and
fuctorfnl designs for three mixture varinbles and two factorial
vitrinbles at three levels.

increase considerably without fractionation. In our
problem, where we have two factors ut three levels
(3% = ninc experiments) and three mixture variables
with a special cubic mixture model (eqn. 3: seven
experiments), 7 - 9= 63 model cocfficients plus an
crror term would have to be estimated. Therefore,
64 cxperiments should be performed according to
the designs in Fig. 1, which represents (1) the
performance of a mixture design with cvery combi-
nation of process variable settings of the factorial
design and (2) the performance of a factorial design
with all compositions of the mixture. In fact, these
representations correspond to the same experi-
ments. Doornbos et al. [42] developed fractionated
combined mixturc-factorial designs with a concomi-
tant hicrarchy of polynomial models. Optimality of
the designs was judged with G, V and D optimality
criterin. By rotation and contraction they sclected a
combination design for a 237! design (Fig. 2).
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Fig. 2. A fractionated 2* 7 combined dusign atier rotation and
contraction [42].
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EXPERIMENTAL

Selection of extraction solventys

The composition of the extraction liquid is very
important for the magnitude of the partition coeffi-
cient of a solute. Scveral quantities have been
studied to describe solvent propertics [16-18,22,44~
46). Snyder [17.18] grouped the relative selectivities
of solvents into solvent selectivity classification
~roups, cach group beingcharacterized by its proton-
¢ .iating. proton-accepting and dipole interaction
propertics.

Solvents used here for a general liquid-liquid
extraction method were selected from Snyder’s
solvent selectivity trinngle. The goal was to select
three solvents that represent a wide variety of
sclective interactions, so that extraction liquids
composed of mixtures ol these solvents may enter
into maximum interaction with the analyte. Addi-
tionally, the solvents should be sufficiently polar to
ensure quantitative extraction. In addition to selec-
tivity and polarity requirements, the solvents should
also meet a few other criteria, mainly for practical
rcasons: they should not be miscible with water,
have low boiling points (for relatively fast evapora-
tion procedures) and have densities sufficiently
different from the density of water, for pure solvents
and for sclected binary or ternary mixturcs of
solvents.

The solvents selected were similar to those which
Glajch er al. [9] used for normal-phase liquid
chromatography. Methyl terr.-butyl ether (a proton
acceptor) was selected instead o diethyl cther, as the
former is less volatile. The other two solvents
sclected were methylene chloride (dipole interac-
tions) and chloroform (proton donor). These three
solvents meet all practical requirements. The polari-
tics P’ [17] of the solvents arc 2.5, 3.1 and 4.1,
respectively. The solvents were used in pure form: no
supporting solvent was used.

Process variables

The extraction process variable adjustments were
a rotating speed of 20, 40 and 60 rotations per
minute (rpm) during 5, 15 and 25 min of shaking.

Three levels of a process variable justify investiga-
tion of quadratic effects of this process variable.
Also, intcraction between mixture variables (frac-
tions of solvents in the extraction liquid) and both
process variables can be examined.



J. Wieling et al. 1. Clhromatogr, 629 ( 19931 181- 199

187
Regression models and experimental design .

The fractions of the three solvents in the extrac- varigble 1t vt viv v
tion liquid are mixture variables, Details of mixture -
variables were given by Cornell [47]. The process Xy . = .
variables extraction intensity and cxtraction time X2 .
have 1o be optlimized using a lactorial design. Here X3 . "
we propose a combined design for the simultancous XiXy .
optimization of mixture and process variables, which XXy L]
reduces the number of experiments needed. All XaXs »
variable interactions are given in Fig. 3. XqXpX3 .

