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Abstract

The procedures for the preparation of silica capillaries coated with titanium oxide or aluminum oxide are
developed. These inorganic coated capillaries are studied for their applicability in capillary electrophoresis. The
points of zero charge are measured as pH 5 and pH 7 for titanium oxide- and aluminum oxide-coated capillaries,
respectively. Both titanium oxide and aluminum oxide coatings give better protein separations in comparison to the
use of fused-silica capillaries. Scparation efficiency of lysozyme as model protein is measured in the range of 20 000
theoretical plates/m of inorganic coated capillarics. However, the hydrophobic interaction between proteins and
modified capillary wall possibly contributes to the tailing of observed protein peaks.

1. Introduction

Silica capillaries are the most commonly used
tubing in capillary electrophoresis (CE) and
exhibit the electroosmotic flow toward the
cathodic end when the solution pH is above 2
[1]. Reported attempts for affecting the ¢ po-
tential and the electroosmotic flow at the silica-
aqueous interface included the use of surface-
active agents, buffer pH, buffer composition,
temperature, or chemical derivatization of the
surface [2-6]. In addition, a rccent approach
involving the use of a radial clectric potential
gradicnt across the capillary wall for the direct
control of the ¢ potential and the ¢lectroosmosis
was demonstrated [7-11].

Clearly, a surface with a wider and/or differ-
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ent range of the ¢ potential and the electroos-
mosis from silica substrate is desirable and can
provide alternatives in the applications of CE.
For ecxample, capillaries made from organic
synthetic materials such as polyfluorocarbon,
polyethylene or poly(vinyl chloride) were studied
for their electrokinetic behavior in the aqueous—
organic solvent mixture [12]. Tt is suggested that
the dependence of the surface charge on the
solution pH in these capillaries was caused by
the pratolysis of carboxylic groups located at the
surface [12]. The { potential and the electroos-
mosis was about half of that of fused-silica
capillary under comparable conditions.

In this study, silica capillaries coated with
titanium oxide or aluminum oxide are prepared.
It has been reported that Ti-O-8i and Al-O-5j
bonds are chemically stable [13] and should be
appropriatec for most applications in CE. With
the application of radiotracer adsorption meth-
od, the point of zero charge (PZC) for titanium
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oxide and that for aluminum oxide were mea-
sured to be 5.9 and 7.6, respectively [14,15]. It is
anticipated that the ¢ potential and the elec-
troosmosis on these inorganic coated surfaces
should be much lower than those of silica sub-
strate at neutral pH. The electrokinetic behavior
of inorganic coated silica surfaces are studied
with  the  Gouy-Chapman-Stern-Grahame
(GCSG) model (see ref. 16) and compared with
the measured electroosmotic mobilities at vari-
ous solution pH values. Preliminary protein
adsorption studies on these newly generated
inorganic surfaces are presented and discussed.

2. Experimental
2.1. General

A complete CE system with a UV detector as
described elsewhere was used in this study [10].
Fused-silica capillaries of 50 pm [.D. x 150 pm
O.D. were obtained from Polymicro Tech-
nologies (Phoenix, AZ, USA) in the preparation
of titanium oxide- or aluminum oxide-coated
tubings. A constant electric field of 200 V/cm
across the buffer solution in a 40 cm long
capillary was applicd for driving the electro-
osmotic flow. A 0.5% dimethyl sulfoxide solu-
tion was used as the neutral marker for moni-
toring the direction and flow-ratc of the elec-
traosmosis [17]. The distance between injection
end and UV detector was 24 cm. The electro-
osmotic mobility was assigned as positive when
the direction of flow was toward the cathodic
end.

All chemicals were purchased from Aidrich
(Milwaukee, WI, USA). Proteins such as
lysozyme and myoglobin were obtained from
Sigma (St. Louis, MQ, USA). The running
solution was prepared as 10 mM sodium acetate
for solution pH=4 or 10 mM acetic acid for
solution pH=3. The pH of the solution was
adjusted with 0.1 M hydrochloric acid or 0.1 M
sodium hydroxide. The solutions were formu-
lated to contain appropriate amounts of sodium
chloride for maintaining constant ionic strength.

