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Abstract

A review of stacking methods applied to capillary electrophoresis for drugs analysis is presented in the first part of the paper.
Some published examples of the application of stacking methods to improve the level of pharmaceutical specimens determination
in clinical and drugs analysis for forensic purposes are also presented in this part of the paper. Results of research performed by
the authors are presented in the second part of the paper. This research concerned the possibility of preconcentration of
psychotropic drugs by application of capillary electrophoresis under selected conditions of stacking on a capillary. The level of
achieved preconcentration of a drug in a mixture depended on the number of analytes and applied stacking conditions. The best
results of preconcentration were obtained for a mixture of two analytes (13 and 16 times) when acetonitrile with 1% NaCl as
a medium and electrokinetic injection were applied. Application of a hydrodynamic injection for a mixture of six drugs in

acetonitrile allowed strengthening of analytical signals from 4.8 to 6.8 times for all considered compounds.
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1. Introduction

The first applications of capillary electrophoresis
(CE) to drugs analysis date back to the turn of the
1970s and 1980s. A technique using isotachoforesis
and a plastic capillary was employed in these prelimi-
nary applications. A quartz capillary was applied for
the first time in 1988 and then separation techniques
such as separations like capillary zone electrophoresis
(CZE) and micellar electrokinetic capillary chroma-
tography (MECC or MECK) became popular.

Since the 1980's the CE method has been devel-
oped, especially in the field of theoretical research,
construction of analytical equipment as well as their
applications in various fields of science. This develop-
ment also related to drugs analysis in pharmaceutical

specimens, as well as in biological materials — espe-
cially in biological fluids. A capillary electrophoresis,
because of'its analytical potential, is compared to high-
performance liquid chromatography and it is very of-
ten considered as its complementary method or as
a method which could replace HPLC.

All analytical techniques, including capillary elec-
trophoresis, have positives and negatives. High resolu-
tion, small sample consumption (ca. nl), high analysis
speed, low consumption of reagents and universality
are among the positives of capillary electrophoresis.
Among the negatives are: a relatively fast capillary
degradation, especially when separation electrolytes
which contains organic solvents are applied, a lack of
possibility of analysis of larger volumes of a sample
and, related to this, a rather low detection level when
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the popular spectrophotometric detection method is
applied. The second problem could be solved in the
following ways:

— application of off-line methods of analytes precon-
centration (extraction techniques, e.g. most often lig-
uid-liquid extraction or solid phase extraction);

— application of various optic cells;

— application of more sensitive detectors (e.g. a flu-
orescence detector with laser excitation);

— application of on-line methods of preconcentration
of analytes by sample stacking.

The last solution, i.e. an improvement of detection
and quantification limits by application of sample
stacking, was the subject of the research presented in
this paper. A definition of preconcentration by sample
stacking, conditions necessary for sample stacking and
a short description of selected sample stacking tech-
niques applied in dug analysis are presented in the next
paragraph. Some examples of sample stacking in anal-
ysis of pharmaceutical specimens and drugs for clini-
cal and forensic purposes are also presented. After
this, the results of the research performed by the au-
thors are presented. The aim of the research was to
check the possibility of application of sample stacking
methods to toxicological analysis of psychotropic
drugs. Moreover, directions of further research in this
field are proposed.

2. Sample stacking — a definition, conditions
and review of techniques

Sample stacking is the name of a group of tech-
niques of analytes preconcentration which rely on cre-
ation of a difference of electrophoretic speed between
high and slow conduction zones, respectively for a sep-
aration electrolyte and a sample. The sample stacking
phenomenon occures on the pseudo-stationary border
which is created between these zones, when sample
ions move across these borders [5]. Sample stacking
can be achieved when electrolytes with heterogenous
quantitative and qualitative content are applied. A very
good separation of analytes can be obtained when
sample volume is lower than 1-2% of capillary capac-
ity. This can happen when standard conditions of cap-
illary zone electrophoresis (CZE) are applied and when
homogenous electrolytes are used, i.e. electrolyte in
sample, in capillary and near to electrodes have the
same content. A sample whose volume is 5-50% of
capillary capacity can be analysed in the case of appli-
cation of heterogenous electrolytes and than the sample
zone is still sharp which can be observed in the form of
well separated peaks on the electropherogram [4].

Various stacking methods can be applied in capil-
lary electrophoresis. Isotachophoresis, normal stack-
ing mode, field-amplified sample stacking, stacking
by acetonitrile-salt mixtures and large volume sample
stacking are among the most often applied in drugs
analysis. Short descriptions of these methods are pre-
sented below [5].

Isotachophoresis (ITP) —in this technique a sample
is located between relatively narrow electrolytes zones:
the leading electrolyte (an electrolyte which is charac-
terised by higher ions mobility than that of separated
ions) and terminating electrolyte (an electrolyte which
is characterised by slower ions mobility than separated
ions). These techniques could be coupled with micellar
electrokinetic capillary chromatography as well as with
capillary zone electrophoresis. This allows us obtain
significant sample stacking and also retain remain de-
sired separation features of the mentioned techniques.

Normal stacking mode (NSM) — a technique that is
bases on hydrodynamic injection onto capillary of
a sample diluted in water or diluted in basic electro-
lyte. When a high voltage is applied then ions in the
sample zone are located in a zone of electric field
which is higher than in basic electrolyte and therefore
they migrate with high electrophoresis speeds. The
electrophoresis speed of ions is drastically reduced
when they cross a pseudo-stationary border between
the sample zone and the zone of the basic electrolyte.
This gives an effect that sample components are stack-
ing into narrow segments.