Previous experiments led to the choice of a special

cubic model for mixture and process variables  Fig. 3. Schematic representation of interuction terms in egn. 6
(eqn. 6). To estimute the 22 coefficients and theerror (7 = extraction time: v = extraction intensity: v, = mixtune vari-
term at least 23 experiments are required. ablest.
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Fig. 4. Experimental design for the extraction ol tricyche amines.
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Eqn. 6 is a special cubic mixture model expanded
with combinations of mixture variables with linear
and squared process variables and with an interac-
tion term between the two process variables with one
mixture variable; ¢ is the extraction time and vis the
cxtraction intensity. The f-terms are parameters of
the mixture models included. The p-terms are the
parameters for the interaction terms between mix-
turc and process variables, Superscripts in the
parameters refer to the process variable(s) involved
and subscripts in the parameters refer to mixture
variables involved.

Each of the three solvents selected (the mixture
variables x;) is located at a vertex of a triangle, here
called factor space, Each point within the tactor
spacc is a combination of the fractions of the
solvents in the extraction liquid. Several mixture
triangles are plotted which symbolize the levels of
the process variable(s). Experiments sclected should
be well distributed over the factor space. With the
method described here, no restrictions were made to
maximum or minimum fractions of mixture compo-
nents. The entire factor space (the mixture triangle)
is used for design of experiments. In total, 30 experi-
ments were selected, which is seven more than
needed for the model (eqn. 6). The extra experiments
were used for statistical evaluation of the model.
Fig. 4 depicts the factor space and the experiments in
the fractional experimental design selected for the
amines. Corresponding values of the fractions of
methyl rert.-buty! ether, chloroform and methylene

Imipramine Desipramine
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chiloride and the process variables 1 (extraction time)
and v (extraction intensity) are given in Table L.
The criterion modelled in this study was the
extraction efficiency (recovery, R). Owing to the
introduction of the two process variables the phy-
sico-chemical model of the partition coefficient
introduced in the theory section was of less value,

Instruments and instrumental conditions

Analyses were performed with an HPLC system
consisting ofa Waters (Milford, MA, USA) Model 45
HPLC pump used at a flow-ratc of 1.2 mimin~ ! and
a Kratos (Ramsey, NJ, USA) Model 757 UV detec-
tor (wavelength 250 nm, range 0.01 a.u.fs,, risc time
1 s). Injections of extracts into a Zymark (Hopkin-
ton, MA, USA) Z 310 HPLC injection station,
cquipped with an clectrically controlled Rheodyne
valve with a 10-ul sample loop, were performed by a
Zymate 11 robot system. The Zymark Z 310 analyti-
cal instrument interface was used to control the
HPLC injection station. Data analysis was per-
formed by mcans of a Spectra-Physics SP4270
computing integrator. The analytical column was a
Chrompack (100 x 3.0 mm 1.D.) Spherisorb, 5-um
CN cartridge system, which was maintained at 35°C
by a thermostatic bath. The injection volume was
10 ul. Mixing was performed on a vortex mixer
type FV2 (Janke und Kunkel, Staufen, Germany),
shaking of the extraction container was performed
on a Heidolph (Kelheim, Germany) Reax-2s shaker
for tumble riixing and a Heracus (Osterrode am

Trimipramine

i ]
(CH2)3N(CH 3)2 {CH; )y NHCH,

}
CH, CH(CH, YCH N(CH 3),

Amitriptyline Nortriptyline

SHeNeWNe

{
=CH(CH ), N(CH4 )y

Fig. 3 Structures of the tricyelic amines.

[
~CH(CH 5), NHCH
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Harz, Germany) Labofuge GL was used tor centri-
fuging.

