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ABSTRACT

For the determination of components present in samples at very low coneentrations, large injection volumes have to be applied in
order to introduce a detectable amount of the analytes in capillary zone clectrophoresis (CZE), To obtain a good resolution, the sample
analvies have to be concentrated in narrow bands and therefore sample stacking is often applied. Sample stacking can lead to an
inerease in the electroosmotic flow and extra peak broadening during the analysis, through which the gain in resolution will be lost.
Further, the presence of different clectrolytes in the capitlary can cuuse phi shifts. In this paper a model is given for the calculation of

migration times of components applying sample stacking. and the cffects of sample stacking in CZE on resolution, calibration graphs

and pH are discussed

INTRODUCTION

For the determination of components by capil-
lary zone electrophoresis (CZE) [1.2], the compo-
nents must be separated from their matrix and re-
liable lincar calibration graphs with low detection
limits must be obtained. For low detection limits,
especially for components present in samples at low
concentrations, large samiple volumes have to be in-
jected. In such a case, sample compunents must be
concentrated, however, in order to obtain a high
resolution and adequate detection. For this reason,
sample stacking is often applied, i.e., the sample is
introduced at low ionic strength compared with
that of the background eclectrolyte. Through the
high local clectric field strengtb, sample compo-
nents migrate very quickly from the sampling zone,
stack down in the background clectrolyte owing to
the much lower clectric ficld strength and concen-
tratc in very short sample zones. During the sample
stacking procedurc several interesting phenomena
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occur. Huang and Chms [3] discussed the effect of a
non-uniform clectrical “.eld on the migration behav-
iour of different sam pie ions and the effect on sum-
ple injection in clectrokinetic injection. Chien and
Helmer [4] reported on clectroosmotic propertics
and peak broadening in ficld-amplhified capillary
electrophoresis owing to a mismatch between the
clectroosmotic flow (EOF) in the sampling zone
and background clectrolyte in the capillary and
concluded that the broadening mechanism will be a
limiting factor for sample stacking in CZE. Burgi
and Chien [5-7] found the preparation of a sample
dissolved in a tenfold diluted background electro-
lyte to be an optimum condition for sample stack-
ing and discussed field-amplified sample injection in
CZE. No attention was paid to possible pH shifts
due to the presence of different clectrolytes in the
capillary.

As a high electroosmotic flow leads to short anal-
ysis times, a low resolution can be the result and the
linear character of the calibration graphs vanishes.
In this paper the cffect of sample stacking on resolu-
tion, calibration graphs and pH shifts with the in-
jection of long sampling zones at low concentra-
tions is considered.
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EXPERIMENTAL

For all CZE experiments a P/ACE System 2000
HPCE instrument (Beckman, Palo Alto, CA, USA)
was used. All experiments were carried out applying
a Beckman eCAP capillary tubing (75 um 1.D.) with
a total length of 46.7 cm and a distance between
injection and detection of 40.0 cm. The wavelength
of the UV detector was set at 214 nm. All experi-
ments were carried out with application of a con-
stant voltage of 10 kV and the operating temper-
ature was 25°C. Sample introduction was perform-
cd by applying pressure injection where a 1-s pres-
sure injection equals an injected amount of ca. 6 nl
and an injected length of 0.136 cm. Data analysis
was performed using the laboratory-written data
analysis program CAESAR. These conditions were
also used in all calculations.

RESULTS AND DISCUSSION

Effect of sample stacking on resolution

In samplc stacking a long sampling zone at low
ionic strength compared with that of the back-
ground clectrolyte is introduced in a zone clectro-
phoretic system. through which the local clectric
field strength will be very high compared with that
»f the background clectrolyte. In Fig. la the capil-
lary is filled to a length / with a sample dissa!ved in
diluted buackground clectrolyte S, The capillary

length is Le and the length to the detector is Ly, If

Es. ps. migor s on. pp and migoey are the clectric ficld
strengths (V m), the resistivities (@7 m Y and
mobilities of the EOF (m?/V - s) of the diluted back-
ground clectrolyte in the sampling zone S and of the
background clectrolyte B in the capillary, respec-
tively, and if the capillary is filled to a fraction x (=
I/ L¢) during the sampling procedure, for the overall
velocity of the EOF. vior . can be derived [3.4.6]:

Veotae = VPpors (L — Xvgors
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and for the electric field strengths in the zones S and
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Fig. 1. Effect of sample stacking. (a) Original situation with sam-
pling zone S (sample components dissolved in dilute background
clectrolyte) behind background electrolyte B, (b) After a short
concentration time ¢, the cationic sumple components are con-
centrated in narrow zones with a length /) between background
clectrolyte B and the sampling zone S. The clectrie ficld strength
Egislarger than £, The boundary between sampling zone 8 and
background clectrolyte B moves at the velocity of the EOF. (¢)
The separation of the components X and Y occurs in back-
ground B, L. = capillary length: 7, = distance between in-
jection and detection; £ = length of injected sampling zone S, =
displacement of sumpling zone during stacking procedure: £, =
peak width of sumple component afier stacking procedure: [~
separation length after stacking procedure; B = background
clectrolyter 8 = diluted background electrolyte in sampling
zone.

whereby | the total applied voltage (V) over the
capillary with length L. Por all calculations and
experiments the composition of the background
clectrolyte B and the dilution factor K are given,
where K is the ratio of the concentrations of the
background clectrolyte B and diluted background
clectrolyte S, which is approximately cqual to the
ratios Ey/Ey and pg/py.

From eqns. 1 and 2 it can be concluded that for
increasing values of v and ps. vior.m Will be deter-
mincd to an tnercasing extent by the properties of
the diluted background clectrolyte in the sampling
zone 8. The migration times 7, of the front and +, of
the backside of the sampling zone S to reach the
detector can be caleulated according to

_ o Lo

!l N . {2 =
VEOF 4w VEOFam

(3)

Sample components (the cquations given are valid
for cationic species, where the EOF is in the direc-
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tion of the cathode) will migrate quickly out of the
sampling zone and stack down between sampling
zone S and background clectrolyte B (sce Fig. 1b).
After a short concentration time 1 sample compo-
nent / will be concentrated to a very short zone, with
length /,; (see Fig. 1b) according to

! E )
m,E«,’ Loi = toimyEy = 1. El: =[. i)::
Eqn. 4 shows that the concentration factor /i, in
sampile stacking is equal to the K value.

The sampling zone S moves in time ; over a
distance of

i =

(4)

{
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After this stacking procedure the components will
migrate and be separated according to the zone
clectrophoretic principle (sce Fig. l¢). The separa-
tion process takes place for the largest part in the
background clectrolyte B. at an clectric ficld
strength of Ey. with an effective separation length 4.
The total migration time of a component § will
therefore be
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To check the given model. tor several dilutions of
different background clectrolytes the mobiitios of
the EOF were measured and withegns. 1 3 the cor-
responding 7, and 7> values were caleulated as u
function of the injected length. The experimental
values can casily be obtained from the dip in the UV
signal in the clectropherograms. As an example, in
Fig. 2 the calculated relationships between migra-
tion times 1; and ¢> and the injected length and mea-
sured valucs are given for background clectrolytes
of'0.02 M tris(thydroxymethylhaminomethane (Tris)
adjusted to pH 4.5 by adding aceticacid with A = 4
(dashed lines) and 0.02 A histidine-0.02 M 2-(N-
morpholino)ethanesulphonic acid (MES) with A =
5 (solid lines). The experimental values agree with
calculated  vaiues  although for small  injected
lengths the experimental values are higher than the
calculated vatues. fe.. the etffect of the low concen-
tration in the sampling zone will be partatly cur-
celled by diffusion,

i (6)
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0.28 : e e f-alanine-0.01 M MES (K = 1[0). As can be scen,
the caleulated and measured values show good
agreement. It is notable, however, that the migra-
tion times of imidazole and histidine, with a large
difference in ionic mobility (52.0 - 107° and 29.6 .
SR 107% m3/V . s, respectively) hardly differ and they
: cannot be separated by injecting large sample vol-
S umcs, They migrate just before the front of the sam-
e : pling zone S ().
T o Although with the foregoing model no resolution
) v ! factors can be calculated, because peak broadening
e A | effects due to injection and the mismatch between
R the velocitics of the EOF in sampling zone and
background electrolyte arc unknown, the ratio
At iftay can be caleulated and handled as param-
. cter for the separation efficiency of two components
00 T 020 with an average migration time #4,. As an cxample,
in Fig. 4 the calculated relationships, using the fore-
going eqn. 6, between 41,,.4/14, and injected length
Fig. 4. Caleulated relationships between 4, 1, and imeeteg 4TC given using measured values of the mobilities of
length for two components with mobilities of S0 - 10 %and 30+ the EOF for several dilutions of a background clec-
W7 m¥V - s ina background electrolyte of 0.62 M Tris-0.02 M trolyic of 0.02 M Tris-0.02 M MES for two compo-
MES for & = 1-50. nents with ionic mobilitics of 50 - 107% and 30 -
1077 m?*/V . s, showing a dramatic decrease in sep-
aration cfficicncy on injecting large amounts of very

