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Moderation of the electroosmotic flow in capillary electrophoresis
by chemical modification of the capillary surface with tentacle-like

oligourethanes
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Abstract

The surface chemistry of the inner wall of fused-silica capillaries is one important means to control the magnitude as well
as the direction of the electroosmotic flow and the adsorption activity. A method was developed to change the surface
characteristics of fused-silica capillaries by binding tentacle-like oligourethane groups onto the inner surface. The
electroosmotic flow at a buffer pH of 6–9 was reduced by 15 to 40% compared to that in a bare fused-silica tubing,
dependent on the type of coating. Sample adsorption is diminished at the same time resulting in a separation of proteins with
higher resolution and good migration time precision. At a pH below 4.5 the electroosmotic flow is reversed into the anodic
direction, which offers further possibilities for the separation of positively charged analytes as demonstrated for the
separation of aromatic and biogenic amines.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction The initial silanol surface concentration of a
(freshly drawn) fused-silica capillary is determined

Fused-silica capillaries are predominantly used in by the purity of the raw silica tubing and the
capillary electrophoresis (CE) and related techniques parameters of the drawing process. Thus, the silanol
as tube material. Based on negatively charged sur- concentration and hence the EOF in a non-treated
face silanol groups an electric double layer at the fused-silica capillary varies not only from producer
interface of the inner capillary wall and the buffer to producer but also from batch to batch [2]. The
solution is formed, which causes a cathodic electro- time of storage of non-sealed plain fused capillaries
osmotic flow (EOF) under the action of an electric may also influence the resulting EOF. Flushing of
field. The strength of the EOF is dependent on the capillary with sodium hydroxide solution [3,4] or
several parameters, mostly on the zeta-potential of potassium hydroxide solution [5,6] mostly increases
the double layer, which in turn is influenced by the the concentration of free surface silanols and there-
surface concentration of charged silanol groups, the fore leads to increased or restored electroosmotic
buffer composition, its pH value and its ionic flows.
strength [1]. Surface silanol groups, on the other hand, may act

as sorption sites for analytes, especially for large
positively charged molecules and/or impurities in*Corresponding author. Tel.: 149-731-5022-754; fax: 149-

731-5022-763. the buffer [7–9]. That way the mobility of these
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molecules may be affected and the electroosmotic In this paper, we introduce a method to produce a
flow may be reduced. In addition, such sorption long term stable chemically bonded tentacle-like
processes can directly affect the peak shape and coating which is based on urethane chemistry. Capil-
hence the efficiency and can lead to the formation of laries modified that way provide the possibility to
a non-uniform zeta-potential over the length of the switch the EOF in cathodic or anodic direction by
capillary which results in local variations of the changing the pH of the buffer. The coating di-
electroosmotic flow with its negative consequences minishes analyte adsorption and reduces the cathodic
for the reproducibility of migration times [10–13]. EOF by 15 to 40% compared to bare silica tubing.

Different methods have been developed to dimin-
ish or to block the action of silanols in CE sepa-
rations which include silylation with common deacti- 2. Experimental
vation reagents [2,14–16], the dynamic or permanent
coating of the surface with hydrophilic polymers 2.1. Instrumentation
such as polyacrylamide [3,4,7,17–28], polyvinyl
alcohol [29–32], polyethylene /propylene glycols Capillary electrophoretic experiments were per-

3D[5,33,34], polyvinyl-pyrrolidone [35,36], epoxy coat- formed on a Hewlett-Packard HP CE system
ings [37,38], polyethylene oxide [39,40], or cationic (Hewlett-Packard, Waldbronn, Germany). A HP

3Dpolymers like polyethyleneimine [41–43] and the CE chemstation served for instrumental control,
addition of a preferentially adsorbed additive to the data acquisition and data analysis.
buffer [10,11,44]. Fused-silica capillaries of 50–60 cm (effective

Those methods, however, also have some dis- lengths 41.7–51.7 cm)350 mm I.D. (MicroQuarz,
advantages: modification of the capillary surface by Munich, Germany) were used for these studies.
silylation often suffers from hydrolytic instability of
the siloxane bonds at high pH values. Adsorbed