Chemicals and reagents

The tricyclic amines imipramine (IMI), amitrip-
tyline (AMI), nortriptyline (NOR), desipramine
(DES) and trimipramine (TRI) (Fig. 5) were sup-
plied by Sigma (St. Louis, MO, USA). These amines
were used because Lagerstrom et al. [27] found a
time-dependent recovery for these compounds in
scveral extraction solvents. Acctonitrile (ACN),
methylenc chioride (DCM) and methanol (McOH)
were supplied by Labscan (Dublin, Ircland) and

were of HPLC grade. Chloroform (CIf) was of -

analytical-reagent grade and supplicd by Malinck-
rodt (Promochem, Wesel, Germany). Phosphoric
acid (85%). sodium hydroxide (NaOH). disodium
phosphate (Na;HPO, - 2H,0) were all of analyti-
cal-rcagent grade and supplied by Merck (Darm-
stadt, Germany). Methyl rere.-butyl cther (Uvasol)
(tBME) was also supplicd by Morck. Water was
purificd by using a Milli-RO-4 and a Milli-Q water
purification system (Millipore, Bedford. MA, USA).
Unless stated otherwise, Milli-Q quality water was
used throughout. All blank plasma samples used in
this study werce obtained from a single pool of blank
plasma. This was donc in order to climinate the
effect that may be present through the usce of
different plasma samples.

A phosphate buffer (pH 6.5) was prepared by
dissolving 450 mg of Na;HPO, - 2H,0 in 500 mi of
water. pH adjustment was performed using concen-
trated phosphoric acid. The mobile phase was
preparcd by mixing 200 ml of phosphate bufler.
600 m! of ACN and 200 ml of McOH. NaOH
solution (0.03 AM: pH 12.5) was prepared by dis-
solving 1.20 g of NaOH in 1 1 of water. Stock
solutions of the tricyclic amines were prepared by
dissolving 100 mg of the compounds in S0 ml of
water. These solutions were stored at 4 C and were
used Lo prepare a standard solution of 2mg 17 ofall
amines in water. This standard solution contained
all five amines and was uscd for the extraction
studics and stored at 4 C.

Analvtical procedure

A 250-ul aliquot of plasma to be analysed and
250 jd of the standard solution were pipetted into a
11.5-m! glass tube, then 250 ul of NaOH solution

sy

{pH 12.5) were added and mixed for 10 s on a vortex
mixer. A 9-mi volume of extraction liquid was added
and the tubes were extracted on a Heidolph tumble
mixer according to the experimental design in Fig. 4
and Table 1. A potential problem arises if the
solvents used are mixed in different compositions: a
composition can possibly be sclected that has a
density equal to the density of the aqueous layer,
which may give risc to problems with the phase
separation.

After centrifugation at 4000 rpm (2755 g) for
10 min, the organic layer was transferred into another
glass tube of 11.5 ml and evaporated to dryness
under a gentle strcam of nitrogen at 55°C. The
residue was reconstituted in 1 ml of MeOH; 10 ul of
the solution were injected into the HPLC system,

For the determination of the absolute analytical
recovery (R = @,,,.). the peak heights of the prepared
samples were compared with the mean peak height
of scven direct injections of the standard solution
into the HPLC system.

For the correct determination of the recoverics
and the partition coeflicients (for use in future
studies). cach tube was weighed separately before
and after the extraction solvent dispensing step (to
give iy,) and before and after phase sepuration (to
give w,,). The volume of the extraction liquid used
for cxtraction, V. was calculated from wy, and the
density of the extraction liquid considered. In this
way the exact volumes used could be mceasured.
which were used to calculate the recoveries and the
partition coefficients:

neak height extractions Win

d)n ¢ = R = < . I I *
h peak height direct injection iy,
R 075
P=—r0.
I—R Vi

where 0.75 is the volume of the aqueous layer (ml),
Vo 18 the volume of the organic phase (ca. 9 ml) used
for extraction (V,, = wia/py: pi 18 the density of the
extraction liquid involved).