Field-amplified sample stacking (FASS) is a sam-
ple stacking technique applied in capillary electropho-
resis using electrokinetic sample injection. First of all,
a short zone of diluted electrolyte or pure diluter is in-
jected on the capillary. After that, the capillary is
dipped in a sample solution located in a diluted basic
electrolyte or in a pure diluter and then a voltage of
5-10kV is applied. The electrical field is amplified be-
cause of difference of electrical conductivity of vari-
ous mediums. This gives an effect that sample ions
have electrophoretic speed significantly higher than
the speed of the electroosmotic fuel. Therefore, they
are pre-concentrated on the border between the diluted
electrolyte and the basic electrolyte.

A stacking by acetonitrile-salt mixtures is a pre-
concentration technique which is based on hydrody-
namic injection of a sample on a capillary. A sample is
diluted in a mixture of acetonitrile and 1% salt (2:1,
v/v). Inorganic ions, as they are poorly diluted in
acetonitrile, migrate together with water. They leave
behind a more concentrated and narrow acetonitrile
zone, which contains weakly ionised organic com-
pounds. lons present at the front of the sample zone,
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which is rich in water, are moved to a zone with
a lower electrical field after an application of voltage.
After that, their migration speed is immediately re-
duced. lons present at the back of the acetonitrile part
of the sample zone are under the influence of a higher
electrical field at the same time. Finally, a very narrow
sample zone is obtained.

Large volume sample stacking (LVSS) is a tech-
nique of sample preconcentration by stacking at capil-
lary zone electrophoresis. A relatively large volume of
sample, diluted in pure diluter or in diluted basic elec-
trolyte, is hydrodynamically injected on a capillary.
After this, a voltage is applied in the form of inverse
polarisation (negative polarisation — a cathode is lo-
cated on the side where the sample is injected). This
gives the result that anions are stacking in the part of
the sample zone which has a border with a basic elec-
trolyte, which fills the rest of the capillary. Simulta-
neously, the diluter is removed from the capillary
sample zone. A positive polarisation is switched on
when the sample matrix is almost all removed from
a capillary. This causes separation of anions.

Sample stacking techniques are not commonly ap-
plied in drugs analysis by CE methods at present. Sev-
eral examples of application of these techniques for
improvement of the limit of quantification for pharma-

ceutical specimens and drugs analysis for clinical and
forensic purposes are presented in Table I.

3. Materials and methods
3.1. Analysed drugs

The following drugs were analysed: doxepin, tri-
mipramine, amitriptiline, nortryptyline, imipramine,
dezipramine and nordoxepin. Mixtures of these med-
icines were made by mixing of their methanol standard
solutions (1 mg ml™) and diluted by a suitable me-
dium, such that their final concentration in a mixture
was 25 pg ml™". The following mixtures were created:

— doxepin + trimipramine,

— imipramine + doxepin + trimipramine,

— amitriptyline + doxepin + imipramine + nortrypty-
line + dezipramine + nordoxepin.

3.2. Equipment

A capillary electrophoresis apparatus PrinCE 550
(Prince Technologies, the Netherlands) with air-cool-
ing of a capillary was connected with a spectro-photo-
metric detector UV/VIS Lambda 1010 (Bischoff,

TABLE I. ANALYTES PRECONCENTRATION BY SAMPLE STACKING — SELECTED APPLICATIONS IN CLINICAL

AND FORENSIC TOXICOLIGICAL ANALYSIS

Analyte Analysed material Injection method Medium  Separation electrolyte  Stacking
technique
Clozapine with Serum Electrokinetic at Water 400 mM phosphoric FASS
metabolites (schisophrenic 6 kV for 99.9 s, buffer pH 3.0 with
(N-clozapine oxide and  patient's) followed by an 50% (v/v) ethylene
desmethylclozapine) [6] aqua zone glycol
Anmitriptyline with Serum (volunteer  Electrokinetic at Water Tris (1.4 M; pH 4.5) FASS
metabolite of who took 3kV for99.9s, with addition of
nortriptyline [1] 1 Amitriptyline followed by an a-cyclodextrin and
pill - 125 mg) aqua zone 50% (v/v) ethylene
glycol
Flurazepam with Urine Hydrodynamic Water 0.05 M disodium LVSS
metabolites [2] tetraborate with
addition of
ortofosforic acid
(up to pH 2.2)
and 0.002 M
cetyltrimethylammo-
nium bromide
Morphine, cocaine and ~ Hairs Electrokinetic at 0.1mM 100 mM potassium FASS

MDMA [3]

10kV for 10 s

formic phosphate with

acid addition of
phosphoric acid
up to pH 2.5
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Switzerland) equipped with a deuterium lamp. Analy-
sis was monitored and data were collected by applica-
tion of Dax 6.0 software (Van Mierlo Software Con-
sultancy, the Netherlands). A signal was collected at
210 nm.

3.3. Analytical conditions

Two separation electrolytes were used in research,
i.e. (1) 80% (v/v) triethanolamine (180 mM, pH 8.2) +
10% (v/v) acetonitrile + 10% (v/v) isopropanol;
(2) 50 mM 3-(cyclohexylamino)-2-hydroxy-1-propane-
sulfonic acid (CAPSO) in a water-methanol mixture
(7:3; v/v) + addition of 5 M NaOH up to obtaining
pH =9.55.

The following mediums and injections methods
were applied for all selected electrolytes:

— two mediums for samples: (a) acetonitrile and
(b) acetonitrile + 1% NaCl. Additionally, a third
medium (c) aqua-methanol (1:1; v/v) was used for
electrolyte No. 2;

— two methods of injection of sample on capillary:
(I) hydrodynamic (100 mbar) and (II) electroki-
netic (5 kV).

