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Abstract

Several methods have been reported describing on-column concentration for sensitivity enhancement in high-performance
capillary electrophoresis. One technique of interest consists of a large-volume hydrodynamic injection, followed by the
removal of the large plug of low conductivity sample matrix out of the capillary using polarity switching. In this work the
performance of this method is evaluated for the separation of arsenious acids and a comparison is made between the increase
in peak area and peak height to evaluate the real sensitivity enhancement. Finally, the use of this stacking procedure for

quantitative analysis is discussed.
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1. Introduction

High-performance  capillary  electrophoresis
(HPCE) has been shown to be an efficient technique
for the separation of charged species [1,2]. This high
efficiency and the small injected volumes enable
HPCE to reach very good mass sensitivity, but the
short optical path length associated with on column
UV detection considerably limits the concentration
sensitivity. Therefore, several methods have been
reported [3,4] which enhance the sensitivity of
HPCE, such as sample concentration using on-line
isotachophoresis [5,6] or sample stacking [7-10].

Slow moving anions (anions having an electro-
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phoretic mobility inferior to the bulk electroosmotic
flow) can be separated using a positive voltage in an
untreated fused-silica capillary, with regard to their
resistance to the electroosmotic flow. Chien and
Burgi developed a method called large-volume stack-
ing to stack anions in such separation conditions
[10]: a large plug of low conductivity sample is
introduced hydrodynamically into the capillary and a
negative voltage is applied at the injection extremity.
The large solvent plug is then electroosmotically
pushed out of the capillary while the negative species
stack-up at the boundary between the sample zone
and the background electrolyte. Once the main part
of the low conductivity zone has been pushed out of
the capillary, the positive voltage is applied for
separation to occur. This method eliminates the
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negative effects of the low conductivity plug [11] on
the separation performances.

In this work, the effects of large-volume stacking
on the separation of organic and non organic arseni-
ous compounds [12] are investigated, both in terms
of sensitivity enhancement and quantitative analysis.

2. Experimental

Experiments were carried out with a Spec-
traPhoresis 1000 (Thermo Separation Products) using
PC 1000 software. The capillaries were untreated
fused-silica capillaries (70 cmX75 pm LD.)) with
detection window located 8 cm from the capillary
extremity. The detection was UV detection at 195
nm. The run temperature was 40°C. The anions
standard (Table 1) consisted of dimethylarsinic acid
(DMA), monomethylarsonic acid (MMA) and arse-
nic acid (AsV).

The running buffer consisted of 20 mM di-
sodiumhydrogenphosphate (Na,HPO,) adjusted to
pH 6.0 with orthophosphoric acid. The capillary was
washed with the running buffer for 2 min prior to
each experiment. At the end of the day, the capillary
was rinsed for 2 min with 1 M NaOH and for 5 min
with deionised water.

Table 1
Arsenious compounds of interest
Name Formula pK,
Dimethylarsinic acid (DMA) CH, 93
I
0O=As-OH
l
CH,
Monomethylarsonic acid (MMA) CH, 3.6
|
0O=As-OH 8.2
l
OH
Arsenic acid (AsV) OH 2.3
I
O=As-OH 6.9
I
OH 114

2.1. Standard separation

The standard sample consisted of DMA, MMA
and AsV, at a 10 ppm concentration in 0.2 mM
Na,HPO, (pH 6.0). The sample was hydro-
dynamically injected at a calibrated low vacuum
during 5 s, with a corresponding injected volume
representing 1.0% of the whole capillary volume.
Then, a positive voltage (25 kV) was applied leading
to an average current i, =82 pA.