As the volumes of both the organic and the
aqueous phase influcnce the recovery of a solute.
cxperiments were done to study if there was an cffect
of mixing on the volume of the resulting cxtraction
liquid: volumes of 10 ml of methyl zerr.-butyl cther,
chloroform and methylene chloride were mixed to
give binary and ternary solvents. These experiments
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TABLE |

RECOVERIES OF THE TRICYCLIC AMINES AFTER EXTRACTION ACCORDING TO THE EXPERIMENTAL DESIGN IN
FIG. 3

Experimental design Recovery

Noewm Xew Xt " vt TRI AMI M1 NOR DES
1.0000 0.0000 0.0000 0.0000 0.0000 0.1462 0.2260 0.2726 0.4377 0.5216
0.0000 1.0000 0.0000 0.0000 0.0000 0111 0.1897 0.2669 0.4730 0.5780
0.0000 04.0000 1.86000 0.0000 0.0000 0.2875 0.3541 0.4267 0.6428 0.7709
0.3333 0.3333 0.3333 0.0000 0.0000 0.1780 0.2640 0.3370 0.5300 0.6400
06667 0.3333 (,0000 0.0000 0.5000 0.2225 03151 0.3976 0.6230 0.7294
0.3333 0.0000 0.6667 0.0000 0,5000 0.3732 04575 0.5418 0.7950 093123
0.0000 0.6667 0.3333 0.0000 0.5000 0.3063 0.4008 0.5227 (.7985 9.9383
0.3333 0.6667 0.0000 0.0000 1.0000 0.2262 0,319 0.4162 0.6638 0.7943
0.6667 0.0000 0.3333 0.0000 1.0000 0.3487 0.4847 0,5981 0.8195 0.9463
0.0000 1.3333 0.6667 0.0000 1.0000 0.4723 0.5626 0.6695 0.8646 0.9649
0.3333 0.6667 0.0000 0.5000 0.6000 0.1244 0.2367 00,2980 0.4184 0.5670
0.6667 0.0000 0.3333 0.5000 0.0000 0.2323 0.3320 0.4140 0.7193 0.8502
0.0000 0.3333 0.6667 0.5000 0.0000 0.3012 0.3838 0.4665 (.6984 0.8076
1.0000 0.0000 0.0000 0.5000 0.5000 0.2262 0.3318 0.4372 0.7074 0.7811
(.0000 1.0000 0.0000 0.5000 0.5000 0.1551 0.2559 0.385% 0.6897 0.8021
0.0000 0.0000 1.0000 0.5000 0.5000 0.3854 0.4596 0.5621 0.7598 08319
0.3333 0.3333 0.3333 0.5000 0.5000 0.2744 0.3930 0.5125 0.7170 0.8090
(,6667 0.3133 0.0000 0.5000 1.0000 0.1928 0.3034 0.4203 0.6944 0.7793
0.3333 0.0000 0.6667 0.5000 1.0000 .3774 0.4673 0.5742 0.7725 0.8606
0.0000 0.6667 0.3333 0.5000 1.0000 0.2696 0.3971 0.5335 (.7395 0.8189
(.6667 0.3333 0.0000 1.0000 0.0000 0.1907 0.3047 0.4346 0.7587 (.8844
0.3333 0.0000 0.6667 1.9000 0.0000 0.35825 0.4462 0.5653 0.7993 .9484
0.0000 0.5667 .3333 1.0000 (.0000 0.2889 0.4188 0.5635 (1.7871 (.9058
0.3333 0 6667 0.0000 1.0000 0.5000 0.1782 0.29758 0.4641 0.8630 1.0093
0.6667 €.0000 0.3333 1.0000 0.5000 $.2937 0.4269 0.5859 0.8792 0.9724
0.0000 0.3333 0.6667 1.0000 1.5000 0.4262 0.5341 0.6836 0,9292 1.0206
1.0000 (.0000 0.0000 1.0000 1.0000G {1.2660 4.4010 0.5190 (L9074 1.0173
(3.0000 1.0000 0.0000 1.0000 1.0000 0.1822 0.3145 0.4850 0.9244 1.0404
.0000 0.0000 1.0000 1.0000 1.0000 0.4645 (0.5485 0.6836 0.94:44 1.0143
0.3333 0.3333 0.3333 1.0000 1.0000 0.4918 0.6562 0.9538 1.0570

0.3485

¢ Extraction time: 0.0 = 5§ min, 0.5 = 15 min and 1.0 =25 min.
b Extraction intensity: 0.0 = 20 rpm. 0.5 = 40 rpm and 1.0 = 60

were done prior to the actual extraction experi-
ments. The densities and volumes of the outcoming
liquids were measured to investigate the cffect of
mixing on the density and volume of the outcoming

liquid.