Times of injections from 12 seconds to several
minutes were tested in both analysed methods. The ini-
tial time of sample injection (12 s) was selected as
the time at which the sample volume was lower than
2% of the capillary capacity (a sample whose volume
is lower than 2% of capillary capacity can be injected
under normal electrophoresis conditions).

Separations were performed in a quartz capillary
(50 um internal diameter) by an application of separa-
tion voltage of 30 kV, and an analytical signal was col-
lected at 210 nm.

4. Results

Tricyclic antidepressant drugs were selected for
analysis. Their two-, three-, or six-component mix-
tures were separated by the capillary zone electropho-
resis method.

Mixtures: two-component (doxepin + trimipramine)
and three-component (imipramine + doxepin + trimi-
pramine) were electrophonically separated by applica-
tion of the following basic electrolyte: 180 mM
trietanoloamine (pH 8.2) and acetonitrile with iso-
propanol which were mixed at a volume-to-volume ra-
tio 8:1:1. Samples of standard solutions were injected
onto a capillary by the following methods: (I) and (II),
by application of mediums (a) and (b) in each case as
samples mediums.

The amplification factor () was calculated for each
drug in each of the analysed mixtures. It was calcu-
lated with the aim of evaluation of efficiency of
preconcentration of analytes by various stacking meth-
ods:

r= 7 max s {1}

where: Py, — the peak area of a particular drug calcu-
lated for the maximum time of sample injection on
a capillary, i.e. the time when peaks are still separated
up to base line in the analysed mixture of drugs; Py» —
the peak area at the time of 12 s of sample injection
which responds to a situation when the sample volume
was more than 2% of capillary capacity.

Calculated coefficients (r), for each medicine in
each mixture and all applied experimental conditions,
are presented in Tables II and III.

After that, a mixture of six medicines (amitrip-
tyline + doxepin + imipramine + nortryptyline + dezi-
pramine + nordoxepine) was electrophoretically sep-
arated by application of solutions (a) and (c) as medi-
ums and application of two sample injections methods:

TABLE II. AMPLIFICATION FACTORS () OF ANALYTICAL SIGNAL OF TRIMIPRAMINE AND DOXEPIN WHEN THE
FOLLOWING MIXTURE WAS USED AS A BASIC ELECTROLYTE: 180 mM TRIETHANOLOAMINE (pH 8.2)
WITH ACETONITRILE AND ISOPROPANOL (8:1:1, v/v/v)

Injection method Medium Trimipramine Doxepin
Amplification factor (r) for n =3
Hydrodynamic Acetonitrile 8 9
Acetonitrile + 1% NaCl 8.5 8
Electrokinetic Acetonitrile 13 8
Acetonitrile + 1% NaCl 16 13
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TABELA III. AMPLIFICATION FACTORS (r) OF ANALYTICAL SIGNAL FOR A MIXTURE OF THREE DRUGS
(TRIMIPRAMINE + DOXEPIN + IMIPRAMINE) WHEN THE FOLLOWING MIXTURE WAS USED
AS A BASIC ELECTROLYTE: 180 mM TRIETHANOLAMINE (pH 8.2) WITH ACETONIRYLE AND

ISOPROPANOL (8:1:1, v/v/v)

Injection method Medium Trimipramine Doxepin Imipramine
Amplification factor (r) forn =3
Hydrodynamic Acetonitrile 3.5 4
Acetonitrile + 1% NaCl 4 35 4
Electrokinetic Acetonitrile = = =
Acetonitrile + 1% NaCl 4 5 4

" — In these conditions separation was not observed for analysed drugs, however the time of injection was 12 seconds.

TABLE IV. AMPLIFICATION FACTORS () FOR A MIXTURE OF SIX DRUGS: AMITRIPTYLINE (Ami) + IMIPRAMINE
(Imi) + DOXEPINE (Dox) + DEZIPRAMINE (Dez) + NORDOXEPIN (Nordox) + NORTRYPTYLINE (Nortr)
WHEN THE FOLLOWING MIXTURE WAS USED AS A BASIC ELECTROLYTE: 50 mM CAPSO (pH 9.55)

IN A WATER/METHANOL SOLUTION (7:3, v/v)

Injection method Medium Dox Imi Ami Dez Nordox Nortr
Amplification factor (») for n =3
Hydrodynamic Acetonitrile 3.5 33 4 3.2 4.2 3.2
MeOH:water, 1:1, v/v 4.8 5.5 5.3 5.9 6.8 6
Electrokinetic Acetonitrile 3.1 3.5 3.6 43 3.6 4.5
MeOH:water, 1:1,v/v 3.6 3.4 3.7 3.7 3.7 3.4
0020 0,025 Dox
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Fig. 1. Electropherogram for a mixture of two drugs: tri-
mipramine (Tri) and doxepin (Dox) obtained under the fol-
lowing stacking conditions: sample medium — acetonitrile,
the injection method — hydrodynamic at 100 mbar, times of
sample injection are mentioned on the figure.

hydrodynamic (I) and electrokinetic (II). A CAPSO
buffer (50 mM, pH 9.55) in water-methanol solution
(7:3, v/v) was used as a separation electrolyte.

Calculated amplification factors () for each medi-
cine are presented in Table IV.

—12s  —240s

0,015 4 ‘ ‘

A AU]

0,005 } ‘ | ‘ -
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Fig. 2. Electropherogram for a mixture of two drugs tri-
mipramine (Tri) and doxepin (Dox) obtained under follow-
ing stacking conditions: sample medium — acetonitrile +
1% NaCl, injection method — electrokinetic at 5 kV, times of
sample injection are mentioned on the figure.