2.2. Stacking process

The standard sample was diluted to the required
concentration using a 0.2 mM Na,HPO, solution.
Hydrodynamic injections were performed under high
vacuum for 12 s which corresponds to an injected
volume representing 50.0% of the capillary volume.
In a first step, a negative voltage (—25 kV) was
applied and the large plug of sample was electro-
osmotically pumped out of the injection extremity of
the capillary. The electric current through the capil-
lary was initially largely lower than its value reached
during an identical classical capillary electrophoresis
separation (i.e., iy). As the low conductivity injected
plug was pumped out of the capillary, the current
continuously increased up to its normal value: this
meant that the main part of the low conductivity
injected plug had been pushed out of the capillary
and the stacking process could be considered com-
plete. Consequently, the high voltage was switched
from the negative to the positive value. The ex-
perimental current was monitored very carefully and
polarity switching was operated as the current had
reached 78 pA, ie., 95% of its standard value i,.
This corresponds to a backout time ¢, .. €qual to
0.8 min. The time needed for the high voltage supply
to change from —25 kV to +25 kV (¢, _) was equal
to 0.1 min.

3. Results and discussion

3.1. Performance of large-volume stacking with
polarity switching

Stacking anions separated in an untreated fused-
silica capillary according to their resistance to the
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electroosmotic flow first consists of the hydro-
dynamic injection into the capillary of a large plug of
low conductivity sample. Then, a negative voltage is
applied at the injection end of the capillary, and the
electroosmotic flow causes the large plug to move in
the direction of the injection end, hence pushing this
plug out of the capillary. Meanwhile, the negatively
charged species contained in this low conductivity
plug are subjected to a strong local electric field
strength and consequently move with a very high
electrophoretic velocity towards the boundary be-
tween the sample plug and the buffer zone. Once
anions reach this boundary, their velocity is slowed
down in the lower field strength of the higher
conductivity buffer, resulting in the stacking of the
analytes at the boundary. When the main part of the
large sample plug has been removed from the
capillary, most of the negative species are concen-
trated at the boundary and the sample plug is now a
thin zone of stacked species. At this moment,
polarity is switched (a positive voltage is applied to
the injection end) and separation starts to occur
under classical conditions.

To evaluate the performances of this method, we
studied the peak areas and peak heights obtained
either with a standard hydrodynamic injection pro-
cess (injected volume representing 1% of the capil-
lary volume), or with a large sample plug stacking
process (injected volume representing 50% of the
capillary volume), using the same solute sample at a
concentration of 10 ppm.

As in capillary electrophoresis with UV detection,
peak areas depend on the apparent velocity of the
migrating analytes, they were corrected by peak
migration times according to:

)

S=1. (1)
where S, is the corrected peak area, S the measured
peak area and t,, the migration time of the analyte of
interest.

The total peak migration time (7") measured on the
electrophoregram corresponds to the time needed for
the stacking process t0 occur (f,,....)» to the polarity
switching time (z, _) and to the peak migration time
(ty) according to:

T= tM + tbackoux + I+— (2)

Effective peak migration time f,;, deduced from
Eq. (2), is identical to effective migration time
(*Mstandara)) Of the same analyte with classical con-
ditions of hydrodynamic sample injection.

Consequently, the corrected peak areas with a
stacking process can be calculated according to Eq.
3):

S S S
S. = =—=— 3)

. — — =
T tbackom t+ - tM tM(slandard)

Corrected peak area enhancement due to the
stacking process is evaluated by the stacking factor F
defined as follows:

Sc Cinj(slandard)
F=% X—¢ 4)

c(standard) inj

where C,, is the injected solute concentration,
(standard) corresponding to experiments carried out
with classical conditions of hydrodynamic injection.
The F value characterizes the stacking process yield,
representing the amount of injected sample that has
really been stacked. In our conditions, an F value
equal to 50 will mean that the whole amount of
injected sample has been stacked without any loss of
sample during the stacking process.

Another parameter of interest that can be used in
order to characterize the performance of the method
is the sensitivity enhancement (SE), similar to F but
related to peak heights:

h Cinj(slandard)
SE=1+ X—¢ (3)

(standard) inj

h being the peak height.

