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Abstract

An in-capillary sample preconcentration strategy based on solid phase extraction (SPE) technology coupled with capillary electrophoresis (CE)
has been developed taking advantage of both techniques (SPE and CE). An in-line frit-free preconcentration device for capillary electrophoresis
containing MCX beads, obtained from the corresponding Waters OASIS® cartridges, was prepared. The retention of the particles was based on the
relative diameters of the particles, carefully selected, and the capillaries. An experimental preconcentration factor of 100 was found for the system.
Conditions were optimised for 3-nitrotyrosine measurement in rat urine being 4.4 uM spiked in the urine the lowest value detectable.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

CE offers a number of advantages as a separation technique
well known for those familiarised with the technique: (i) it
requires only small quantities of sample; (ii) various separation
modes make it applicable for the analysis of a variety of bio-
logical and non-biological species; (iii) capillaries are emptied
after each analysis and non-eluted compounds are removed. CE,
however, suffers from a number of limitations, being one of the
most important the limited amount of sample introduced in the
capillary resulting in low concentration limits of detection. That
is the reason why strategies for integrating sample pretreatment
with chemical analyses under a single format are required for
rapid and sensitive analyses of low abundance metabolites in
complex samples.

There are three main electrophoretic preconcentration
mechanisms: sample stacking, field-amplified injection and
isotachophoresis and they have been broadly and frequently
reviewed [1-5]. The main drawback of these procedures when
working with biological samples or complex matrices is that a
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huge amount of compounds are preconcentrated simultaneously
with the analyte and separations become highly cumbersome.

Chromatography based preconcentration methods, based on
differences in analyte adsorption on a solid phase, both online
(coupled) and inline (integrated) have been a popular research
area in order to minimize the losses of analytes, shorten the
cleanup time and to reduce the risk of contamination and
sample degradation. Moreover, they permit to implement bi-
dimensional separations with two different mechanisms.

In most of these studies, a solid-phase extraction (SPE) car-
tridge has been constructed; where the solid packing material
was held inside the capillary by two frit structures. An alternate
packing material, namely, a polymeric membrane impregnated
with a chromatographic stationary phase, such as CI18, was
also used. Membrane-based SPE devices do not require the use
of retainers to hold the chromatographic material in position.
Alternatively, open-tubular columns with the adsorbent/bonding
compound attached to the wall and hollow fibers have also been
applied.

In-column chromatographic concentration was first intro-
duced by Guzman et al. [6]. A review by Veraartetal. [7] focused
on biological sample handling and CE established a clear clas-
sification of the existing sample preparation/preconcentration
techniques to be used with biological samples prior to CE. In
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2001, Guzman and Stubbs reviewed the online sample precon-
centration and microreactions in capillary electrophoresis using
selective adsorbents based on chemical or biological specificity
[8]. Recently our group has updated these reviews with the last
developments in the area [9]. From this work it can be concluded
that only four articles in the recent literature handle small organic
molecule preconcentration with SPE-CE mechanisms and only
for standards [10-13].

In our experience retaining frits configurations could be prob-
lematic depending on the resolution needed. The appearance of
backpressure into the system makes the use of an external pres-
sure source a must in order to get positive movement of the BGE
inside the capillary. Otherwise electric field driving force might
not be sufficient to overcome the backpressure resistance. In that
cases the parabolic flow profile, typical from hydrodynamic-
driven separations, yields to a general peak broaden that leads
to an efficiency loss.

3-Nitrotyrosine in urine is a non-invasive marker for oxidative
stress [14]. Due to its potential significance several analyt-
ical methods have been described for the determination of
3-nitrotyrosine alone or bound to proteins [15,16]. These meth-
ods have to overcome the important limitation that the low
concentration in which this analyte is usually found in such
complex matrices brings about. A capillary electrophoresis (CE)
method was developed for nitrated and chlorinated aromatic
aminoacids, as well as their parent compounds, employing large-
volume sample stacking, but only for standards [17]. Our group
developed a capillary electrophoresis method that permitted 3-
nitrotyrosine measurement in urine of diabetic rats without any
other sample pre-treatment more than dilution with acetonitrile
and centrifugation. It employed the large-volume sample stack-
ing pre-concentration technique using the EOF pump to increase
sensitivity [ 18]. Nevertheless, the complexity of the profile made
desirable a cleaning step simultaneous to the preconcentration.