Models of the recoveries were calculated with
multiple ordinary feast-squares regression for cach
amine onan IBM PS/2 Model 60 computer using the
laboratory-made software package SOLEX (sys-
tematic optimization of liquid extraction) written in

Pascal.

rpm.

RESULTS AND DISCUSSION

Effect of mixing on the density and volume

The mixture compositions in Tablc [ did not give
rise to any problems with phase separation due to
cqual densities of the organic and the aqueous
layers: all compositions used could be separated
from the aqueous layer.

The density and volume measurements afler mix-
ing different solvents showed that there was no
influence of mixing on the density and volume of the
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outcoming liquid. The outcoming volume (V) of the
mixed liquid was equal to the sum of the individual
volumes of the different extraction solvents, For a
liquid composed of arbitrary volumes of mcthylene
chloride (Vpen). chloroform (V) and methyl rert.-
bu‘.y‘ ethor (VﬁlME)'

Vo= Voem + Vo + Vi

A lincar relationship (r=0.9999) was found to
describe the density of the outcoming (p,) liquid as a
function of the particular densitics (p;) and fractions
of the different solventsin the liquid (x;). For a liquid
composed of » extraction solvents:

TABLE I

191

" N
po= Y, Xipy (Os-\':s LY w= 1)
i=1 [5R]
Owing to the lincarity of these propertics it was
unnceessary to correct for mixing cffects on density
and volume.

Extraction of tricyclic antines

No difficultics in any of the settings of the
variables in Table I were observed with respect to
emulsion formation due to vigorously shaking the
extraction container. The recoveries of the five
tricyclic amines were measured with the extraction

CALCULATED REGRESSION COEFFICIENTS AND MODEL VALIDATION CRITERIA OF THE COMBINED SPECIAL

CUBIC MIXTURE MODEL AND THE QUADRATIC FACTORIAL MODEL {EQN. 6} WITH THE RESULT OF ALL
EXPERIMENTS FOR THE AMINES

Muodels fitted with relative vatues of extraction time (5 min =0; 15 min = 0.5 25 min = 1) and extraction intensity (20 rpm = 0;

40 rpm = 0.5: 60 rpm = 1),

Parmneter Solute
TRI1 AMI M1 NOR DES
£ 0.154210 0.233054 0.374570 0.459544 0.549154
s 0.113260 (.193460 0.264623 0473312 058836
N 0290544 0.351359 0420103 (1L.675951 (0.80%063
Bys - 33326 -0070326 -0 129337 - 0.250048 (1156392
Bis ~ 11016629 0043897 0.067622 0115694 0.234026
fas 0.195647 0.291028 0.337651 0.318056 0.209693
Bixa 0.099205 0.300874 0.608050 — 0200810 ~ (1678243
o 0.027051 (.033034 0.084671 0.257396 0.258674
o —{.121329 —0.021847 ~0.038799 - (14258237 ~ (1, 384923
o1 ~0.066026 —0.107685 ~0.108416 —0.152534 ~0.242696
P 0.152588 0.206947 0.341010 0.334618 0.230069
3 0.192261 0.162094 0.293614 0.772193 0.865737
‘ 0.304983 0.346528 0.387500 0.237280 0148014
o 0026032 0.070831 0.125472 0.152000 0.168939
o 0.166939 0.127651 0.206621 0.638396 0.721530
it 0.213938 0.248288 0.280303 0.230019 0.311118
-;f’ —0.034391 ~0.028792 —{.086476 —0.008965 0.090038
w3l ~0.101252 —0.063534 ~-0.1511062 —0.557608 —0.653206
Ll —0.062259 —0.104108 —0.128425 —0.093811 —15.032648
e ~ 067718 —0.124277 —0.218690 ~0.298908 —0.300969
o2 —0.073636 —0.078822 —0.087763 0.009673 —0.006080
;;E’ --11.214948 —0.183735 —(.162549 . ~651 —~0011766
r 0.9900 0.9888 0.9940 0.9835 0.9783
r 0.9802 09778 0.9880 0.9673 0.9571
RSD 0.008 0.006 0.006 0.007 0.007
SEP 3.047 11,0441 [SXIRS R IIX] 0.115
SEP-adj 0.047 0.045 0.038 0.088 0.094
mPRESS 0.002 0.002 0.001 0.010 0.013
0,002 0.007 [INE N