Comparison of F and SE is useful to check the
loss of efficiency due to the stacking effect. For
example, if F=SE, no peak broadening has occurred
due to large injection or dispersion during the
stacking process, and consequently peak area and
peak height vary in the same way. Burgi and Chien
{13] have shown an optimum value for the con-
ductivity ratio between the sample and the running
buffer, corresponding to a maximum efficiency. They
defined the field enhancement factor y as follows:

_E_p
yEz &)

where p, and p, are the sample region and the

(6)
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running buffer zone resistivities respectively, E, and
E, the local electric field strengths in corresponding
regions. Because of a balance between peak-narrow-
ing due to stacking and peak-broadening generated
by the electroosmotic flow mismatch at the boundary
between the sample and the run buffer [14], there
exists an optimum vy value, corresponding to a
minimum band width after stacking, and thus a
maximum efficiency. In our study, this optimum vy
value has been found to be around 100: the optimum
stacking conditions are obtained using a sample
conductivity 100 times lower than the running buffer
conductivity. Under such conditions, corresponding
F and SE values are listed in Table 2.

Those results clearly demonstrate that first, F
values lower than 50 mean that a part of the injected
species of interest are lost during the backout step,
and secondly, SE values lower than F values mean
that the stacking process introduces dispersion, lead-
ing to lower efficiency than that obtained under
standard conditions of injection.

Even if this loss of efficiency does not affect the
solute separation because of the high selectivity of
the system, it limits the main purpose of the stacking
process, that is, a sensitivity enhancement of the
method.

Such experiments illustrate that during the backout
step of the stacking process, the global electro-
osmotic velocity across the whole capillary is higher
than the electrophoretic velocity of analytes in the
sample plug, and consequently part of them are
flown out of the capillary. As this global electro-
osmotic velocity is still decreasing during the back-

Table 2

Comparison of calculated x, and measured F and SE for sample
stacking of 1 ppm samples (injected volume representing 50% of
the capillary volume), ¢ =0.8 min, t,_=0.1 min

backout

pH ' F* RSD%" SE* RSD%'
(%) F) (SE)
60 DMA 92 116 29 1.1 13
60 MMA 275 348 3. 143 15
60 AV 341 406 2.1 160 08
78 DMA 292 343 25 152 10
78 MMA 333 421 35 164 18
78 AV 501 493 13 185 03

Sample dissolved in Na,HPO, 0.2 mM (pH 6.0); run buffer pH,
6.0 and 7.8.
* Calculated from 5 experiments.

out step, an optimum sample plug length corre-
sponding to the maximum length may exist, that can
be injected without loss of the analyte, depending on
the electrophoretic velocity of analyte in the sample
zone and the bulk electroosmotic flow velocity itself
varying according to the sample plug length.

To calculate this optimum plug length, one has to
express the apparent velocity of an analyte in the
sample plug as a function of the plug length during
the backout step.

At the beginning of this step, the capillary can be
divided into two distinct zones: the sample zone
(zone 1) with resistivity p, and the buffer zone (zone
2) with resistivity p,. (Fig. la). Nevertheless, the
stacking of the analytes at the boundary between
these two zones will result in a modification of both

(@)

running running

buffer buffer
(b)

running running

buffer

(c)

running running

buffer buffer
(d) e

lave,

running runnmg

bufter buffer
(e)

runnimng running

buffer buiter
Fig. 1. Schematic representation of the stacking process: (a)

hydrodynamic injection of a large sample volume, (b), (c) and (d)
backout step, (e) classical separation process after polarity switch-
ing.
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the composition and the conductivity of the sample
zone according to Kohlrausch regulating function
[15,16], because of a displacement of buffer ions in
the sample zone when analytes migrate towards the
boundary. Consequently, after a transitory state (Fig.
1b), the stacking process leads to the creation of a
third zone with resistivity p, in which analytes are
stacked, and a modification of the sample buffer plug
resistivity p’, (Fig. 1c).

However, further calculations are performed using
the same simplified model as that used by Chien and
Burgi [7], assuming that this model corresponds to
the initial state and neglects the influence of the
sample ions on the resistivity of the sample zone.
Hence, it is only an approximated model for the rest
of the backout step. Consequently, the local electric
field strength in the sample plug is calculated
according to relationship [7], knowing that this
model is true at the beginning of the stacking
process, but is approximated as long as the stacking
process is taking place.