* k4
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o0 ‘ dilute samaples. The reason for this effect is easy to
nan ;0 understand. The injection of a large sample volume
‘ reduces the effective separation length and the effec-
w80/ *tive clectric field strength over the background clec-
- > - b %
¢ .7 trolyte B diminishes because the largest part of the
3 e Y . »
o . o applied voltage stands over the sampling zone,
2 T ge N e
Y 080~ Pt , whereas the veloeity of the EOF generally increases
050 & 0 because the mobility of the EOF over the sampling
L zoue is high. For K = 1} these cffects scem to be
T negligible, but no concentration cffect occurs, Note
. N that in practice the resolution will be even more de-
© R . * » x =3
-39 ——. o creased than indicated in Fig. 4 owing to extra peak
vme S TN B broadening effcets. To show the effeet of deereasin
Q.2 \'%“““ww s
— '"*~~~a~,.~.\,m“f 28 values of the mobility of the EOF, in Fig. 5 the
De e 78 calculated relationships between Afi/7ae and in-
: S jiccted length are given for two components with
000 gy, . o M -3 —4 nd 3
o060 0.0 e mobilitics of S0+ 107 and 30 - 107? m*/V - s for
i mccted tength ) severai values of mrgor. The numbers on the right in
: ’ ) Fig. 5 are the moy.p values of the background elec-
Fig. S, Calealated refationships between e, 1 and mjected  trolyte B, whereas the values of migors (K = 10) are

k*ng'm f?ﬂ\m components with mobilities of 50 - 16 ¥ and 30+ always taken arhin‘m‘ily as LSmyoru. As can be
1077 m? Vs assuming several different mobilities of the EOF, “

. R % Sy M atald 1'.\' WEI 23S i ¥ 7, . s
For all ealeulations K wis 10 and o, was asumed (o be  SCCN from Fig. 5, the decrease in separation powcr is
.m0 The numbers on the right referto m,, (107" m2 v smaller for lower o values and the separation
sk power even increases for reversed EGF, although in
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Fig. 6. Electropherograms for the separation of (1) imidazole
and (2) histidine in water (0.0001 M) for different injection times
applying s the background electrolyte 0.01 M Tris acetate at pH
4.8. Deercasing resolution is obtained for longer injection times.

that cvent the migration times will be much higher.
From Figs. 4 and 5 it can be concluded that in-
jection of large sample volumes has a disastrous cf-
fect on the separation efficiency. This can be seen in
Fig. 6. where the measured clectropherograms are
given for the separation of imidazoele and histidine
(both 0.0001 M in water) applying a background
clectrolyte of 0.01 M Tris adjusted to pH 4.8 by
adding acetic acid using several different pressure
injection times (a 10-s injection equals an injected
length of 1.36 cm), showing the strong decrease in
scparation power.

Effect of sample stacking on calibration graphs
Strong variations in migration times due to varia-
tions in the velocity of the EOF can considerably
affect the linear character of the calibration graphs
of measured temporal peak arca versus injected
amount. To study the effect of introduciug large
samplc volumes, cxperiments were performed with
0.01 M Tris adjusted to pH 4.8 by adding acetic acid
as background clectrolyte and a sample consisting
of imidazole and histidine both dissolved in back-
ground electrolyte and water (0.0001 M} for injec-

tion times varying from 5 to 60 s, corresponding to
sample lengths from 0.68 to about 8.13 cm. In these
experiments the migration times of the zones for the
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Fig. 7. Mcasured relationships between peak area and pressure
injection time for { + ) imidavole and () histidine dissolved in
wirter (0.0001 M) and (.2) imidazole and { +) histidine dissolved
in background clectrolyie (0.0001 AN applying a background
electrolyte of 0.01 A Tris acetate at pH 4.8 and applying (A) a
constant voltage of 10 kV and (B} a constant direct current of §
HAL
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sample dissolved in background electrolyte (mea-
sured from the rear side of the zones) were fairly
constant, indicating constant migration velocitics,
through which temporal peak area can be handled
in the calibration graphs. All peaks were rectangu-
lar owing to the absence of any concentrating effect
and both temporal peak area and zonc lengths show
a lincar relationship with injection times. In Fig. 7A
the relationships between measured temporal peak
arca and injection time arc ziven for histidine and
imidazole dissolved in water and in background
clectrolyte and applying a constant voltage of 10
kV. For the samples dissolved in background clec-
trolyte lincar relationships arc obtained, whereas
the aqueous solutions deviate from lincarity. espe-
cially for large injection times. To study the effect of
working at a constant voltage compared with a con-
stant direct current, we repeated the experiments in
Fig. 7A but applying a constant current of 5 uA.
The calibration graphs are shown in Fig. 7B. The
non-linearity for the agucous sample solutions was
much stronger because at a constant current the
clectric field strengths increase, resulting in much
higher velocities of the EOF.