2.2. Chemicalsneutral or cationic buffer additives are useful to
deactivate the column surface but they also may

Pentaerythritol, 1,4-butanediol, 2-hydroxymethyl-change the properties of the buffer and often cause
1,3-propanediol, Carbowax 20M, toluene-2,4-detection problems. A permanent coating of the
diisocyanate, benzyl alcohol, v-phenylethanol, v-capillaries with a hydrophilic polymer, e.g., with
phenylpropanol, v-phenylbutanol and v-phenylpen-polyvinyl alcohol [30], results in a nearly total
tanol were obtained from Fluka, Neu-Ulm, Germany.suppression of the EOF and a reduction of the
3-Isocyanatopropyltriethoxysilane was from ABCR,adsorption activity. This is an advantage for the
Karlsruhe, Germany. High-purity solvents and theseparation of proteins and peptides and the sepa-
test compounds 2-amino-4,6-dinitrotoluene, 2-ration of other positively charged species yet it is a
methyl-3-nitroaniline, 2-methyl-5-nitroaniline, 4-drawback for a number of other applications: Since
amino-2-nitrotoluene, 2,4-diamino-6-nitrotoluene,the migration and the separation of positively
and 2,6-diamino-4-nitrotoluene were from Promo-charged analytes is completely based on their elec-
chem, Wesel, Germany. Phenylethylamine (hydro-trophoretic mobilities, analytes with a low electro-
chloride), tyramine (hydrochloride), tryptamine (hy-phoretic mobility show long separation times. There-
drochloride) and the proteins were from Sigma,fore the application of such capillaries is limited to
Deisenhofen, Germany. All other chemicals werethe separation of substances with high electropho-
from Merck, Darmstadt, Germany.retic mobilities. In order to use a single (chemically

modified) capillary for the separation of a wide range
2.3. Coating procedureof different analytes, the possibility to adjust the

EOF in both directions (cathodic or anodic) is
desirable. So far only a few research groups have 2.3.1. Capillary leaching
dealt with the surface modification of capillaries One-meter long pieces of the fused-silica capillary
allowing a switchable EOF [45–47]. to be treated were immersed into a water bath kept at
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a temperature of 708C. One end of the capillary was capillary for 30 min. An alcohol component was
connected to a custom-made coating reservoir which always applied as the final reaction plug. Before use
can be pressurized up to 20 bar. First, the capillaries the modified capillaries were flushed for 10 min with
were dynamically leached with a 1 mol / l sodium methanol, for 10 min with water, and finally with
hydroxide solution for 3 h, followed by a 15 min buffer solution as described below.
rinse with a 2% hydrochloric acid solution. Then the Additionally, a capillary was coated with poly-
capillaries were leached with an 18% hydrochloric vinyl alcohol (PVA) according to Gilges et al. [30]
acid solution for 3 h at 708C, followed again by a for comparison purposes.
rinse with a 2% hydrochloric acid solution for 15 Table 1 shows a list of the modified capillaries
min. The inlet pressure during all dynamic leaching discussed in this paper.
processes was 0.8 bar. Finally, the capillaries were
dried under a gentle flow of nitrogen at 2008C for 6 2.4. Electrophoretic run conditions
h.

The silylation reagent (PU I) which was used to Before each measurement of the electroosmotic
form the first Si–O–Si bonded layer was synthesized mobilities, m , both plain or surface modified capil-eo

as follows: laries were flushed with the new buffer solution for
A 10 g amount of 1,4-butane was placed in a 40 min (pressure 1000 mbar) and conditioned apply-

three-necked flask with magnetic stirrer and con- ing voltage for 15 min. Between each run the
denser. After addition of 5.5 g 3-isocyanato- capillaries were flushed (pressure 1000 mbar) with
propyltriethoxysilane in 5 g toluene the exothermic the running electrolyte. The pH dependencies of meo

reaction started. The reaction was continued for 2 h were measured going from the buffer with the
at 608C under nitrogen atmosphere. The obtained highest pH to the buffer with the lowest pH. The
adduct PU I was then dried for 24 h under vacuum buffer compositions and separation conditions are
[48,49]. specified in the legends of the figures. Sample

injection was performed hydrodynamically by apply-
2.3.2. Surface coating ing a pressure of 50 mbar for 2 s. All mobility values