Results of separation of medicines mixtures: two-
component (doxepin + trimipramine) and three-com-
ponent (imipramine + doxepin + trimipramine) were
chosen as examples of obtained electropherograms
(Figure 1-4).
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Fig. 3. Electropherogram for a mixture of three drugs:
trimipramine (Tri), doxepin (Dox) and imipramine (Imi) ob-
tained under following stacking conditions: sample medium
— acetonitrile, the injection method — hydrodynamic under
100 mbar, the times of sample injection are mentioned on the
figure.

5. Discussion

The highest signal amplifications (peak areas) were
observed for 2-component mixtures of trimipramine
and doxepin (respectively 16 and 13 times) when the
separation electrolyte (1) was used, i.e. (80% (v/v)
triethanolamine (180 mM, pH 8.2) in a mixture of
acetonitrile 10% (v/v) and isopropanol 10% (v/v)) and
when 1% NaCl in acetonitrile was used as a medium
and the sample was electrokineticly injected into the
capillary (Table II, Figure 1). A slightly weaker signal
strengthening (8-9 times) was obtained for a mixture
of trimipramine and doxepin in cases where aceto-
nitrile or 1% NaCl in acetonitrile were used as a me-
dium and when a sample was hydrodynamically in-
jected. The presence of NaCl in the sample medium al-
lowed injection a larger sample volume onto a capil-
lary without deterioration of drugs separation in the
sample. This was especially possible by application of
electrokinetic injection. The observed effect is a result
of the technique of sample stacking in mixtures of
stacking by acetonitrile-salt mixture.

A higher signals amplification was observed for
the 2-component mixture than for the 3-component
mixture when the same separation electrolyte, (1), was
used (Table II and III). This is an effect of weak sepa-
ration of the 3-component mixture in relation to the
2-component mixture. 4—-5-times amplification of sig-
nal was obtained in the case of the 3-component mix-
ture (Table III, Figure 2) when electrokinetic injection
of sample was applied in 1% NaCl in acetonitrile.
However, no positive results (a lack of peak separation
for 12 s) were obtained when only acetonitrile was
used. No significant differences were observed in the

0016 —12s —120s
0014 Imi \\

|
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—0,008

o}

< ||
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Fig. 4. Electropherogram for a mixture of three drugs: tri-
mipramine (Tri), doxepin (Dox) and imipramine (Imi) ob-
tained under following stacking conditions: sample
medium — acetonitrile + 1% NaCl, the injection method —
electrokinetic under 5 kV, the times of sample injection are
mentioned on the figure.

process of preconcentration of the 3-component mix-
ture in the case of hydrodynamic sample injection and
when both mediums were applied. Calculated amplifi-
cation factors were located in the range 3.5-5.

Analysis of results of signal amplification at in
6-component mixture (Table IV) when a separation
electrolyte (2) was applied, i.e. 50 mM 3-(cyclohexyla-
mino)- 2-hydroxy-1-propanesulfonic acid (CAPSO) in
a water-methanol mixture (7:3; v/v) + addition of 5 M
NaOH (pH 9.55), allowed us to concluded that this
was the highest strengthening (4.8—6.8 times). More-
over, this was obtained when the sample was injected
by the hydrodynamic method and when the medium
was water with methanol (1:1,v/v). The obtained re-
sults were due to application of the so-called normal
sample stacking technique in which the sample was di-
luted in a solution of water with methanol and the sam-
ple was hydrodynamically injected on a capillary. lons
present in the low-conductivity zone are under the in-
fluence of a higher electric field than ions in the sepa-
ration electrolyte. This happens after application of
a separation voltage and then they migrate with a high
electrophoretic speed. Their electrophoretic speeds are
drastically reduced when the pseudo-stationary border
between the sample zone and the zone of basic electro-
lyte is crossed. This gives a result in the form of
a stacking of separated compounds, which create nar-
row segments.

No significant differences in amplification of ana-
lytical signals were observed for a 6-medicines mix-
ture diluted in acetonitryle and when both injection
methods were applied, i.e. hydrodynamic (»=3.2-4.2)
as well as electrokinetic ( = 3.1-4.5) (Table V).
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6. Conclusions

It can be concluded on the basis of experimental re-
sults that when suitable stacking conditions are ap-
plied (a sample medium, a basic electrolyte and an
injection method) to analysis of tricyclic antidepres-
sant drugs, then a stacking can be performed up to sev-
eral times in comparison to standard conditions of
capillary electrophoresis. It is estimated that an ob-
tained amplification of a signal could allow reduction
of quantification limit up to ca. 30 ng/ml. This reduc-
tion of limits of determination and quantification
could help to broaden possible applications of electro-
phoresis to encompass determination of therapeutic
concentrations of drugs in blood and serum. More-
over, it could allow application of this technique to
toxicological analysis of alternative materials, such as
hairs. Obtaining a higher signal amplification could be
especially interesting in the case of application of 1%
NaCl in acetonitrile as a sample medium, because it
could provide an opportunity to determine pharmaceu-
tical specimens immediately (after sedimentation by
acetonitrile) in serum or blood, which matrix contains
this salt at a similar concentration.

Until now, stacking methods on a capillary column
have not been applied very often to analysis of biologi-
cal material. However, this direction of capillary elec-
trophoresis development seems to be promising.
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ZATEZANIE PRZEZ SPIETRZANIE JAKO SPOSOB OBNIZENIA
GRANICY OZNACZALNOSCI W ANALIZIE LEKOW METODA

ELEKTROFOREZY KAPILARNEJ

1. Wprowadzenie

Pierwsze zastosowania elektroforezy kapilarnej (CE)
do analizy lekow przypadaja na przetom lat 70. i 80.
ubieglego wieku. W analizach tych wykorzystywano wow-
czas technikg izotachoforezy oraz plastikowe kapilary.
W 1988 r. zostaly wprowadzone kapilary kwarcowe, a na
czoto wysunely sig takie techniki separacyjne, jak strefowa
elektroforeza kapilarna (CZE) i micelarna elektrokinetycz-
na chromatografia kapilarna (MECC lub MECK).

