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a b s t r a c t

A simple analytical system using disposable, open-tubular ion exchange clean-up precolumns coupled
in-line to capillary electrophoresis for direct injection of biological samples is presented. The clean-up
precolumns were prepared from fused silica capillaries by thermally initiated layer-by-layer polymeriza-
tion of poly(butadiene-maleic acid) (PBMA) directly on the capillary wall. Typically, 6 cm long precolumns
with 4-layers of PBMA were used for sample pretreatment. A robust and reproducible coupling between
the precolumn (75 �m ID) and the analytical capillary (50 �m ID) was achieved using an inexpensive,
commercially available low dead volume union. No extra dispersion of the analyte zones was observed.
Proteins and other high molecular weight compounds from biological sample matrices were retained on
the cation-exchanger sites of the precolumn, which eliminated their adsorption on analytical capillary
walls and ensured stable electroosmotic flow and migration times of target analytes. Unretained small
onductivity detection

n-line sample clean-up
pen-tubular ion exchange columns

inorganic cations migrated freely into the analytical capillary for separation and detection. Applicability
of the sample clean-up procedure was proved by determination of major inorganic cations in blood serum
and plasma samples using capillary electrophoresis with contactless conductivity detection. Separations
were performed in background electrolyte solution consisting of 15 mM l-arginine, 12.5 mM maleic acid,
3 mM 18-crown-6 at pH 5.5 and repeatabilities of migration times and peak areas were below 1.5% and
7.3%, respectively. Less than 1 �L of biological sample was required for injection.
. Introduction

Analysis of biological samples has its own difficulties, because
f the usually limited sample amount, the low analyte concentra-
ions and the complex sample matrices. Capillary electrophoresis
CE) can successfully handle the low sample volumes and in some
nstances even the low concentrations, however, the influence
f matrix compounds on CE separation performance presents a
ajor limitation for this type of samples [1]. The sample matrix

nd presence of various biologically active species (often charged
nd in different chemical forms) interfere significantly with the

nstrument and its components, most notably with performance
f fused silica (FS) separation capillaries. Matrix components
dhere to the capillary surface, leading to various effects such
s changes of electroosmotic flow (EOF), peak-broadening due to
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analyte binding to the surface-adsorbed proteins and detection
interferences [2,3].

Direct injection of biological samples in CE is thus compli-
cated and sample pretreatment is usually required. Traditional
sample pretreatments such as liquid–liquid extraction [4], solid-
phase extraction/microextraction [5] or precipitation followed by
centrifugation [6] can be used to remove proteins. These pro-
cedures are often time consuming, costly, require large sample
volumes and necessitate use of organic solvents and additional
instrumentation. Usually, they cannot be combined on-line with CE.
Alternative approaches for clean-up of biological samples include
ultrafiltration [7,8], electrodialysis [9,10], liquid phase microex-
traction [11–13] and electric field driven sample pretreatment
[14–16]. Note however, that even though these techniques offer
higher selectivity, lower the consumption of organic solvents and

reduce the pretreatment time, they are mostly performed off-line
and additional sample handling is therefore required.

In this contribution a simple concept for clean-up of biologi-
cal samples is presented using short disposable, open-tubular (OT)
precolumn coupled in-line to CE capillary. Interfering compounds
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rom the injection plug are adsorbed onto the surface of the precol-
mn and stable CE performance is achieved. Moreover, this system
llows for easy handling the capillaries, such as flushing with back-
round electrolyte (BGE) and injecting samples. The coupling is
ufficiently robust and simple to construct with a commercially
vailable low dead volume union and induces no additional sam-
le dispersion. The precolumn is easily connected/disconnected
o/from CE capillary and can be simply disposed off after each use.
erformance characteristics of the proposed system are demon-
trated on analysis of small inorganic cations in blood serum and
lasma samples.