P E,

ERVTEINIER) "

E, is the overall electric field strength and x the
fraction of capillary filled with the sample plug. Eq.
(7) can be modified using Eq. (6):

_ YE,
E =TG- 8)
In turn, the local electrophoretic velocity in the
sample plug can be expressed as:

YE,
Vep = Mep, T+ (y— D)x &)
where m,,, is the electrophoretic mobility of the
analyte of interest in the sample zone. This mobility
can be influenced either by the viscosity of the buffer
or by its conductivity, in so far as the thickness of
the electric double layer around a charged analyte
depends on the ionic strength of the background
electrolyte. Nevertheless, the electrophoretic mobility
of the two analytes of interest is shown not to vary
significantly between the sample zone and the buffer
zone at constant pH value. According to Fig. 2, the
values of m,, for AsV and MMA are not significantly
influenced by v, hence by the buffer conductivity.
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Fig. 2. Mobilities in a capillary filled with the sample buffer as a
function of y=C,/C, (C,=20 mM, pH 6.0). (#) Electroosmotic
mobility, (O) electrophoretic mobility of AsV and (@) electro-
phoretic mobility of MMA.

Thus, m,,, will be treated as a constant at given pH
for the rest of the study and will be noted m,,.

In a second step, to calculate the apparent velocity
of analytes, one needs to calculate the overall
electroosmotic velocity during the backout process.
Chien and Burgi [13] expressed this velocity as:

v, =XV

€eo €0,

+ (1 —xp (10)

€05
where v_,, and v,,, are the local electroosmotic
velocities in the sample plug and in the running
buffer, respectively, proportional to the respective
local electric field strengths:

S-TRN N S (11
€0y “E, il +(y— 1)
and
1
v (12)

;= Yo T+ (y— x

where v_, and v, are the electroosmotic velocities
generated under E; in a capillary filled with sample
and filled with the running buffer respectively. Those
velocities can be expressed in both cases according
to:
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V(,‘ = molE0 (13)

where m_; are the corresponding electroosmotic
mobilities.

The electroosmotic mobility m_, is a constant for
a given running buffer, whereas the electroosmotic
mobility in the sample region (m,,) is a function of
the sample conductivity. Thus m_, can be expressed
as:

m, =mg, r(y) (14)

where r(y) can be defined as the reduced electro-
osmotic mobility in the sample zone, and is a
function that can not be approximated by a simple
model (see Fig. 2). In our working conditions,
experimental values of r(y) vary between 1.0 and
1.9. Combining Egs. (10,11) Egs. (12-14) leads to:

E
Veo = T Gy = Dl Mo, 77N~ Jx b m ] (15)

The apparent velocity of an analyte is the result of
its electrophoretic velocity and the overall electro-
osmotic velocity:

Yane = T+ (y = D ™en F Mo
+x(m,, yr(y) —m, )] (16)

Solving the equation v, =0 leads to x, which is
the sample plug length corresponding to a reversal of
the sign of the apparent velocity:

ym,, +m,
Xg = — 7 (17)

om, yr(y) —m,,
As 7y value is very large, Eq. (17) can be approxi-
mated to:
Yep T 1,

m,, yr(y)

S (- N 18
B (mozr(v) Yr(y)) (18)

Moreover, assuming that 100=< yr(y)=190, Eq.
(18) becomes:

Xo= —

mep

xD = — ——mozr(y)

(19)

Hence, for a given analyte, if the injected plug

length x;,; is higher than x,, at the beginning of the
backout (negative voltage applied), the apparent
velocity of the analyte is in direction of the injection
end (in the same direction as the electroosmotic
flow): the analyte migrates in this direction and
consequently, it is not stacked. For x =x,, the sign of
the apparent velocity changes and when x<x,, the
apparent velocity is in the direction of the detection
end (opposite to the electroosmotic flow) resulting in
the stacking of the analyte at the boundary (Fig. 1,
steps b and c).

At the end of the backout step (Fig. 1, step d), the
x value becomes very small, close to the relative
length of a sample plug injected under conventional
hydrodynamic injection. Assuming that x <<1 and
that the value of y has decreased because of the
stacking process (creation of a zone with resistivity
p’3), such that 1<y << 100, Eqgs. (9,10) become:

Ve #, VE, (20)

er#veo, (21)

Hence, the sign of the apparent velocity of the
analyte at the end of the backout (step d) depends on
its electrophoretic mobility and on the new value of
v, i.e., on resistivity p’,.