2.2. Preparation of inorganic coated silica
capillaries

Fused-silica capillarics were washed with 1 M
NaOH at 80°C for 30 min followed by distilled
water at 80°C for another 30 min. The tubings
were then dried with nitrogen for 1 h. A solution
of titanium isopropoxide—toluene (30:70, v/v)
was passed through the tubings with dry nitrogen
at 50°C for 90 min. Titanium isopropoxide
reacted with surface-bound watcr and underwent
hydrolysis. The hydrolyzed product, titanium
hydroxide, would then react with the surface
silanol groups to form a stable titanium oxide
coating. The reaction solution was allowed to
remain in the tubings for 10 min before it was
replaced with fresh solution. This refurnish of
reaction solution was repeated during the 90-min
reaction period. At the end of the reaction
period, the excess reagent in the capillaries was
removed by nitrogen and the tubings were then
kept at 200°C overnight. The same coating
reaction process was repeated again with the
modified capillaries in the next day. The titanium
oxide-modified capillaries were washed with 0.1
M NaOH for 30 min followed by distilled water
and the running buffer for 30 min of each step
before the electrokinetic studies were carried
out.

To obtain aluminum oxide-coated silica capil-
laries, a reaction solution of aluminum iso-
propoxide in toluene (0.2 M) was prepared.
Following thc samc coating procedures as de-
scribed above, the aluminum oxide-modified
capillaries was kept at 200°C for one week to
obtain a stable surface coating. The capillaries
were washed with the same steps as described
above before the electroosmotic mobility was
measured.

3. Results and discussion

To provide a basis for the comparison with
inorganic coated tubings, the electroosmotic mo-
bilities of fused-silica capillary at various solution
pH values in 10 mM acctate were measured. The
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Table 1
Modeling parameters used in the GCSG model

Substrate Dissociation constant Binding constant of Surface site density
N, (sites/cm?)
pK.. pK.,. Cations, Anions,
pK, PK,
Silica oxide -0.2 5.8 6.8 5-10"
Titanium oxide 2.7 9.1 45 7.2 12.2-10"
Aluminum oxide 32 11.8 92 7.9 8-10"

measured electroosmotic mobilities were then
compared with the predictions based on the
GCSG model [16]. The modeling parameters
used in the calculation such as the surface
density of silanol groups, the dissociation con-
stants of silanol groups, and the binding constant
of counter-ions at the silica—aqueous interface
were reported by Scale e al. [18] and summa-
rized in Table 1. As shown in Fig. 1, the
predictions were in good agreement with the
measured electroosmotic mobilities. The results
shown in Fig. 1 support the use of a GCSG
model for investigating the electrokinetic be-
havior in the inorganic coated capillaries.
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Fig. 1. Plot of the electroosmotic mobility, u, , in a fused-
silica capillary against the solution pH in 10 mM acetate. The
open circles and the solid line represent the measured
electroosmotic mobilities and theoretical prediction, respec-
tively. The error in the measurement of electroosmotic
mobility was about 2-5% for over 5 runs at various solution
pH values.

3.1. Titanium oxide-coated capillaries

As shown in Fig. 2, the measured electro-
osmotic mobility on the titanium-coated surface
was about —3.0-107* ¢cm?/Vs at pH 3 and
leveled off to 2.9-107* cm®/V s at pH 11. The
PZC was shifted from pH 2 for the fused-silica
capillary to about pH 5 for the titanium oxide-
coated capillary. The measured PZC was smaller
than pH 5.9 as reported in the literature for sol
material [14].