Effect of sample stacking on pH

I a capillary is nartially filled with a buffer solu-
tion 2 with a different composition to that of the
hackground electrolyte | (see Fig. 8), the mass bai-
ance of the hydrogen ions over solution 2 will be in
imbalance, resulting in pH shifts. Roughly, four dif-
ferent cases can be distinguished. viz., the £ gra-
dicnts in both electrolytes are equal but the pH in
clectrolyte 2 is (A) higher or (B) lower than thosc in
clectrolyte I, and the cases where the pH values are
cqual but the E gradient in electrolyte 2 is (C) higher
or (D) lower than those of clectrolyte 1.

The amount of hydrogen ions (across unit area
per unit time) entering the electrolyte 2 (from the
rear side) is (H' [y £, when the amount lcaving
this zone on the front is [H ' Jomy £, (the subscripts
1 and 2 refer to the composition of the electrolytes |
and 2. respectively). The extent of the flow of the
hydrogen fons is indicated with an arrow in Fig. 8.
I the entering and leaving amounts of hydrogen
ions are not equal, pH shifts can be expected with
time. I the entering fow of hydrogen ions is kirger
then the Teaving flow. a pH deercase at the rear side
and o higher pH in front of vhe concentration

boundarics between electrolytes 1 and 2 can be ex-
pected, as indicated in Fig. 8 by dott~d lines. The
size of the pH shift is difficult 1o define and depends
on several factors, such as the length over which the
capillary is filled with clectrolyte 2, time of analysis,
pH of the system and buffer capacity. At, e.g., a pH
of 6 or higher the buffer capacity will be sufficient to
compensate for the small differences in the entering
and leaving flows of the hydrogen ions, but at low
pH problems can be expected because the differ-
ences will be much larger.

In sample stacking, we will have generally case C,
whereby electrolyte 1 is a background clectrolyte at
high concentration and the sample is introduced in
a large zone at low concentration. If a long sam-
pling zone is introduced, the concentration time of
the components will be long and if during that time
the pH at the rear side of the sampling zone in-
creases. through which weak cationic species ac-
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Fig. 8 latroducimg two different electrolytes Land 2 into a capl-
tary can result in pli shifts. Four ditferent cases can be disting-
huished. viz., the £ gradients in buth electrolyvtes are equal but
the pH in clectrolyte 2 15 (AY ngher or (B) lower than those in
clectrolyte T and the pli values are equal but the £ gradicn in
electrolvie 2 is (Cy higher or (1)) Tower than those of electrolyte 1,
Expected pH oshilts are indicated by dotted Lines. The arrows
represent the entering and leaving flows of the hydropen ions o
sone 2,
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Fig. 9. Electropherograma {or the separation of (1) creatmine
and £2) clenbuterol (0.0008 M inwater) with different clectrolytes
in the cathode and anode compariments and separation capil-
lary. The electrolyies applied are 0.02 M Tris (electrolyie H) and
0.002 M Tris (electrolyte L) adjusted to pH 4.0 by adding formic
acid. The clectropherograms are labelled with fetters, where the
first and Iast fetters indicate the applied cleetrolyte in the cathode
and anode compartments respectively, and the undenined letiers
indicate the capillary content. Henee, the label HHLR mcans
that the cathode compartment s filled with eleetrolvie H. the
capillary is partially filled with electrolyte H on the cathode side
and with electrobyte Lo the anaode side and the anode compart-
ment is Rtled with electrolyvie H, Applving a normal CZE system
(HHH and LLL). creatinine migrates in front of clenbuterol,
Application of solution H at the rearside of an L zone (LLH and
HH LI results in reversed migration. The concentration baund-
avies between H and L electrobytes are indicated by a strong UV
shift, owing to differences in UV absorbances of the cleetrolyies.