Od lat 80. az do chwili obecnej nastgpuje dynamiczny
rozw0j metody CE w zakresie teorii oraz aparatury po-
miarowej, a takze wzrasta mozliwos¢ jej zastosowania
w roznych dziedzinach analizy. Rozwdj ten dotyczy tak-
ze analizy lekow, zardbwno w preparatach farmaceutycz-
nych, jak i materiale biologicznym — szczegolnie w pty-
nach ustrojowych. Elektroforezg kapilarna, ze wzgledu
na swoj potencjal analityczny, zazwyczaj porownuje si¢
z wysokosprawna chromatografia cieczowa i coraz czgs-
ciej uwaza si¢ za metodg ja uzupetniajaca, a nawet wy-
mienna.

Jak kazda technika analityczna, elektroforeza kapi-
larna, obok swoich zalet, do ktorych nalezy wysoka zdol-
no$¢ rozdzielcza, mate zuzycie probki (rzedu nl), duza
szybkos¢ analizy, niewielkie zapotrzebowanie na od-
czynniki i uniwersalno$¢, posiada rowniez ograniczenia.
Wisrdd nich mozna wymieni¢ szybkie zuzywanie si¢ ka-
pilary (szczegblnie przy zastosowaniu elektrolitow se-
paracyjnych, w sktad ktoérych wchodza rozpuszczalniki
organiczne) oraz brak mozliwo$ci analizowania wigkszych
objetosciowo probek (i zwigzana z tym stosunkowo niska
wykrywalnos¢ przy zastosowaniu popularnej detekcji
spektrofotometrycznej). Ten drugi problem moze by¢
rozwigzany w CE na kilka sposobow, do ktorych naleza:

— metody off-line zat¢zania analitow (techniki ekstrak-
¢ji, najczegsciej typu ciecz-ciecz oraz do fazy statej);

— stosowanie roznych ksztattow celek optycznych;

— stosowanie bardziej czulych detektoréw (np. detektor
fluorescencyjny ze wzbudzeniem laserowym);

— metody on-line zat¢zania analitow przez spigtrzanie

w kapilarze.

W niniejszej pracy skupiono si¢ na ostatnim roz-
wiazaniu, tj. na obnizeniu granicy detekcji i oznaczal-
no$ci poprzez wykorzystanie technik spigtrzania anali-
tow w kapilarze (sample stacking). W dalszej czg$ci pra-
cy podano definicj¢ zatgzania analitow przez spigtrzanie,
warunki konieczne do uzyskania tego spigtrzenia, a na-
stepnie przeglad i zwigzly opis wybranych technik spig-

trzania stosowanych w analizie lekow. Podano rowniez
kilka przyktadéw zastosowania technik zatezania zwiaz-
kow leczniczych i1 narkotykow w analizie klinicznej i sa-
dowej. Nastgpnie przedstawiono wyniki badan wlasnych
majacych na celu rozpoznanie mozliwo$ci zastosowania
zat¢zania w analizie toksykologicznej lekow psychotro-
powych ze wskazaniem kierunkéw dalszych badan w tej
dziedzinie.

2. Zate¢zanie przez spig¢trzanie w kapilarze —
definicja, warunki, przeglad technik

Zatgzanie przez spigtrzanie (sample stacking) jest to
grupa technik zatezania sktadnikow probki w kapilarze,
polegajaca na wytworzeniu roznicy w predkosciach elek-
troforetycznych migdzy strefami o wysokim i niskim
przewodnictwie, odpowiednio elektrolitu separacyjnego
1 probki. Zjawisko zatgzania przez spigtrzanie zachodzi na
pseudostacjonarnej granicy powstatej miedzy tymi stre-
fami podczas ruchu jonéw probki poprzez t¢ granicg [5].

Warunkiem uzyskania spigtrzania analitow w kapila-
rze jest zastosowanie elektrolitow niejednorodnych pod
wzgledem ich sktadu ilo§ciowego lub jakosciowego.
W zwyklych warunkach elektroforezy strefowej (CZE),
tzn. gdy stosujemy jednorodne elektrolity (elektrolit
w probcee, kapilarze i przy elektrodach ma ten sam sktad),
mozna uzyska¢ bardzo dobry rozdziat analitow pod wa-
runkiem, ze objgto$¢ probki jest mniejsza od 1-2% po-
jemnosci kapilary. Natomiast w przypadku zastosowania
elektrolitow niejednorodnych mozna wprowadzac do ka-
pilary probki o objgtosci 5-50% pojemnosci kapilary,
a strefa probki pozostanie ostra, co wyrazi si¢ w dobrze
rozdzielonych pikach na elektroferogramie [4].

W analizie metoda elektroforezy kapilarnej stosuje
si¢ rozne techniki zat¢zania przez spigtrzanie. Do czgSciej
wykorzystywanych technik w analizie lekéw naleza: izo-
tachoforeza, normalne spigtrzanie, spigtrzanie ze wzmoc-
nieniem pola elektrycznego, spigtrzanie w mieszaninie
acetonitrylu z chlorkiem sodu oraz spigtrzanie probki
o duzej objgtosci ze zmiana polaryzacji elektrod. Ponizej
krotko opisano kazda z wymienionych wyzej technik [5].