The modeling parameters inciuding the dis-
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Fig. 2. Plot of the electroosmotic mobility, u, , in a TiO,-
coated capillary against the solution pH in 10 mM acetate.
The open circles and the solid line represent the measured
electroosmotic mobilities and theoretical prediction, respec-
tively. The error in the measurement of clectroosmotic
mobility was about 2—-5% for over 5 runs at various solution
pH values.
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sociation constants, pK,, and pK_,, the binding
constants of counter-ions, pK,, and pK,,, and the
surface site density, N, were obtained for rutile
titanium oxide [19,20] and summarized in Table
1. As shown in Fig. 2, the predictions based on
the GCSG model were in good agreement with
the measured results and supported the existence
of titanium oxide coating on the silica surface. In
addition to smaller PZC observed in this study,
the measured electroosmotic mobilities at the
solution pH above PZC were all larger than the
predictions. These observations might indicate
that the dissociation constant of pK,, was smaller
than the literature value used in the calculation.
It is possible that the less hydrated surface
obtained in this study results in a larger dissocia-
tion constant as explained by Nawrocki [13].

3.2. Aluminum oxide-coated capillaries

As shown in Fig. 3, the measured electro-
osmotic mobility in the aluminum oxide coated
silica capillary was varied from —2.3-10 * cm®/
VsatpH 31t02.8-10 % cm®/V s at pH 11. The
modeling parameters reported for y-aluminum
oxide [21] were used in the calculation and
summarized in Table 1. As shown in Fig. 3, the
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Fig. 3. Plot of the clectroosmotic mobility, «_,, in a ALO,-
coated capillary against the solution pH in 10 mM acetate.
The open circles and the solid line represent the mcasured
electroosmotic mobilities and theoretical prediction, respec-
tively. The crror in the measurement of electroosmotic
mobility was about 2-5% for ever 5 runs at various solution
pH values.

excellent agreement between the predictions
based on the GCSG model and the measured
electroosmotic mobilities indicated the existence
of aluminum oxide coating on the silica surface.

The PZC was shifted from pH 2 for the fused-
silica capillary to near pH 7 for the aluminum
oxide-coated tubing. The measured PZC was
smaller than the reported value of 7.6 [15]. The
lower PZC observed in this study could be
attributed to the smaller pK,, in the coated
surface than the literature value used in the
calculation. It is possible that the less hydrated
surface as the outcome of our coating procedure
results in a larger dissociation constant as ex-
plained by Nawrocki [13].

3.3. Protein adsorption

Both titanium oxide- and aluminum oxide-
coated silica capillaries as prepared in this study
have low or ncar zero { potential at or close to
neutral solution pH. Significant reduction of
protein adsorption at these modified capillary
surfaces in comparison with fused-silica capil-
larics is therefore anticipated. Two model pro-
teins, lysozyme (p/ 11) and myoglobin (p/ 7.2)
with the concentration of 1 mg/ml for each
protein in the mixture were prepared in 10 mM
acetate buffer at the solution pH of 5 and 7. As
shown in Fig. 4, a satisfactory result for the
separation of lysozyme and myoglobin in the
titanium-coated capillary was observed at 10 mAM
acetate buffer and pH 5. The measured sepa-
ration efficiency of lysozyme was in the range of
20 000 theoretical plates/m of capillary. This
separation efficiency was better than the result
obtained from fused-silica capillary which was
below 5000 theoretical plates/m of capillary (not
shown) with significant pcak tailing.

As shown in Fig. 4, there was tailing for
lysozyme separated in the titanium oxide-coated
capillary at pH 5. In addition, the tailing of
lysozyme peak was observed for the separations
in the aluminum oxide-coated capillary at both
pH 5 and 7 (not shown). At pH 5, the aluminum
oxide-coated silica capillary exhibited a strong
anodic electroosmosis and indicated the presence
of a nct positive surface charge. The observation
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Fig. 4. Electropherogram of lysozyme and myoglobin in a
TiO,-coated silica capillary at 10 mAf acetate and pH 5.
Elution order: lysozyme and then myoglobin.

of lysozyme tailing was probably due to the
hydrophobic interaction of protein with the
modified surfaces.