As a consequence, two different situations can
occur for a given analyte: first, if the value of y is
large enough, the apparent velocity is still in the
direction opposite to the electroosmotic flow and no
species are lost during this final stacking step.
Second, if the value of y is lower (close to 1), the
apparent velocity of the analyte changes to the same
direction as the electroosmotic flow. In this case, the
stacked species contained in the plug of resistivity
p’; begin to migrate towards the zone with resistiv-
ity p”,. Nevertheless, when entering this zone, as
p", >>p',, the species experience a much larger
electric field (larger value of y), and are auto-
matically driven back to the plug of resistivity p’;.

Consequently, there are two possibilities for the
sign of the apparent velocity of a stacked analyte at
the end of the backout. Nevertheless, both cases
allow the species of interest to stay in the capillary,
and the stacked analytes will not be flown out of the
capillary during this step.

When the main part of the sample buffer plug has
been pushed out of the capillary, polarity is switched
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and a positive voltage is applied to the injection
extremity. This leads to a situation identical to that
obtained by hydrodynamically injecting a small
sample plug of low conductivity. Due to an electro-
osmotic flow mobility close to m,, running buffer is
pumped into the capillary through the injection end,
and the sample plug is between two high con-
ductivity running buffer zones, as it is in classical
operating conditions (Fig. 1, step e). At this moment,
as the current across the capillary is close to its
standard value i,, the sample plug has a minor
influence on the electric field and the separation can
take place as it occurs during a classical run.

As a consequence of Eq. (19), if the relative
injected plug length is higher than x,, the total
injected sample will not be stacked and part of it will
be lost. Secondly, for a given buffer (given m ,), and
for a given sample (given y), x, only depends on the
electrophoretic mobility of the analyte of interest.
Thus, according to Eq. (19), two different analytes
with two different electrophoretic mobilities will not
be stacked in the same way, leading to different F
values for each analyte. This phenomenon leads to a
bias similar to that observed under conventional
electrokinetic injection, where the injected amount
directly depends on the electrophoretic mobility of
the analyte.

Under the present experimental conditions, calcu-
lated values of x,, for y=100 are listed in Table 2. It
appears that F values increase with increasing x,
values. Consequently, the performances of the stack-
ing process increase with increasing x,, hence with
increasing m_,. This is clearly illustrated by compar-
ing F values at two different pH values (Table 2).
An increase of the buffer pH value has three major
effects: first, an increase of bulk electroosmotic
mobility, second an increase of -electrophoretic
mobility of arsenious compounds, which become
more and more ionized with pH (see Table 1), and
third, a change of the phosphate buffer conductivity.
It can be observed that the stacking factor and the
sensitivity enhancement increase with increasing pH
and consequently the predominant parameter in-
fluencing the performances of the stacking process
seems to be the increase of the -electrophoretic
mobility of the analyte.

However, it also appears that for calculated x,
values inferior to x;,; (50%), F is larger than x,
probably because of approximations introduced by

the simplified model used for the local electric field
strength in the sample zone (Eq. (7)). Nevertheless,
the x, value is useful both to evaluate the maximum
injectable amount and to predict the variations of the
stacking factor F. Moreover, the example of AsV at
pH 7.8 shows that for an injected plug relative length
X =50% close to the calculated value of x,
(50.1%), the value obtained for the stacking factor is
close to 50, confirming the fact that the analytes are
not flown out at the end of the backout step.