Therefore the aim of this work was to develop an in-line frit
free preconcentration device for capillary electrophoresis and to
apply it to 3-nitrotyrosine measurement in rat urine.

2. Materials and methods
2.1. Chemicals

Unless otherwise indicated all the chemicals used in these
experiments were purchased from Sigma (St. Louis, MO, USA).
o-Phosphoric acid (85%) was from Merck (Darmstadt, Ger-
many). Sodium hydroxide was from Panreac (Madrid, Spain).
HPLC quality acetonitrile was from Scharlab (Barcelona,
Spain). Acetic acid was from Prolabo-MERKeurolab (Fonte-
nay, France). Ultrapure water was obtained with a Milli-Q Plus
System from Millipore (Bedford, MA, USA).

2.2. Instrumentation

CE experiments were carried out in a Beckman P/ACE MDQ
capillary electrophoresis system equipped with PDA (photo
diode array) detector. 150 pm and 75 pm internal diameter fused
silica capillaries were from Polymicro Technologies (Phoenix,

AZ, USA). The 30 and 60 pm MCX beads were obtained from
the corresponding Waters OASIS® MCX SPE cartridges. A sub-
sequent particle size selection was made manually by using
50 and/or 100 pm sieves. The 360 wm i.d. plastic sleeve was
from SCI (Lake Havasu City, USA). The separation BGE con-
sisted in 150mM phosphate buffer adjusted to pH 7.4 with
NaOH. The elution BGE consisted in 80/20 (v/v) phosphate
buffer/acetonitrile, being the buffer 220 mM phosphate adjusted
to pH 7.4 with NaOH. The rinsing solvent was phosphoric acid
250 mM in water. The composition for all the buffers employed
was optimised to match the separation BGE conductivity in order
to minimize current variations along the separation process.
The total capillary length was 60 cm and the effective capil-
lary length was 45.5 cm measured from the preconcentrator to
the capillary window. The voltage applied was +25kV and the
system was kept at 25°C. A positive pressure from the inlet
to the outlet of 0.5 psi was applied during the separation. Sam-
ples were injected hydrodynamically at 10 psi for the desired
period of time. The detection system allowed the collection of
all wavelengths ranging from 200 and 500 nm. Between injec-
tions the built-in preconcentrator was regenerated by flushing
subsequently elution BGE, rinsing solvent and water, all of them
for 5 min at 10 psi.

2.3. Preconcentrator assembly

The procedure described below has been optimised for
the dimensions of the Beckman P/ACE MDQ capillary
electrophoresis cartridge. Nevertheless, the position of the pre-
concentrator and all the subsequent operating procedures can be
adapted to any other cartridge configuration.

The preconcentrator was assembled by using fragments of
capillaries with different internal diameters. The preconcentra-
tion chamber consisted in a piece of capillary of 150 pm i.d.
and about 0.5 cm long. It was cut using a diamond-on-a-wheel
based cutter for capillaries from Agilent Technologies. Attached
to this was assembled a 50 or 75 pm i.d. and 4.7 cm long piece
of capillary using a plastic micro tube of 360 wm i.d. The SPE
beads were packed into the preconcentration chamber using a
vacuum pump. Because of the capillaries internal diameters and
the size of the beads used the packing material remains only in
the 150 pm i.d. piece of capillary without trespassing beyond
the connection point. Finally, the rest of the capillary (e.g. 50 or
75 pm i.d. and 55 cm to make a ~60 cm total length capillary)
was assembled on the other tip of the preconcentration chamber
using the same 360 pm i.d. plastic micro tube.

This configuration was built inside of a Beckman P/ACE
MDQ capillary cartridge so that the preconcentrator stays inside
the cartridge leaving the capillary tips unmodified for the proper
operation of the instrumentation. Fig. 1 shows the aspect, under
the microscope, of the preconcentrator once it has been set up.