It has been reported that titanium oxide and
aluminum oxide were suitablc as bases for the
strong adhesion with polyethylene glycol and
carbohydrates [22]. In contrast, these substances
did not attach well to untreated glass substrate
[22]. The hydrophilic polymer such as poly-
cthylene glycol (PEG) with various molecular
masses (3350, 5000 and 15000} was therefore
added in the running buffer for the reduction of
protein adsorption onto the modified surfaces.
Before the protein separation, the modified
capillary was loaded with the running buffer
containing 5% (w/w) of PEG overnight. During
the protein separation, both protein samples and
running buffer contain 0.5% (w/w) of PEG.
However, no significant improvement for
lysozyme tailing was observed with the addition
of PEG of molecular masses varying from 3350
to 15 000.

Finally, the inorganic coated silica capillaries
prepared in this study were very stable under
alkaline conditions. 0.1 M NaOH followed by
distilled watcr and the running buffer was used

routinely during the measurement of electro-
osmotic mobility at various solution pH values.
These inorganic coated surfaces with ditferent
range of the { potential and the electroosmosis
from silica substrate may provide alternatives in
the applications of CE.

Acknowledgements

We thank Dr. Fred E. Regnicr for his helpful
discussion. Support for this work by NSF Instru-
mentation and Instrument Development Pro-
gram (DIR-9105016) and NSF Research Initia-
tion Award (CTS-9108875) is gratefully acknowl-
edged. C.S.L. is a National Science Foundation
Young Investigator (BCS-9258652).

References

[1] NV. Churaev, L.P. Sergeeva, V.D. Sobolev and BV
Derjaguin, J. Colloid Interface Sci., 84 (1981) 451.

[2] I.W. Jorgenson and K.D. Lukacs, Clin. Chem., 2719
(1981) 1551.

3] K.D. Lukacs and J.W. Jorgenson, J. High Resolut.
Chromarogr. Chromatogr. Commun., 8 (1985) 407.

[4] R.M. McCormick, Anal. Chem., 60 (1988) 2322.

[5] S. Honda, K. Yamamoto, S. Suzuki, M. Ueda and K.
Kakehi, J. Chromatogr., 588 (1991) 327.

[6] 1.K. Towns and F.E. Regnier, J. Chromatogr., 516
(1990) 69.

[7] C.S. Lee, W.C. Blanchard and C.T. Wu, Aral. Chem.,
62 (1990) 1550.

[8] C.S. Lee, D. McManigill, C.T. Wu and B. Patel, Anal.
Chem., 63 (1991) 1519.

[9] C.5. Lee, C.T. Wu, T. Lopes and B. Patel, J. Chroma-
togr., 559 (1991) 133.

[10] C.T. Wu, T. Lopes, B. Patel and C.S. Lee, Anal.
Chem., 64 (1992) 886.

[11} M.A. Hayes and A.G. Ewing, Anal. Chem., 64 (1992)
512.

|12] 'W. Schutzner and E. Kenndler, Aaal. Chem. ., 64 (1992)
1991.

[13] J. Nawrocki, Chromatographia, 31 (1991) 177,

[14] G.R. Wiese and T.W. Healy, J. Colloid interface Sci., 51
(1975) 427.

[15] W. Smit and C.L.M. Holten, J. Cofioid Interface Sci.,
78 (1980) 427,

[16] D.E. Yate, S. Levine and T.W. Healy, J. Chem. Soc.,
Faraday Trans., 70 (1974) 1807.



290 P. Tsai et al. | J. Chromatogr. B 657 (1994) 285290

{17] T. Tsuda, K. Nomura and G. Nakagawa, J. Chroma- [20] Y.G. Berub’e and PL. de Bruyn, J. Colloid Interface
logr., 248 (1982) 241. Sei., 28 (1968) 92.

(18] P.J. Scale, F. Grieser and T.W. Healy, Langmuir, 8 {21] C.P. Huang and W. Stumm, J. Colioid Interface Sci.,
(1992) 965. 243 (1973) 409

[19] Y.G. Berub’c and P.L. de Bruyn, J. Colloid Interface [22] W. Schneider, J.C. Frohne and H. Bruderreck, J.

Sci., 27 (1968) 305. Chramarogr., 155 (1978) 311.