mPRESS-adj 0002

0.001
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liquid compositions, extraction times and extraction
intensities in Table 1, which also gives the results.
For adequate sensitivity of detection and analytical
reproducibility, it is essential that extraction recov-
cry of the analyte is at least S0%. Desipramine and
nortriptyline have recoveries higher than 50% forall
extraction liquid compositions using all process
variables. The other amines, trimipramine, amitrip-
tyline and imipramine, show relatively low recov-
crics. These recoveries can be improved by selecting
another composition and/or another value for the
process variables, as can be seen in Table 1.

For desipramine, the recovery in some cases
exceeds 100%., which is mainly a result of small
variations in the HPLC analysis and the evaporation
step (1.5-4%). However, the variation of the recov-
cry of one analyte relative to another is smaller, as
variations in HPLC analysis and evaporation affect
all compounds similarly.

Polynomial regression was performed on the data
in Table 1 using cqn. 6. Regression models and
descriptive capacities of the combined regression
models in accordance with cqn. 6 are given in
Tablc 11

Generally. it can be concluded that the recovery of

the tricyclic amines is best in methyl rerr.-butyl cther

_,.J\w\?. “

Tava

T —

V—————

\‘V\V‘Jw
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and worst in chloroform. Henee the recovery in-
creases with decreasing solvent polarity. This is
uncxpected, as it is often assumed that the more
polar the extraction solvent, the higher is the
recovery of the analytes in the solvent. It scems
appropriate to assume an important role of the
sclectivity of the extraction liquid in the extraction,
Methyl rere.-butyl cther is capable of having stronger
interactions with the amines than chloroform or
methylene chloride, probably because of its proton-
accepting propertics.

The model presented in eqn. 6 describes well the
results obtained according to the experimental de-
siga in Fig. 4. Correlation cocfficients vary from
0.978 for desipramine to 0.994 for imipramine,
values which correspond to explained variance
percentages of 95.7-98.8. The standard deviation of
the residuals (RSD) after the regression analysis was
very small, 0.0083 for trimipraminc 'o 0.0070 for
imipraminge. The predictive power o he regression
models can be judged by two criteria. First, the mean
predictive crror s of squares (mPRESS):

mPRESS = ;1_1 Z (r;— )2
i= i

where 1y is the experimental value for the recovery

T3V3

Fig 6. Chromatograms of the five trievelic amines alter liguid diguid exteaction with pure methylene chloride (1) chiorofonm ¢2) and
wethyl rers-butyt ether £3). Three settings of the provess variables were used: TIVL ¢ = Smin. v = 20 epr T2V20r = 1S min, v = 40 epm:

TIVI 7= 25 min v e 60 rpm,
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Fig. 7. Recoveries of five tricyclic amines in pure methylene
chloride es. extraction time ¢ for three extraction intensities (20, 40
and 60 rpm).

and ¥ is the value predicted by the regression model,
in which experiment § was not incorporated. The
mPRESS value is very good for trimipramine,
amitriptyline and imipramine and acceptable for
nortriptyline and desipramine. Sccond, the standard
crror of prediction (SEP) was calculated:

"
/ Z (d‘ - (:‘ )2
SEP = [ o
n—1

where d; is the predicted error calculated from v, (the
experimental value) and ¥ {the value predicted by
the regression model, in which experiment / was not
incorporated). d; = v; — ¥;: d is the mean of d,. The
SEP valuc shows the same characteristics for the
amines as the mPRESS criterion. i.¢.. good for
trimipraminge, amitriptyline and imipramine and
acceptable for nortriptyline and desipramine. How-
cver, the adjusted value for PRESS and SEP. which
are the values calculated without the use of extra-
polated design points in the cross-validation, arc sig-
nificantly better for nortriptyline and desipramine.