quire a lower mobility, the concentration etfect will
be lost. In such instances bad peak shapes can be
the result, Even double peaks were obtained on the
clectropherograms,

Applying ficld-amplified CZE, the sample com-
ponents are introduced behind an electrolyte at low
concentration (electrolvie 2). To indicate that pH
shifts can occur and can lead to a different migra-
tion behaviour and bad peak shapes, several clec-
tropherograms are given for the separation of a so-
fution of 0.0003 M in water of (1) creatinine and (29
clenbuterol applyving different electrolyte systems,

) oaty

77

Al pH 4 clenbuterol can be considered to be com-
pletely protonated whercas creatinine is partially
protonated and small pH changes will change its
cfiective mobility considerably (its pK value is 4.83).
The clectrolytes applied are always solutions of 0.02
and 0.002 M Tris, both adjusted to a pH of 4.0 by
adding formic acid. The electrolyte at a concentra-
tion 0.02 M Tris formate will be indicated by H and
that a concentration of 0,002 M Tris formate by L.
The clectropherograms in Fig. 9 are labelled with a
letter system. in which the first and last letters in-
dicate the applied electrolyte in the cathode and
anode compartments, respectively. and the under-
lined letters indicate the capillary content, Hence,
the label HHLH means that the cathode compart-
ment is filled with clectrolyte H. the capillary is par-
tially filied with clectrolyte H on the cathode side
and with electrolyte L on the anode side and the
anode compartment is filled with electrolyte H.

In Fig. 9. the clectropherograms HHH and LLL
are given for apphcation of normal CZE systems
with the clectrolyte H and L. respectively, and in
both clectrolytes creatinine shows a higher cffective
mobility than clenbuterol. If the cathode compart-
ment and separation capillary are filled with clec-
trolyte L and the anode compagiment with clectro-
Ivte H (electropherogram LLH). the £ gradient at
the rear stde s much lowe.. through which the hy-
drogen flow entering at the rear sige is too small 10
maintain 4 pH of 4 and the pH in the separation
capillary will increase. In the clectropherogram the
migration order of clenbuterol and creagnine is re-
versed, confirming the pH shift. In the clectrophe-
rogram HHLH. ficld-amplificd CZE wus applied.
The separation capillary was partially filled with
clectrolyte L and the sample was introduced be-
tween electrolyie L and H (anode compartment). In
zone L a pH increase can be cxpected. through
which clenbuterol and creatinine migrate in the re-
verse order again. I, however, the anode compart-
ment is also filled with electrolvte L (clectrophcero-
gram HHLL). the pH of ¢lectrolyte L will be con-
stant and clenbuterol and creatinine again migrate
in the normal order. From Fig. 9 it can be conclud-
¢d that the presence of different electrolyies in the
capillacy and electrode compartments, ¢.g.. in sam-
ple stacking or ficld-amplified CZE. can lead 1o pH
shifis resulting in a different migration order. bad

peak shapes and loss of separation power.



m J. L. Beckers and M. T, Ackermans | J. Chromatogr. 629 (1993} 371-378

CONCLUSIONS

Applying sample stacking, migration times of
sample components can be calculated with the giv-
en model. Although the given model is fairly simple,
e.g., diffusion effects are neglected, the calculated
and measured values agree fairly well, Calculations
with this model indicate a dramatic decrease in sep-
aration power owing to an increasing contribution
of the electroosmotic flow to the net migration of
sample components, whercas the clectric field
strength in the separation compartment strongly
decreases, in contrast with electrokinetic injection
[6]. Also, calibration graphs can be far from linear,
by introducing large volumes of very dilute samples
and undesirable pH shifts can cause a different mi-
gration behaviour if the capillary is filled with dif-
ferent electrolytes.

Although by the application of sample stacking
and ficld-amplified CZE the separation efficiency
can be increased owing to the concentration cfiect,
it may only be applicable for the injection of small
sampling zones. Another approach for handling ex-

tremely large injection volumes in CZE was given
by Chien and Burgi [8), whereby the whole separa-
tion capillary is filled with sample. By applying a
high voltage with reversed polarity, the sample buff-
er is removed, whereafter the ZE separation can be
carried out. A better resolution can also be obtained
by suppressing the EOF or applying closed systems.
Although the separation length will be decreased on
injecting a long sampling plug, this length is then
fully used for the separation of the analytes, as the
system does not migrate through the capillary ow-
ing to the EOF.
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