. Materials and methods

.1. Instrumentation

.1.1. Electrophoretic system
A purpose-built CE instrument was employed for all elec-

rophoretic runs. A high voltage power supply unit (Spellman
ZE2000R, Start Spellman, Pulborough, UK) was operated at +15 kV
at the injection side). The analytical capillary (FS, 50 �m ID,
75 �m OD, Ltot 47 cm, Leff 40 cm, Polymicro Technologies, Phoenix,
Z, USA) was preconditioned for 10 min each with 1 M NaOH,
eionized (DI) water and BGE solution. Between two successive
uns, the capillary was flushed with BGE solution for 2 min. Injec-
ion was carried out hydrodynamically by elevating the sample vial
o a height of 30 cm for 30 s representing 30 nL injection volume.
ll CE experiments were performed at ambient temperature.

.1.2. Detection system
A capacitively coupled contactless conductivity detector (C4D)

escribed recently by [17] was used. It consists of a detector cell, an
xternal ac voltage source for excitation and an external detector
ircuitry for processing the cell current. The detector was oper-
ted at 120 kHz and 300 Vpp in all experiments. Data were collected
sing a Panther-1000 (Ecom, Praha, Czech Republic) data acquisi-
ion system.

.2. Preparation of OT sample clean-up precolumns

Preparation of poly(butadiene-maleic acid) (PBMA) based OT
olumns was described previously [18]. A thin layer of PBMA pre-
olymer mixed with 5% azobisisobutyronitrile (AIBN) was coated
nto a 1 m long FS capillary (75 �m ID, 375 �m OD, Microquartz
mbH, Munich, Germany) and crosslinked at 160 ◦C for 15 min. The
oating procedure was repeated k-times to create a k-layered pre-
olumn. The prepared column was eventually cut into pieces of
arious lengths (3–12 cm). These precolumns were connected to

he analytical capillary through a low dead volume union (P-772,
pchurch Scientific, Oak Harbor, WA, USA). A sketch of the connec-

ion between the OT sample clean-up precolumn and the analytical
apillary is shown in Fig. 1.

ig. 1. Interfacing of the clean-up precolumn and the analytical capillary using the
ow dead volume union.
r. A 1218 (2011) 856–859 857

2.3. Reagents, electrolytes, standards, and samples

All chemicals were of reagent grade and DI water was used
throughout. All multi-ion standard solutions were prepared daily
from stock solutions of inorganic cations (250 mM) and were
diluted with DI water; chloride and sulphate salts were purchased
from Pliva-Lachema, Brno, Czech Republic. For precolumn prepa-
ration, PBMA prepolymer (42% solids in aq. solution, Polysciences,
Eppelheim, Germany) and AIBN (Acros, Geel, Belgium) were used.
Human serum albumin (HSA) was purchased from Sigma, Stein-
heim, Germany. BGE solutions for CE measurements were prepared
daily from stock solutions of l-arginine (100 mM), maleic acid
(100 mM) and 18-crown-6 (250 mM); chemicals were purchased
from Sigma. Samples of human serum and plasma (Sigma) were
purchased as lyophilized powder and were prepared according to
supplier’s instructions. 1 �L of the sample was diluted with 79 �L
of DI water and 20 �L was pipetted into a plastic microvial for injec-
tion; all biological samples were stored in deep freezer at less than
−20 ◦C.

3. Results and discussion

3.1. Effect of the column connection on CE performance

The BGE solution used for determination of inorganic cations
in biological fluids was optimized previously [19] and consisted
of 15 mM l-arginine, 12.5 mM maleic acid and 3 mM 18-crown-6
at pH 5.5. This BGE solution was used to evaluate robustness and
performance of the connection between the precolumn and the
analytical capillary.