Fig. 6 shows ninc chromatograms of the five
amines using three different extraction liquids [(1)
DCM. (2} CIf and (3) tBME] with three different
settings of the process variables (TIVL, ¢ =35 min,
v=20 rpm; T2V2, r=15 min, v =40 rpm: T3V3,
¢ =25 min, v =60 rpm). It can be scen from these
chromatograms that the peak heights of the amines
increasc considerably from TIV1 to T2V2 owing to
an increasce in the recovery and that there is also a
small increase from T2V2 to T3V3. From these
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Fig. 8. Recoveries of tive tricyclic amines in pure chloroform vs,
extruction time 1 for three extraction intensities (20, 40 and
60 rpm},

chromatograms the selectivity of the dilterent ex-
traction liquids used can also be scen: the ratio of the
peak heights of each combination of two peaks
varigs with the extraction liquid uscd.

The plots of the cxtraction cfficiency vessus the
extraction time of the extraction system in Figs, 7, 8
and 9 (DCM, CIf and tBME, respectively) demon-
strate an obvious effect of both extraction intensity
and extraction time. The importance of the extrac-
tion time decreases if the extraction intensity in-
creascs. This is especially demonstrated by the
recovery of nortriptyline in methylene chloride
(Fig. 7). which increases from less than 60% at
20 rpm 1o almost 90% at 60 rpm using an extraction
time of § min. The latter is almost the same as the
recovery at 20 rpm for 25 min. This is important
information for extraction performed by laboratory
robotic systems. Such systems often are programmed
for scheduled sample preparation (i.¢., processing
samples sequentially: within the procedure several
samples may be processed in different modules at the
same time [29-31]). A significant decrease in the
duration of the often time-consuming extraction
phase in sample preparation may dramatically de-
crease the total duration of the analysis of a serics
of samples or may dramatically increase sample
throughput (productivity) in the laboratory.

The initial decrease in recovery as a function of
extraction time is not significant. This is a result of
small variations in recovery duc to HPLC variations
and variations in evaporation. Fig. 10 shows the
contour plots of the recovery of nortriptyline for
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three difterent settings of the process variables, 1t
demonstrates a change in the extraction behaviour
with respect to the composition of the extraction
liquid when the scttings of the process variables are
altered: the optimum moves from 18% Clf in tBME
(TtVDH to 51% Clif in tBME (T3V3). The conclusion
for nortriptyline from Fig. 10 may be the following:
the optimum sclectivity of the extraction liquid
within the experimental design applied here may be
rcached by mixing chloroform and methyl terr.-
butyl cther. However, the partitioning equilibrium
may adjust more slowly with such a mixture as
compared with a extraction liquid consisting of purc
methyl rert.-butyl cther, Mcethyl rert.-butyl cther has
a lower partition coetficient but the equilibrium is
reached faster.