3. Results and discussion
SPE-based preconcentrators lay its selectivity on the differ-

ent affinity of the analytes between two phases, regardless the
concrete mechanism in each case (SAX, SCX, mixed modes
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Fig. 1. Picture of the preconcentrator under 4 x optic microscope. The preconcentration chamber houses the packed beads (30 wm average size in this case). The rest
of the electrophoretic capillary, with noticeable lower internal diameter, extends towards both sides of the preconcentrator allowing the immobilization of the beads

without the need of retaining frits in the system.

or C18). These transitions are governed by the corresponding
equilibrium constants so that the higher the constant is the more
efficient the peak will be due to the quick desorption from the
SPE sorbent to the separation buffer or solvent. Otherwise a poor
efficient desorption step might yield to peak fronting or tailing
and a general Gaussian shape loss. This last factor is intrinsic to
each analyte—sorbent—solvent combo and it is not necessarily a
problem but in our experience it is something to count with and,
of course, one the parameters to be optimised.

The selection of the type of solid phase particles was devel-
oped off line, taking always into consideration the employment
of stationary phases with different selectivity to the CE method.
The retention of 3-nitrotyrosine, highly polar, spiked at low
concentration in urine was a challenge mainly when trying
to increase the volume of sample added to the cartridge to
increase the preconcentration. A second factor to consider was
the availability of the adequate particle size. After testing sev-
eral SPE phases and from different manufacturers, a strong
cationic exchanger (previously described) provided the best
results. MCX Waters OASIS® beads have a composition that
is hydrophilic-lipophilic-balanced for both strong reversed-
phase retention and cationic exchange. As nitrotyrosine is an
aminoacid derivative, it can show either positive or negative
charge, depending on the pH, and therefore the sample would
be charged in acidic media, but the CE separation was devel-
oped afterwards at higher pH towards the positive end (normal
polarity) to increase selectivity.

3.1. Optimization of experimental conditions

The dual mechanism of interaction of this particular sorbent
requires the use of elution solvents that work over both reten-
tion mechanisms. Table 1 gathers the pK, values and molecular
structure for 3-nitrotyrosine.

In a first stage a single connection configuration, both with
and without frits, with a plug length of packing material ranging
from 2 to 4cm was tested. The capillary set up consisted in a
~8.5cm and 150 pm i.d. capillary fragment, in which the SPE

beads have been previously packed, attached to a 51 cm long and
50 or 75 pm i.d. bare capillary to make a total capillary length of
60 cm. The connection between fragments was done by using a
360 pwm i.d. plastic micro tube that can house the regular 365 pm
e.d. capillaries without comfort. The optimization of the precon-
centration procedure was carried out with a 0.1 mg/mL standard
solution of 3-nitrotyrosine prepared freshly from a stock solu-
tion of 1 mg/mL. Working pH was set at 2.0 to avoid a premature
desorption from the preconcentrator during the capillary fill up
step. Sample was loaded into the capillary for the desired time
and was eluted afterwards with a small injection of 200 mM
sodium citrate pH 6.4 and methanol (1:1). The elution solvent
composition was previously optimised in our lab. After the sep-
aration process, done in sodium phosphate 150 mM pH 2.0 at
20kV and 1 psi as additional pressure to overcome the backpres-
sure generated by the preconcentrator, a peak corresponding to
3-nitrotyrosine was obtained. Nevertheless, the system did not
meet the expectations yielding performance inconvenients such
as (i) excessive backpressure generation into the capillary which
virtually makes the EOF to be null, (ii) air bubbles generation in
the preconcentrator due to superficial tension phenomena when
solvents and packed material get in touch, and (iii) chromato-
graphic, and not electrophoretic, peak shape is obtained resulting
in broader and tailed peaks so that peak capacity is dramatically
reduced.