To minimize the loss of analytes and consequently
improve the performances of large-volume stacking
with polarity switching, one has to increase the value
of x,. According to Eq. (19), this can be achieved
either by an increase of the electrophoretic mobilities
of the analytes, or by reducing the value of m_,. On
the one hand, the electrophoretic mobilities of the
anions of interest will increase by increasing pH,
leading to consecutive higher migration times. On
the other hand, according to Fig. 1, a decrease of
10% of the m,, value can be achieved by reducing y
from 100 to 10. Nevertheless, such a low y value
giving rise to improved stacking factor has tremend-
ous consequences on efficiency. For example same
experiments as in Table 2, carried out at pH 6.0 for a
v value equal to 50, lead to a 10% increase of the
stacking factor but with a two fold loss in efficiency
compared to that obtained for y=100. Thus, if peak
area values are higher, peak height values might be
lower, limiting the method interest in term of sen-
sitivity enhancement.

In conclusion, the present study demonstrates that
the sensitivity enhancement through large-volume
stacking is limited by two phenomena: first, loss of
analytes for injected sample plug relative length
larger than x, and second, loss of efficiency when x,
values are improved by decreasing y values. Never-
theless, a 10 to 20 fold improvement in the sensitivi-
ty of the technique can be obtained using this
stacking procedure.

3.2. Quantitative analysis using large-volume
stacking with polarity switching

To perform quantitative analysis, migration times
have to be identical for different sample concen-
trations. But here, t,,.,.. depends on the electro-
osmotic mobility in the sample zone (m,, ), therefore
on the sample conductivity. As a consequence, if
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Fig. 3. Comparison of electrophoregrams using classical hydrodynamic injection and using large volume stacking with polarity switching.
(a) Classical hydrodynamic injection of 10 ppm samples (1% of the capillary volume), (b) stacking of an injected volume representing 50%
of the capillary volume of 250 ppb samples, (c) idem (b) with 500 ppb samples. ,, ., =0.8 min, ¢, _=0.1 min. Sample dissolved in
Na,HPO, 0.2 mM (pH 6.0), run buffer pH 6.0.
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samples are prepared in pure water, f,,,., and m
will be dependent on the analyte concentration and
both the global migration time and the stacking
factor will be different for each sample concen-
tration, thus limiting the quantitative aspect of the
analysis. Consequently samples were dissolved in a
solution possessing a conductivity largely higher
than the conductivity of the same sample dissolved
in pure water, but low enough for the efficient
stacking process to occur. As a consequence, sam-
ples were prepared in a hundred times diluted
running buffer corresponding to optimal stacking
conditions (y=100 is the optimal value for ef-
ficiency). Identical global migration times and stack-
ing factors can be obtained in such operating con-
ditions (Fig. 3).

The study of corrected peak areas using large-
volume stacking as a function of injected concen-
tration leads to linear calibration curves (Fig. 4) with
good correlation factors for injected volume repre-
senting 50% of the capillary length and sample
concentrations ranging from 125 ppb to 1 ppm.

This study shows that quantitative analysis can be
carried out by using large-volume sample stacking
provided that all samples had the same conductivity.
Moreover, good repeatability can be achieved, as

800 -
z
§ 600 |
2
a
g 400 |
o
3
E 200 +
8
&)

0 t ' } + t —
0 200 400 6800 800 1000 1200
Injected Concentration (ppb)

Fig. 4. Calibration curves obtained for MMA (B), DMA (¢) and
AsV (O): stacking process for hydrodynamically injected sample
volumes corresponding to 50% of the capillary volume. The
correlation factors are r*(DMA)=0.9992, r*(MMA)=0.9992 and
r*(AsV)=0.9995. Experimental conditions similar to those in Fig.
3.

R.S.D. values obtained with 5 experiments vary
between 1.8 and 2.7% for migration times and 1.3
and 2.8% for corrected peak areas for injected
concentrations ranging from 125 ppb to 1 ppm.

4. Conclusions

Large-volume stacking with polarity switching has
been proved to be a powerful tool for sensitivity
enhancement in capillary electrophoresis, even
though its use is limited for slow moving anion
analysis. Nevertheless, a 10 to 20 fold sensitivity
enhancement can be reached for the quantitative
analysis of highly diluted samples in low conduc-
tivity matrices.

However, polarity switching is an experimental
constraint that can lead to non reproducible results if
the current is not monitored properly. Therefore,
further investigations will be carried out to develop
and optimize an automatic stacking procedure that
does not require any polarity switching during the
analysis.
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