First, a standard solution of K+, Na+, Ca2+ and Mg2+ at concen-
tration levels corresponding to human serum diluted 1:80 was
separated in a 47 cm long analytical capillary. Then, 6 cm of the
same analytical capillary was cut off and the two sections (6 and
41 cm) were re-connected using a P-772 union. Finally, a 4-layer
PBMA sample clean-up precolumn (6 cm) was connected to the
41 cm analytical capillary through the P-772 union. Seven measure-
ments of the standard solution were repeated in each of the above
described separation system and several parameters were evalu-
ated as summarized in Table 1. Fig. 2 shows separation of the four
cations in the three separation systems – no deterioration of the CE
performance in terms of separation efficiency and sensitivity was
observed for the capillaries connected through the union (Fig. 2b
and c) compared to a single-piece analytical capillary (Fig. 2a).
Repeatability of migration times and peak areas was similar for
all three separation systems (RSD values 0.1–0.2% and 0.6–5.0%,
respectively) with no effect on the number of theoretical plates. A
slightly better resolution was obtained for Na+/Ca2+ and Ca2+/Mg2+

analyte pairs when PBMA precolumn was connected to the ana-
lytical capillary. This was due to interaction of Ca2+ and Mg2+ ions
with the ion-exchanger sites of the precolumn [20], and resulted in
their prolonged migration times. However, no deteriorating effect
on separation efficiency of the two cations was observed, as the N
values were slightly better with the PBMA precolumn.

To evaluate the reproducibility of the connection using the P-
772 union, three different 4-layer PBMA precolumns were cut
(6 cm each) and were connected/disconnected/reconnected five
times to the analytical capillary. Complete precolumn replacement
procedure in our home-made CE system took less than 1 min.
PBMA precolumns can also be connected to analytical capillaries

in commercial CE cartridges (e.g. Agilent), the only difference is
the precolumn length (10 cm) and replacement time (2–3 min).
Migration times and peak areas were measured for the standard
solution of the four cations and repeatability results are summa-
rized in Table 1. The RSD values were better than 5.5% for peak
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Table 1
Analytical parameters for analysis of the standard solution of four inorganic cations
in a 47 cm long analytical capillary, and a 41 cm long analytical capillary connected to
6 cm FS capillary and to 6 cm 4-layer PBMA precolumn, n = 5; and effect of connecting
three various 4-layer PBMA precolumns to analytical capillary on repeatability of
CE–C4D of biological samples, n = 15. Standard solution and CE conditions are as for
Fig. 2.

K+ Na+ Ca2+ Mg2+

Peak area (RSD, %), n = 5
AC 2.8 2.4 1.7 1.6
FS + AC 3.0 0.6 5.0 2.1
PBMA + AC 2.9 1.1 2.9 1.8
Migration time (RSD, %), n = 5
AC 0.1 0.1 0.2 0.2
FS + AC 0.2 0.2 0.2 0.2
PBMA + AC 0.2 0.2 0.2 0.2
Average N (theoretical plates/m), n = 5
AC 49,000 7100 114,000 141,000
FS+AC 49,500 7200 113,000 147,000
PBMA+AC 50,500 7200 115,000 158,000

K+/Na+ Na+/Ca2+ Ca2+/Mg2+

Average resolution (Rs), n = 5
AC 3.6 0.8 1.7
FS + AC 3.6 0.9 1.8
PBMA + AC 3.6 1.0 1.9

K+ Na+ Ca2+ Mg2+

Peak area, (RSD, %), n = 15
Standard 3.7 5.5 3.2 2.7
Human serum 5.9 4.5 3.7 3.7
Human plasma 7.3 2.3 2.2 7.2
Migration time (RSD, %), n = 15
Standard 1.5 1.2 1.2 1.0
Human serum 1.4 1.2 1.3 1.2
Human plasma 0.7 1.0 1.0 1.1

AC − 47 cm FS analytical capillary only.
FS + AC − 6 cm FS capillary + 41 cm FS analytical capillary.
PBMA + AC − 6 cm 4-layer PBMA capillary + 41 cm FS analytical capillary.
Serum and plasma samples were diluted 1:80 with DI water.