Izotachoforeza (isotachophoresis, ITP) — technika za-
tezania, w ktorej probke umieszcza si¢ migdzy stosunko-
wo waskimi strefami elektrolitow: wiodacym (elektrolit
charakteryzujacy si¢ wigksza ruchliwo$cia jonéw niz
rozdzielane) i zakonczajacym (elektrolit charakteryzu-
jacy si¢ mniejsza ruchliwos$cia jonéw niz rozdzielane).
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Technika ta moze by¢ taczona zaréwno z micelarna elek-
trokinetyczng chromatografia kapilarna, jak i strefowa
elektroforeza kapilarna, co pozwala z jednej strony na
uzyskanie znacznego spigtrzenia analitow, zas z drugiej
na zachowanie mozliwosci separacyjnych wspomnianych
wyzej technik.

Spigtrzanie normalne (normal stacking mode, NSM) —
technika polegajaca na hydrodynamicznym wprowa-
dzeniu do kapilary probki rozpuszczonej w wodzie lub
w rozcienczonym elektrolicie podstawowym. Po przy-
lozeniu wysokiego napigcia, jony w strefie probki znaj-
duja si¢ pod dziataniem silniejszego pola elektrycznego
niz w elektrolicie podstawowym i tym samym migruja
z duza predkoscia elektroforetyczna. Przy przekraczaniu
pseudostacjonarnej granicy migdzy strefa probki i elek-
trolitu podstawowego ich predkosci elektroforetyczne
nagle zmniejszaja sig, spigtrzajac rozdzielone sktadniki
probki w waskie segmenty.

Spigtrzanie ze wzmocnieniem pola elektrycznego
(field-amplified sample stacking, FASS) — to technika
zat¢zania probki przez spigtrzanie w elektroforezie kapi-
larnej, wykorzystujaca elektrokinetyczne wprowadzanie
probki. Najpierw do kapilary wprowadza sig krotka strefe
rozcienczonego elektrolitu lub czystego rozpuszczalnika,
a nastgpnie po zanurzeniu kapilary w roztworze probki
w rozcienczonym elektrolicie podstawowym lub czystym
rozpuszczalniku przyktada si¢ napigcie rzgdu 5-10 kV.
Dzigki roéznicy w przewodnictwie elektrycznym w po-
szczegblnych Srodowiskach dochodzi do wzmocnienia
pola elektrycznego. W wyniku tego jony probki uzyskuja
predkos¢ elektroforetyczng znacznie wigksza niz pred-
ko$¢ przeptywu elektrosomotycznego i zostaja zatezone
na granicy rozcienczonego elektrolitu i elektrolitu pod-
stawowego.

Spigtrzanie w mieszaninie acetonitrylu z chlorkiem
sodu (stacking by acetonitrile-salt mixtures) — jest tech-
nika zat¢zania probki, ktora polega na hydrodynamicz-
nym wprowadzeniu do kapilary probki rozpuszczonej
w mieszaninie acetonitrylu i 1% roztworu chlorku sodu
(2:1, v/v). Jony nieorganiczne jako stabo rozpuszczalne
w acetonitrylu migruja wraz z woda, pozostawiajac za
soba bardziej stgzona i we¢zsza strefe acetonitrylu, za-
wierajaca slabo zjonizowane zwiazki organiczne. Po
przyltozeniu napigcia jony znajdujace si¢ w bogatej w wo-
de przedniej strefie probki przedostaja si¢ do obszaru
o0 nizszym polu elektrycznym i nagle zmniejszaja szyb-
ko$¢ migracji. Natomiast jony znajdujace si¢ w tylnej
acetonitrylowej czesci strefy probki, poddane sa wigkszej
sile pola elektrycznego. W rezultacie uzyskuje si¢ bardzo
waska strefg probki.

Spigtrzanie probki o duzej objgtosci ze zmiang pola-
ryzacji elektrod (large volume sample stacking, LVSS) —
to technika zatezania probki przez spigtrzanie w strefo-
wej elektroforezie kapilarnej, w ktorej znaczna objgtos$é
probki, rozpuszczonej w czystym rozpuszczalniku lub

rozcienczonym elektrolicie podstawowym, wprowadza
si¢ hydrodynamicznie do kapilary. Nastgpnie przylozone
zostaje napigcie z zastosowaniem polaryzacji odwroco-
nej (polaryzacja ujemna — katoda znajduje si¢ od strony
wprowadzania probki), w wyniku czego aniony spigt-
rzaja si¢ w czesci strefy probki graniczacej z elektrolitem
podstawowym wypelniajacym reszt¢ kapilary. Rowno-
czesnie nastgpuje usuwanie rozpuszczalnika segmentu
probki z kapilary. Gdy matryca probki zostanie prawie
catkowicie usunigta z kapilary, polaryzacjg przetacza si¢
na dodatnia, powodujac rozdzielanie anionow.

Aktualnie techniki zatgzania przez spigtrzanie nie sg
szeroko wykorzystywane w analizie lekow metoda CE.
Kilka przyktadow dotyczacych zastosowania tego typu
technik do obnizenia granicy oznaczalno$ci w analizie
klinicznej i sadowej lekéw i narkotykéw podano w po-
nizszej tabeli 1.

3. Materialy i metody
3.1. Badane leki

Badano nastgpujace leki: dokseping, trimipraming,
amitryptyling, nortryptyling, imipraming, dezypraming
oraz nordokseping. Probki mieszanin lekoéw sporzadzano
poprzez zmieszanie metanolowych roztworéw wzorco-
wych lekéw (1 mg ml™) i rozcienczenie w odpowiednim
medium tak, by stezenie koncowe leku w mieszaninie
wynosito 25 pug ml™'. Do badan sporzadzono nastepujace
mieszaniny:

— doksepina + trimipramina;

— imipramina + doksepina + trimipramina;

— amitryptylina + doksepina + imipramina + nortrypty-
lina + dezypramina + nordoksepina.