The surface coating was performed in the same are the mean of at least three measurements.
manner as the dynamic leaching but at room tem-
perature (238C). The tentacle type coating was
generated in several steps by forcing the different 3. Results and discussion
reagent solutions through the leached capillary. To
chemically bind the first layer, a solution of PU I in In order to generate a chemically bonded surface
tetrahydrofuran (THF) (1:1, v /v) was forced through coating which is most hydrolytically stable, deacti-
the capillary for 1.5 h. After rinsing with THF for 30 vates the surface to a certain extent and allows one to
min a solution of toluene-2,4-diisocyanate–toluene switch the direction of the electroosmotic flow we
(1:1, v /v) and the diol /polyol component in THF, considered chemically binding the oligourethanes
respectively, was alternately forced through the onto the inner surface of the silica capillaries because
capillary for 1 h. The reaction plugs were separated the urethane group is fairly stable against hydrolysis
by a plug of THF or toluene forced through the and contains a protonable NR H group, which2

Table 1
List of modified capillaries

Capillary Diol /polyol component No. of toluene-2,4-diurethane Compound used
units in the tentacle for termination

Tentacle-8 1,4-Butanediol 3 1,4-Butanediol
Tentacle-3-20M 1,4-Butanediol 1 Carbowax 20M
Tentacle-8-Hy 2-(Hydroxymethyl)-1,3-propanediol 3 2-(Hydroxymethyl)-1,3-propanediol
Tentacle-8-Pen Pentaerythritol 3 Pentaerythritol
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should enable an anodic electroosmotic flow at low alternate coating of the capillary with toluene-2,4-
pH values. The use of highly reactive isocyanates diisocyanate and a diol /polyol component.
such as toluene-2,4-diisocyanate makes it possible to The dependencies of the electroosmotic mobilities,
modify the capillaries under soft conditions, i.e., at m , on the pH value are shown in Fig. 2a and b foreo

room temperature without the use of a catalyst. The the different tentacle-type coated capillaries. For
bulkiness and especially the ladder-type linkage of comparison purposes the EOF vs. pH plot of a plain
tentacles formed in case of triol- or polyol monomers fused-silica capillary and a polyvinyl alcohol-coated
are expected to shield the surface Si–O–Si bond capillary are included in these Figures as well.
from easy hydrolytic attack. A reaction scheme for The plots of the Tentacle-8, Tentacle-3-20M,
the stepwise coating is given in Fig. 1. Tentacle-8-Hy and Tentacle-8-Pen coated capillaries

The binding of the starting group (PU I, see (see Table 1) show a reduced electroosmotic mobili-
Experimental) onto the silica surface was accom- ty compared to plain fused-silica in the pH range of
plished by silylation leaving enough unmodified 6–9. The degree of EOF reduction obviously de-
surface silanols on the surface to provide a cathodic pends on the shielding effect of the tentacles which
electroosmotic flow at high pH. The completion of increases not only with the increasing number of OH
the tentacle-like oligourethane chains occurred by groups of the alcoholic monomers [1,4-butanediol,

Fig. 1. Scheme of the formation of ‘‘oligourethane tentacles’’ on a fused-silica capillary surface with 1,4-butanediol as alcohol component.
I5Surface modification after silylation with PU I; II5surface modification after reaction with toluene-2,4-diisocyanate; III5surface
modification after further reaction with 1,4-butanediol; for further steps according to this scheme and for termination see Table 1.
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EOF starts at a pH value around 4.5 for all tentacle-
like oligourethane coated capillaries. This anodic
EOF increases with decreasing pH and is maximum
in case of the Tentacle-8-Pen capillary (Fig. 2a). This
can be explained by the higher content of urethane
groups within the coating because pentaerythritol has
four hydroxy groups to react with toluene-2,4-
diisocyanate yielding a high degree of ladder-type
crosslinking of the tentacles.

The moderate reduction of the electroosmotic flow
at pH 9 to 6 observed at all tentacle-like
oligourethane coated capillaries can advantageously
be used to increase the migration time window in
electrokinetic chromatography (EKC). An example
is presented in Fig. 3, where an EKC separation of a
homologous series of v-phenyl alcohols using a
stable micelle [radically crosslinked sodium 10-unde-
cenyl-1-oxybutane sulfonate (SUOBS)] as separation
additive is shown. The peak capacity (for details on
its calculation see Ref. [50]) measured between
benzyl alcohol and v-phenylpentanol is increased
from 71 to 107, of course at the expense of a larger
analysis time.