3

50 mV

a

K+

Na+

Ca2+

Mg2+

x1
03

b

c

54321
migration time (min)

Fig. 2. Determination of inorganic cations in standard solution (0.075 mM K+,
1.8 mM Na+, 0.04 mM Ca2+, 0.025 mM Mg2+) using, (a) 47 cm FS analytical capillary,
(b) 6 cm FS + 41 cm FS analytical capillary, and (c) 6 cm 4-layer PMBA precol-
umn + 41 cm FS analytical capillary. CE conditions: BGE solution, 15 mM l-arginine,
12.5 mM maleic acid, 3 mM 18-crown-6, pH 5.5; hydrodynamic injection from 30 cm
for 30 s, separation voltage +15 kV.
r. A 1218 (2011) 856–859

areas and are similar to the values for a single clean-up precolumn
connected to the analytical capillary as also presented in Table 1.

A slight deterioration of the repeatability of migration times
was observed, which might be remedied by including an internal
standard (such as Li+) if necessary. However, as the composition
of biological samples is quite constant and only the four cations
migrate in this time window of the CE measurements, identifica-
tion of all peaks is straightforward and internal standard was not
necessary in our measurements.

3.2. Effect of ion exchange capacity and length of PBMA
precolumns on sample clean-up

In biological samples, proteins adsorb on the separation capil-
lary walls and cause increase in migration times of the analytes
for each successive injection, rendering the quantitation difficult.
The amount of proteins that can be removed by the precolumn
depends on its ion exchange capacity, which is in turn dictated
by the number of PBMA layers deposited. Too high ion exchange
capacity may, however, have a detrimental effect on the sepa-
ration of cationic analytes because they also interact with the
cation exchanger sites. To optimize the precolumn composition and
length, five precolumns with 2, 4, 6, 8 and 10 PBMA layers were
prepared, connected to the analytical capillary and their effect on
sample clean-up and CE separation was tested. Their length was
varied between 3 and 12 cm. The standard solution of four inor-
ganic cations with addition of 1 g/L HSA as a model protein was
injected five-times into the separation system with each precolumn
attached. The injection volume was ca. 30 nL, see Section 2.1. The
column breakthrough capacity (expressed as number of injections)
was estimated based on the stability of migration times of inor-
ganic cations [10]. As expected, the capacity was lowest for all three
lengths of 2-layer PBMA precolumns. Unstable CE performance was
observed already after the second (3 and 6 cm precolumn) and the
third (12 cm precolumn) injection due to adsorption of the unre-
tained HSA onto the analytical capillary walls. Precolumns with 4
or more layers of PBMA (6 and 12 cm) showed a stable performance
for at least 5 successive injections. On the other hand, in columns
with 8 and 10 PBMA layers a strong interaction of Ca2+ and Mg2+

with the precolumn was observed resulting in longer migration
times and peak shape deterioration. Even with shortest precolumn
(3 cm) their peak shapes did not improve.

A 4-layer PBMA precolumn of 6 cm was therefore used in all
subsequent experiments due to its good capacity to retain proteins
such as HSA and due to the faster preparation compared to pre-
columns with more PBMA layers. The precolumn can be used for
at least five repetitive measurements of solutions with high pro-
tein concentration but can also be used as a single-use extraction
unit, when needed. If higher number of clean-ups per precolumn
is required, longer precolumns or more PBMA layers (maximum 6
layers) may be applied.

3.3. Direct injection of blood serum and plasma samples

Blood serum and plasma were diluted 1:80 with DI water and
were first injected into the analytical capillary without pretreat-
ment precolumn. Separation of all inorganic cations was achieved
in both samples. In Fig. 3, the constant increase in migration times
can be clearly observed for 15 consecutive injections of blood serum
(full symbols) because the proteins from serum gradually adsorbed
to the inner walls of the analytical capillary [10]. A 4-layer PBMA

sample clean-up precolumn (6 cm) was then in-line coupled to
the analytical capillary for clean-up of these samples. Because the
PBMA precolumns have a limited capacity and a single precolumn
does not allow for 15 repeated sample clean-ups, in total three
precolumns were used for each sample. Five direct injections of
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Fig. 3. Effect of precolumn on migration times for direct injection of a serum sample
(diluted 1:80 with DI water). 15 consecutive injections were performed without (full
symbols) and with (open symbols) a 6 cm 4-layer PBMA precolumn. CE conditions
are as for Fig. 2a and c.
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ig. 4. Direct injection of biological samples using sample clean-up precolumn, 6 cm
-layer PBMA, in-line coupled to 41 cm FS analytical capillary; (a) standard solution,
b) serum, (c) plasma, concentrations in standard solution and CE conditions are as
or Fig. 2c, serum and plasma dilution 1:80 with DI water.

lood serum and blood plasma were performed with each precol-
mn. Excellent stability of migration times for both samples was
chieved, as shown for blood serum in Fig. 3 (open symbols).