These problems were tackled in a second stage by con-
structing a preconcentrator set up as described in Section 2
(see Fig. 1). In this new configuration the length of the pre-
concentrator has been dramatically reduced. This requires less
elution solvent providing better desorption performance and
higher efficiencies. On the other hand load capacity, and so the
preconcentration capability, is subsequently reduced. In addi-
tion, the backpressure generated into the system is despicable
allowing the generation of an electrodriven buffer movement
inside the capillary (EOF). Moreover, as a consequence of this
new sandwich-type configuration as well as for the particle
size/internal diameter combination used the SPE packed mate-
rial remain unmovable regardless the direction of the flow. This

Table 1
pK, values and molecular structures for 3-nitrotyrosine
Name My, pKa Structure
3-Nitro-L-tyrosine 226.2 2.20 COOH

7.20

9.11

NH,
OH

NO,
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Fig. 2. Schematic representation of the PFT-based procedure developed for the 3-nitrotyrosine preconcentration. The capillary is rinsed with the sample for the
desired period of time at 10 psi. Secondly the sample matrix is removed from the capillary by rinsing with the wash solvent. Thirdly the separation BGE is introduced
in reverse direction until the preconcentrator position. Fourthly a small amount of elution solvent is introduced into the capillary while applying voltage. Finally a
new separation BGE vial replaces the elution one at the inlet tip to carry on with the separation.

feature allowed the used of the partial filling technique (PFT)
which has been widely employed in CE to control the fill of the
capillary up to a certain point mainly in chiral analysis to avoid
the chiral selector to pass through the detection window [19-21]
or in CE-MS coupling to avoid undesired substances to come
into the ionisation chamber [22]. In this case the use of PFT
allowed us to use a slightly alkaline buffer to achieve the sep-
aration avoiding partial or total analyte loss from the OASIS®
MCX sorbent during the rinse step. The optimised procedure
is described as follows: (i) once the capillary is set on the CE
system it is rinsed with the sample for the desired time and pres-
sure. In this step the preconcentrator retains the target analytes
with the dual mechanism previously described. This step may
take several minutes; (ii) the capillary is rinsed with an aque-
ous solution of phosphoric acid 250 mM in order to move the
remaining sample through the waste. Because of the low pH
of this solution analytes are not released from the preconcen-
trator; (iii) separation buffer, consisting in sodium phosphate
150 mM pH 7.4, is introduced into the capillary in reverse direc-
tion, that is, from the outlet towards the inlet. This process is
stopped just before the buffer reaches the preconcentrator. The
time needed for this rinse is calculated experimentally and will
be discussed later on in this paper; (iv) a small amount of elu-
tion buffer, consisting in sodium phosphate 220 mM pH 7.4 and
mixed with acetonitrile afterwards (80:20), is introduced into
the capillary by applying the separation voltage (+25kV) plus
0.5 psi of additional pressure for 1 min. The composition of this
buffer has been designed to have an effect on both retention
mechanisms; (v) finally, the inlet vial containing the elution
buffer is replaced for another one containing BGE and the sep-
aration process goes on as normal. During the separation time
the short plug of elution buffer introduced into the capillary
moves towards the outlet as a consequence of the EOF gener-
ated into the system. At the time it reaches the preconcentrator
the analytes will be released and separated electrophoretically
in the rest of the capillary. Fig. 2 shows schematically the fol-

lowed procedure. The composition and concentration of all the
solvents in these steps have been optimised so that they have
the same conductivity in order to have the current stabilized
during the separation. Linear response, in terms of area against
injection time, has been demonstrated with this methodology for
3-nitrotyrosine standards up to 30 min injection at 10 psi using
a 1 pg/mL solution. Longer injection times were also assayed
but they deviated from the tendency achieved for lower times.
Table 2 summarizes the data collected from these experiments.

3.2. Partial filling technique calculations

The correct use of the PFT requires of the control of fluid
dynamics inside the capillary. When it comes to hollow open
tubular structures that is not an issue and most informatic appli-
cations, like the Beckman’s CEexpert® [23], provide exact
calculations in a simple way. In the experiments described in
this paper these kind of theoretical calculation are not possible
as the capillary is built from pieces of different internal diameter
and the particles packed into it might produce certain degree of
backpressure making these estimations just useless. An exper-
imental procedure to calculate the time needed for introducing
the BGE up to the desired point has been developed instead.
Having the capillary mounted in the CE system it is filled with
water. Then a small amount acetic acid solution is injected and
pushed by pressure at 10 psi exclusively. Once the peak has been