Figs. 11 and 12 show the ratio of the recovery of
trimipramine to those of amitriptyline. imipramine,
nortriptyline and desipramine after extraction with
methylene chloride. chloroform and methyl rere.-
butyl ether with varying extraction time (Fig. 1)
and extraction intensity (Fig. 12). It can be seen that
the extraction time and the extraction intensity can
be optimized in a proper extraction liquid compos?
tion with respect to the ratio of the recoveries. The
ratios can be optimized towards unity or the robust-
ness of the extraction conditions can be optimized to
the best values. For the extraction of compoundsitis
important to have high recoveries: the higher the
recovery. the better is the precision. In analyses
where two or more solutes have to be extracted
simultancously (e.g.. compounds with an internal
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Fig. 10. Contour plots of the recovery of nortriptyline made with three settings of the process variables: TIVL, £ = § min, v = 20 rpmi
TIV2 ¢ 1S ming v =40 rpm: T3V, 7 = 25 min, v = 60 rpm,
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Fig. 11. Ratios of the recovery of trimipramine to the recoveries of
amipramine, imipramine. nortriptyline and desipramine afler
extraction with methyiene chloride (DCM). chloroform (CIf) and
methyl terr-butyl ether ABME) versus the extraction time 70

standard), it is also important to have an equal
affinity of the cxtraction liquid for all compounds to
be extracted (R;/R;=1) and robust extraction ra-
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methy! rert.-butyl ether ((BME) versus the extraction intensity V.,

tios: small variations in the extraction conditions
(extraction liquid composition. extraction time, ex-
traction intensity) should therefore not affect the
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‘atio of the recoveries of two compounds. Condi-
tions should be selected where the variation in the
ratio, due to variation in the conditions, is small, i.e.,
the ratio is robust. The robustness criterion can be
used to select values of the extraction intensity and
the extraction time where the conditions are robust
to small variances. This robustness is very important
in routine analysis [48).

A typical casc is the extraction of trimipramine
and desipramine in tBME with varying extraction
time (Fig. 11): the extraction ratio of these analytes
is optimum (0.75) using an extraction time of 25 min,
However, using this extraction time, the robustness
of these conditions for the ratio is not very good. The
best extraction time for this pair of analytes with

respect 10 the robustness of the extraction condi- .

tions for the ratio is 5 min. However, using this
extraction time, the ratio is worsc (0.28).

Generally, it can be scen from the results in this
paper that interactions between extraction liquid
composition and process variables do not cqually
affect the recovery of all amines; small differences
can be scen. Therefore, even when the differences
between compounds to be extracted are very small,
as in this instance, a significant difference in extrac-
tion behaviour can be scen. This observation may
lead to new extraction experiments where com-
pounds arc used that have larger differences. Then
the differences in extraction behaviour may be even
more dramatic.

CONCLUSIONS

Mixtures of presclected organic solvents result in
higher recoverics of the tricyclic amines than pure
solveats. The application of a factorial design incor-
porated in a mixture experimental design in the
optimization liquid-liquid extractien of drugs from
biological matrices gives good results for the extrac-
tion of a number of tricyclic amines from plasma.
Optimization of recoverics is reasonable by mixing
three solvents with different selective interactions.
The introduction of two process variables and the
simultancous variation of these variables with the
mixture variables makes possible the simultancous
modelling of combined experimental designs, A
preselected limited number of design points permits

the usc of fractional designs for the optimization of

liquid-liquid extraction of drugs from biological

J. Wiclting et al. i J. Chromasogr. 629 (19931 18] 199

matrices: the applicability of combined {ractional
experimental designs for the simultancous optimiza-
tion of extraction liquid composition, extraction
time and extraction intensity has been demonstrated.
For a group of tricyclic amines there is interaction
between the two process variables (extraction inten-
sity and extraction time): a higher extraction inten-
sity justifics a shorter extraction time. For future
research, using optimization of liquid-liquid extrac-
tion of drug with a laboratory robot and subsequent
use of the optimized cxtraction liquid composition
and process variable adjustment under routine con-
ditions may result in a distinct decrease in the time
needed For an analytical run.

An interaction exists between the composition of
the extrac.ion liquid and the process variables: the
extraction behaviour changes when these variables
are varied simultancously. Structurally related com-
pounds demonstrate different extraction behaviours
in a ternary liquid-liquid extraction system com-
posed of methylene chloride, chloroform and methyl
tere.~butyl ether. In investigutions for finding proper
internal standards, one should take into account the
extraction liquid used for extraction of both analyte
and internal standard.
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