To test the degree of surface deactivation achieved
by the different coatings and to examine the run-to-
run migration time reproducibility and column-to-
column reproducibility a protein mixture was ana-
lyzed, because proteins are known to be sensitive
probes for the surface characteristic of the capillary
due to their high affinity to wall adsorption [10,11].
In Fig. 4, the electropherograms of a mixture of
myoglobin, b-lactalbumin, b-lactoglobulin B, b-
lactoglobulin A, albumin, and trypsin inhibitor on aFig. 2. EOF vs. pH for bare, PVA and oligourethane modified
plain and a Tentacle-8-Hy fused-silica capillarycapillaries. Capillaries: 60 cm (effective length 51.7 cm)350 mm

I.D.; j bare fused-silica, m PVA (75 mm I.D.); (a) s Tentacle-8, * illustrate both the improved efficiency (see the
Tentacle-8-Pen; (b) \ Tentacle-3-20M, ^ Tentacle-8-Hy; con- legend to Fig. 4) which can be attributed to reduced
ditions: 10 mM phosphate buffer; EOF marker5acetone; E5500

wall adsorption, and the better resolution as a resultV/cm; injection: 100 mbar s; detection: UV at 254 nm.
of increased migration times and the improved
efficiency.

2-(hydroxymethyl)-1,3-propanediol,pentaerythritol] The reproducibility of the migration times of these
and the degree of the ladder-type crosslinking direct- proteins was determined evaluating seven consecu-
ly connected with it, but also with the size of the tive runs. The results are summarized in Table 2. The
tentacle terminating group. The largest reduction of relative standard deviation is below 1% for all
the EOF (40%) is observed for the Tentacle-3-20M modified capillaries. The best relative standard de-
capillary. The bulky Carbowax 20M as terminating viation (RSD) values are obtained with the Tentacle-
group causes the highest shielding effect of the 8-Pen capillary. The high degree of ladder-type
charged surface silanols. Unlike in the case of the crosslinking and the shielding of the surface silanol
polyvinyl alcohol coated capillary a reversal of the groups connected with it may be a reason for this
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Fig. 3. MEKC separation of v-phenyl alcohols. Capillaries: 60 cm (effective length 51.7 cm)3 50 mm I.D.; (a) bare fused-silica, (b)
Tentacle-8; conditions: 10 mM phosphate buffer, pH 9, 1% SUOBS as micelle; E5500 V/cm; injection: 100 mbar s; detection UV at 205
nm; components: 15thiourea, 25benzyl alcohol, 35v-phenylethanol, 45v-phenylpropanol, 55v-phenylbutanol, 65v-phenylpentanol.

behavior. To examine the column-to-column repro- capillaries at low pH was used to separate positively
ducibility five Tentacle-8 modified columns were charged analytes in the same way as negatively
produced over a period of 1 month using two batches charged analytes are separated at high pH. As an
of bare fused-silica tubing (capillaries 1 and 2 were example the separation of some aromatic amines is
produced from one batch and capillaries 3, 4 and 5 shown in Fig. 5. The separation of biogenic amines
from another batch). The effective mobilities of of a cheese sample at a reduced anodic EOF
acetone as EOF marker and of the proteins were used applying a relatively high concentrated glycine buf-
as indicators. As the values in Table 3 illustrate, the fer (Fig. 6) is another example for the wide applica-
reproducibility is acceptable with RSD values be- tion range of the tentacle-like oligourethane coated
tween 1.85 and 5.10%. Only the long term stability capillaries.
of the capillaries leaves something to be desired:
after continued use for about 160 runs at a buffer pH
of 9 some hydrolysis of the basic Si–O–Si bonds of
the tentacles was indicated by an increase of the 4. Conclusions
electroosmotic flow. Preliminary experiments
showed that the lifetime of the coating can be The coating of fused-silica capillaries with tenta-
improved to fare more than 300 runs if the first layer cle-like oligourethanes results in capillaries which
is generated by substituting an aminoalkylethoxy- provide a reduced cathodic EOF at high pH values
silane for PU I combined with an increase of the and a reversed anodic EOF at low pH values.
reaction temperature. Additionally, the adsorption activity of the inner wall

The reversed electroosmotic flow in the modified surface of the fused-silica capillaries is diminished.
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Fig. 4. Separation of acidic proteins. Capillaries: 60 cm (effective length 51.7 cm)350 mm I.D.; (a) bare fused-silica; (b) Tentacle-8-Hy;
conditions: 10 mM phosphate buffer, pH 9, E5500 V/cm; injection: 100 mbar s; detection: UV at 214 nm; components, (plates /m on
capillaries a and b, respectively): 15myoglobin (44 000/126 900); 25b-lactalbumin (48 700/67 800); 35b-lactoglobulin B (28 700/
48 100); 45b-lactoglobulin A (7000/33 700); 55albumin (7000/33 800); 75trypsin inhibitor (23 900/78 000).