Repeatability data for CE–C4D analyses of the cleaned-up sam-
les are summarized in Table 1 and electropherograms for direct

njection of the standard solution, blood serum and blood plasma
re shown in Fig. 4. The performance of the sample clean-up precol-
mn coupled in-line to CE was very good, showing that positively

harged proteins and other interfering compounds from biological
amples are retained by the cation exchanger in the precolumn.
he sample matrix contains also anionic and neutral compounds
ut as the EOF is reduced in the BGE solution (1.9 × 10−8 m2/Vs),
ost anionic compounds migrate in opposite direction and do not

[
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enter the separation capillary. Neutral and slow anionic matrix
compounds are dragged by the EOF through the precolumn and
potentionally may penetrate into the separation capillary. Since
no deterioration of CE performance was observed, we assume that
under the CE conditions employed, these species are either elim-
inated by adsorption onto the precolumn or they do not adsorb
onto the capillary wall and thus have negligible effect on CE per-
formance.

4. Conclusions

OT ion exchange precolumns were for the first time used for
sample clean-up and direct injection of biological samples in CE.
Preparation of these precolumns is simple, fast and inexpensive.
They can therefore be used as disposable sample pretreatment units
which can be simply discarded after each use. A low dead volume
union provides a robust and reproducible connection between the
precolumn and the analytical capillary, with no deterioration of
CE performance. It has been demonstrated that cation exchanger
moieties in the precolumn effectively retain positively charged pro-
teins and other high MW compounds from the sample matrix,
whereas small inorganic cations migrate freely into the separa-
tion capillary. Using the described sample clean-up precolumns
eliminates necessity for laborious off-line sample pretreatment or
frequent capillary equilibration with NaOH. The developed sample
pretreatment method was demonstrated on determination of small
inorganic cations in blood serum and plasma samples. As there exist
various chemistries of the deposited layers, the OT approach can be
applied for removal of compounds having different properties, for
instance use of an anionic or hydrophobic coating could be used to
remove anionic and non-polar interferents, respectively. Work is in
progress to further evaluate these possibilities on direct injection
and analysis of other analytes in various complex matrices.

Acknowledgements

Financial support from the Academy of Sciences of the Czech
Republic (Institute Research Funding AV0Z40310501) and the
Grant Agency of the Czech Republic (Grant no. P206/10/1219) is
gratefully acknowledged.

References

[1] E. Szoko, T. Tabi, J. Pharm. Biomed. Anal. 53 (2010) 1180.
[2] D.K. Lloyd, J. Chromatogr. A 735 (1996) 29.
[3] A.R. Timerbaev, J. Sep. Sci. 31 (2008) 2012.
[4] S. Pedersen-Bjergaard, K.E. Rasmussen, T.G. Halvorsen, J. Chromatogr. A 902

(2000) 91.
[5] N.H. Snow, J. Chromatogr. A 885 (2000) 445.
[6] E. Nemutlu, N. Ozaltin, Anal. Bioanal. Chem. 383 (2005) 833.
[7] J.F. Oldi, K. Kannan, Environ. Sci. Technol. 43 (2009) 142.
[8] A.M. Amorini, A. Petzold, B. Tavazzi, J. Eikelenboom, G. Keir, A. Belli, G. Giovan-

noni, V. Di Preto, C. Polman, S. D’Urso, R. Vagnozzi, B. Uitdehaag, G. Lazzarino,
Clin. Biochem. 42 (2009) 1001.

[9] B.A.P. Buscher, U.R. Tjaden, J. van der Greef, J. Chromatogr. A 764 (1997) 135.
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