Table 2
Experimental data obtained for 3-nitrotyrosine 1 ug/mL at different injection
times using the SPE-based in-capillary preconcentrator

Injection time (min) Migration time (min) Area (AU)
5 12.6 175,423
15 12.0 943,958
30 11.6 1,799,491
R.S.D.=4.2% ?=0.993

Data were collected with a PDA detector at 430 nm.
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detected and bearing in mind that the distance from the inlet to
the detector is 50 cm the linear velocity, expressed in cm/min at
10 psi, can be calculated. Finally, with this experimental data,
the precise amount of time for filling the capillary up to the pre-
concentrator can be calculated as the capillary involved is 55 cm
long (see Section 2.3).

3.3. Influence of particle size

The Waters OASIS® MCX sorbent is available in two differ-
ent average particle sizes, 30 and 60 pwm. Both can be packed
into the capillary with no problem whatsoever but different
physic characteristics may occur. The smaller the particle size
the higher the packing efficiency and the higher the active sur-
face is, providing higher loading capacity for samples. On the
other hand smaller particles are more difficult to pack and higher
backpressure on the system is observed [9].

3.4. Preconcentration factor

In off-line SPE preconcentration factor is usually calcu-
lated dividing the volume of sample or standards before the
SPE process by the final volume obtained after the extraction.
Exact volume flushed through the capillary is not possible to
determine in this in-capillary system mainly because the total
empty volume inside the capillary is unknown. Instead of that,
a preconcentration factor has been calculated by comparing the
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maximum amount of time that can be injected of the most diluted
solution that can be detected both in the preconcentrator system
and in a hollow comparable capillary. An equivalent but empty
capillary was assembled with the same dimensions as the pre-
concentrator one for this purpose. In this capillary it has been
possible to detect a 4.4 uM standard of 3-nitrotyrosine injected
for 210s at 0.5 psi, which is about 20% of the total capillary
volume. In these conditions the peak is detectable at 214 nm
but not quantifiable as it is partially swallowed by a system
peak. With the SPE-based in-capillary system detection of a
0.044 pM standard solution injected for 180 min at 10 psi was
possible. Although the final method with such injection time
is long, it works unattended and therefore it is easier than off
line preconcentration steps. Detection was performed at 214 nm
but sensitivity was good enough to see the peak at 430 nm as
well, which produces a much cleaner electropherogram yet less
sensitive. Although the amount of analyte introduced into both
capillaries is not comparable the in-capillary preconcentration
system has been able to measure a 100-fold less concentrated
solution of 3-nitrotyrosine. Fig. 3 shows the electropherograms
for both conditions.

3.5. Application to urine samples
In a later stage, the system was used for the determina-

tion of 3-nitrotyrosyne in rat urine. Basal nitrotyrosine was not
detectable, the lower level that could be detected was 4.4 pM

n
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Fig. 3. Electropherograms corresponding to the maximum injection time of the less concentrated solution that can be detected both in the preconcentrator system
(the bottom electropherogram at two different wavelengths) and in a equivalent open tubular capillary (the upper one at 214 nm only).
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Fig. 4. Profile obtained for both 3-nitrotyrosine added in rat urine. Injection was
at 10 psi for 30 min for the sample. Analysed at +15kV and 0.5 psi using sodium
phosphate 150 mM pH 7.4 as BGE. Detection was at 430 nm. Whole procedure
is described in Section 2.

spiked into the urine. This higher value, as compared with
pure standards, is due to a lowest injection time (30 min versus
180 min). As the sample matrix compete with the active sites in
the SPE particles and saturates them, longer injection times did
not provide a higher signal. Fig. 4 shows the electropherograms
obtained for a treated sample under the conditions described in
Section 2.

4. Conclusions

An in-line frit free device has been developed coupling
SPE and CE advantages. The device is based in particle and
capillaries relative sizes and prevents the appearance of back-
pressure into the system and bubble formation. Clean up and
preconcentration have been shown while preventing samples

from contaminations or tedious manipulations when the sam-
ple amount is an issue. Moreover, the combination can provide
2D separations.
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