3.2. Aparatura

Zestaw do elektroforezy kapilarnej PrinCE 550 z chio-
dzeniem kapilary powietrzem firmy Prince Technologies
(Holandia) byt sprzezony z detektorem spektrofotome-
trycznym UV/VIS Lambda 1010 firmy Bischoff (Szwaj-
caria), wyposazonym w lampg deuterowa. Uktad ste-
rujacy i zbierajacy dane stanowit komputer z oprogramo-
waniem Dax 6.0 (Van Mierlo Software Consultancy, Ho-
landia). Sygnaty zbierano przy dtugosci fali 210 nm.

3.3. Zastosowane warunki analizy

W badaniach zastosowano dwa elektrolity separacyj-
ne, tj. (1) 80% (v/v) trietanoloamina (180 mM, pH 8,2) +
10% (v/v) acetonitrylu + 10% (v/v) izopropanolu;
(2) 50 mM kwas 3-(cykloheksylamino)-2-hydroksy- 1-pro-
panosulfonowy (CAPSO) w mieszaninie woda-metanol
(7:3; v/v) + dodatek 5 M NaOH do uzyskania pH 9,55.

Problems of Forensic Sciences 2006, LXVI, 173—184



Zatezanie przez spietrzanie jako sposob obnizenia granicy...

183

Dla kazdego z wybranych elektrolitow separacyjnych
zastosowano:

— dwa $rodowiska (medium) dla probek: (a) acetonitryl
i (b) acetonitryl + 1% NaCl. Dodatkowo dla elektro-
litu nr 2 zastosowano trzecie srodowisko (c¢) woda-
metanol (1:1; v/v);

— dwie metody wprowadzania probki do kapilary:
(D) hydrodynamiczna (100 mbar) i (II) elektrokine-
tyczna (5 kV).

W obu metodach testowano czasy nastrzyku probek
od 12 s do kilku minut. Poczatkowy czas nastrzyku prob-
ki (12 s) ustalono jako czas, w ktorym objgtos$¢ probki nie
przekraczata 2% pojemnosci kapilary (probki o objgtosci
mniejszej od 2% pojemnosci kapilary wprowadza sig,
stosujac normalne warunki elektroforezy).

Rozdzialy prowadzono w kapilarze kwarcowej o $red-
nicy wewngtrznej 50 um przy stosowaniu napigcia sepa-
racyjnego 30 kV, a sygnaly analityczne odczytywano
przy dhugosci fali 210 nm.

4. Wyniki badan

Do badan modelowych wybrano trojpier$cieniowe
leki przeciwdepresyjne, ktorych dwu-, trzy i szeScio-
sktadnikowe mieszaniny wzorcowe rozdzielano metoda
strefowej elektroforezy kapilarne;.

Mieszaniny: dwusktadnikowq (trimipramina + dok-
sepina) oraz trojsktadnikowa (trimipramina + doksepi-
na + imipramina) rozdzielano elektroforetycznie z wyko-
rzystaniem elektrolitu podstawowego o sktadzie: 180 mM
trietanoloaminy (pH 8,2) oraz acetonitryl i izopropanol
zmieszane w stosunku objgtosciowym 8:1:1. Probki roz-
twordw wzorcowych obu mieszanin wprowadzano do
kapilary metodami (I) i (II), stosujac w kazdym przy-
padku $rodowiska (a) i (b) jako medium probek.

W celu oceny efektywnosci zatgzania analitow przez
spietrzanie przy wybranych warunkach okreslono kryte-
rium w postaci wspolczynnika wzmocnienia sygnatu
analitycznego (r) dla leku w badanej mieszaninie:

P

r= 1 max , 1
. {13

t12

gdzie Py,.x — powierzchnia piku danego leku dla mak-
symalnego czasu wprowadzenia probki do kapilary, przy
ktoérym piki w badanej mieszaninie lekdw sa jeszcze roz-
dzielone do linii bazowej; Py, —powierzchnia piku dla
czasu (12 s) wprowadzenia probki odpowiadajacego ob-
jetosci probki < 2% pojemnosci kapilary.

Uzyskane wspotczynniki wzmocnienia sygnatu ()
dla kazdego leku w mieszaninach, w zadanych warunkach
eksperymentalnych, zamieszczono w tabelach II 1 II1.

Nastgpnie mieszaning szesciu lekow (amitryptylina +
imipramina + doksepina + dezypramina + nordoksepi-
na + nortryptylina) poddano rozdziatowi elektroforetycz-

nemu, stosujac jako medium probek roztwory (a) i (c)
oraz dwie metody wstrzykiwania probek do kapilary: hy-
drodynamiczna (I) i elektrokinetyczna (IT). Jako elektrolit
separacyjny zastosowano bufor CAPSO (50 mM, pH 9,55)
w roztworze woda/metanol (7:3, v/v).

Otrzymane wspotczynniki wzmocnienia sygnatu (r)
dla kazdego leku w mieszaninie zestawiono w tabeli I'V.

Jako przyktadowe elektroferogramy wybrano rozdzia-
ly mieszanin lekow: dwusktadnikowej (trimipramina +
doksepina) i trdjsktadnikowej (trimipramina + dokse-
pina + imipramina) (rycina 1 i 2).