Both, the well controlled EOF and the reduced low pH has advantages for the separation of positive-
adsorption activity ensure a good precision for ly charged analytes such as amines. The developed
migration time data of some proteins used as probes. surface modification procedure is very reproducible
Reduced EOF rates allow the enlargement of the and the lifetime of the coated capillaries is accept-
migration time window and the peak capacity in able. Experiments to further improve the long term
electrokinetic chromatography. The reversed EOF at stability of the capillaries are currently underway.

Table 2
aRun-to-run (n57) reproducibility of the migration times of acidic proteins

Capillary Myoglobin Lactalbumin b-Lactoglobulin B b-Lactoglobulin Trypsin inhibitor

t RSD t RSD t RSD A1albumin t RSDM M M M

(min) (%) (min) (%) (min) (%) t RSD (min) (%)M

(min) (%)

Tentacle-8 4.01 0.47 5.15 0.39 5.89 0.63 6.17 0.66 6.86 0.57
Tentacle-3-20M 5.67 0.36 8.46 0.52 10.81 0.99 11.84 1.16 14.52 1.58
Tentacle-8-Hy 4.30 0.84 5.72 1.08 6.52 1.32 6.91 1.35 7.89 1.54
Tentacle-8-Pen 4.63 0.51 6.30 0.55 7.47 0.39 8.01 0.32 9.17 0.26

a Capillaries: 60 cm (effective length 51.7 cm)350 mm I.D.; conditions: 10 mM phosphate buffer, pH 9; E5500 V/cm; injection: 100
mbar s; detection: UV at 214 nm. t 5Migration time.M
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Table 3
aColumn-to-column reproducibility of migration times

24 2Mobility (10 cm /V s) RSD

Tentacle-8 (1) Tentacle-8 (2) Tentacle-8 (3) Tentacle-8 (4) Tentacle-8 (5) (%)

Acetone 4.69 4.72 4.90 4.71 4.70 1.85
Myoglobin 4.19 4.30 4.52 4.34 4.33 2.75
Lactalbumin 3.22 3.34 3.52 3.37 3.40 3.20
b-Lactoglobulin B 2.76 2.93 3.11 2.98 2.98 4.30
b-Lactoglobulin A1albumin 2.58 2.79 2.97 2.84 2.85 5.08
Trypsin inhibitor 2.33 2.51 2.68 2.55 2.59 5.10

a Capillaries: Tentacle-8 (1, 3–5) 60 cm (effective length 51.7 cm)350 mm I.D.; Tentacle-8 (2) 52 cm (effective length 43.7 cm)350 mm
I.D.; E5500 V/cm; injection: 100 mbar s; detection: UV at 214 nm.

Fig. 5. Separation of aromatic amines. Capillary: Tentacle-8-Hy, 60 cm (effective length 51.7 cm)3 50 mm I.D.; conditions: 10 mM
phosphate buffer, pH 3, E52500 V/cm; injection: 100 mbar s; detection: UV at 215 nm; components: 152-amino-4,6-dinitrotoluene,
252-methyl-5-nitroaniline, 352-methyl-3-nitroaniline, 45o-chloraniline, 554-amino-2-nitrotoluene, 652,6-diamino-4-nitrotoluene, 752,4-
diamino-6-nitrotoluene.
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Fig. 6. Separation of biogenic amines in cheese. Capillary: Tentacle-8, 60 cm (effective length 51.7 cm)3 50 mm I.D.; conditions: glycine
buffer (100 mM glycine; 100 mM sodium chloride), pH 3, E5500 V/cm; injection: 100 mbar s; detection: UV at 215 nm; sample: German
Gouda cheese; identified components: 15phenylethylamine, 25tyramine, 35tryptamine.
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