5. Dyskusja wynikow

W zbadanych przypadkach najwigksze wzmocnienia
sygnalow analitycznych (pola powierzchni pikéw) uzyska-
no dla trimipraminy i doksepiny (odpowiednio 16 i 13 razy)
w ich mieszaninie dwusktadnikowej przy zastosowaniu
elektrolitu separacyjnego (1), tj. 80% (v/v) trietanoloami-
ny (180 mM, pH 8,2) w mieszaninie acetonitrylu 10%
(v/v) iizopropanolu 10% (v/v); jako medium zastosowa-
no 1% NaCl w acetonitrylu przy elektrokinetycznym
wprowadzaniu probki do kapilary (tabela II, rycina 1).
Nieco stabsze wzmocnienia sygnatow (8-9 razy) uzys-
kano dla mieszaniny trimipraminy i doksepiny w przy-
padku zastosowania jako $rodowiska zarowno acetoni-
trylu, jak i 1% NaCl w acetonitrylu oraz hydrodynamicz-
nego nastrzyku. Obecnos$¢ soli (NaCl) w medium probki
umozliwita wprowadzenie wigkszych objgtosci probki
do kapilary bez pogorszenia rozdziatu lekéw w probce,
w szczeg6lnosci przy zastosowaniu elektrokinetycznej
metody nastrzyku. Efekt ten jest wynikiem techniki tzw.
spigtrzania w mieszaninach acetonitrylu z solami.

Dla tego samego elektrolitu separacyjnego (1) wigks-
ze wzmocnienia sygnatéw otrzymano przy mieszaninie
dwusktadnikowej w porownaniu z mieszaning trojsktad-
nikowga (tabela II i IIT). Spowodowane to zostato stab-
szym rozdzialem mieszaniny trojsktadnikowej w stosun-
ku do mieszaniny dwusktadnikowej. W przypadku mie-
szaniny trdjsktadnikowej (tabela III, rycina 2) przy elek-
trokinetycznym wprowadzeniu jej do kapilary w 1% NaCl
w acetonitrylu uzyskano 4—5-krotne wzmocnienia syg-
natu, natomiast w samym acetonitrylu nie otrzymano po-
zytywnych wynikow (brak rozdziatu pikéw dla czasu
12 s). Dla hydrodynamicznej metody nastrzyku w przy-
padku obu zastosowanych mediéw nie stwierdzono istot-
nych réznic w zat¢zaniu trzech lekéw w mieszaninie, dla
ktorych wspotczynniki wzmocnienia sygnatow anality-
cznych miescity si¢ w granicach 3,5-5.

Badajac wzmocnienie sygnatow dla szesciosktadnik-
owej mieszaniny lekéw (tabela IV) przy zastosowaniu
elektrolitu separacyjnego (2), ktorym byl 50 mM kwas
3-(cykloheksylamino)-2-hydroksy-1-propanosulfonowy
(CAPSO) w mieszaninie woda-metanol (7:3; w/w) + do-
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datek 5 M NaOH (pH 9,55), ustalono, ze najwigksze
wzmocnienia (4,8-6,8 razy) uzyskano dla probki wpro-
wadzanej metoda hydrodynamiczna w medium, ktore
tworzyta woda z metanolem (1:1,v/v). Uzyskane efekty
wzmocnienia byty wynikiem zastosowania techniki tzw.
normalnego spigtrzania analitu, w ktorej probke rozpusz-
czong w wodzie z metanolem wprowadzono do kapilary
hydrodynamicznie. Po przytozeniu napigcia separacyj-
nego jony w strefie probki o nizszym przewodnictwie
znajduja si¢ pod dziataniem silniejszego pola elektrycz-
nego niz w elektrolicie separacyjnym i tym samym mi-
gruja z duza predkoscia elektroforetyczna. Przy przekra-
czaniu pseudostacjonarnej granicy mig¢dzy strefa probki
i elektrolitu podstawowego, ich predkosci elektrofore-
tyczne nagle zmniejszaja si¢, spigtrzajac rozdzielone
sktadniki probki w waskie segmenty.

Nie stwierdzono natomiast istotnych réznic we wzmoc-
nieniu sygnatéw analitycznych dla mieszaniny szesciu le-
kéw rozpuszczonej w acetonitrylu zardwno w przypadku
hydrodynamicznego wprowadzenia probki (r = 3,2—4,2),
jak 1 dla elektrokinetycznego wprowadzenia probki
(r=3,1-4,5) (tabela IV).

6. Whnioski

Na podstawie uzyskanych wynikéw eksperymentow
stwierdzono, ze stosujac odpowiednie warunki spigtrza-
nia (medium probki, elektrolit podstawowy oraz metoda
wprowadzania probki do kapilary) do analizy trojpiers-
cieniowych lekéw przeciwdepresyjnych, mozliwe jest
ich zatezenie od kilku do kilkunastu razy w stosunku do
zwyktych warunkéw prowadzenia analizy metoda elek-
troforezy kapilarnej. Szacuje sig, ze uzyskane wzmoc-
nienie sygnatu pozwoli obnizy¢ granicg¢ oznaczalno$ci
badanych lekéw przynajmniej do ok. 30 ng/ml. To obni-
zenie granic wykrywalnosci i oznaczalnosci zwiazkow
pozwoli rozszerzy¢ zastosowanie elektroforezy do wy-
znaczania st¢zen terapeutycznych lekow we krwi i su-
rowicy, a takze umozliwi jej wykorzystanie w toksy-
kologicznej analizie materiatéw alternatywnych, takich
jak np. wlosy. Szczegodlnie interesujace byloby uzyskanie
wigkszych wzmocnien sygnatow w przypadku zastoso-
wania 1% NaCl w acetonitrylu jako medium probki, gdyz
dawatoby to mozliwo$¢ oznaczania lekow bezposrednio
(po straceniu acetonitrylem) w surowicy lub krwi, kto-
rych matryca zawiera ta s6l w podobnym stgzeniu.

Jak do tej pory techniki zat¢zania analitow przez
spietrzanie w kapilarze nie sa czgsto stosowane w anali-
zie materiatu biologicznego, jakkolwiek ten kierunek roz-
woju metod elektroforezy kapilarnej wydaje si¢ obiecu-

Jacy.
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