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E valuation of extended light path capillary and etched capillary for
use in open tubular capillary electrochromatography
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Abstract

Poor sensitivity and low phase ratio are the main drawbacks of open tubular capillary electrochromatography (OTCEC).
The poor sensitivity results from the use of narrow bore size capillary, whereas the low phase ratio, which limits the
separation capability, is caused by the limited surface area of conventional capillary. Two strategies may be useful to
overcome these disadvantages. First, an extended light path (ELP) capillary, which has a bubble cell at the detection point, is
used to improve the sensitivity. Secondly, an etched capillary of a 1000-fold increased surface area is used to enhance the
phase ratio. In this work, use of an ELP capillary and an etched capillary in OTCEC was evaluated with a chiral stationary
phase of avidin prepared with the physical adsorption method. With a 20mm I.D. ELP capillary with a 150mm bubble cell,
the peak height was enhanced by 4–10-fold and the corrected peak area was increased by 12-fold relative to a 20mm I.D.
conventional capillary. However, the peak efficiency and resolution decreased noticeably. The phase ratio on the etched
capillary was slightly enhanced, by a factor of 1.64 relative to an unetched capillary. Consequently, the separation capability
was slightly improved. The increase in the phase ratio was much lower than that expected from the increase in surface area,
the reason for which is probably the reduced density of surface silanol group and the generation of nitrogen-containing
groups due to the etching process. 2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction simple instrumental handling and the short condition-
ing time. However, its evident disadvantages are

Open tubular capillary electrochromatography poor sensitivity due to the narrow bore size of the
(OTCEC) [1–14] is one of the main modes of capillary and low separation capability due to the
capillary electrochromatography (CEC). Compared low phase ratio on the limited surface area. To
to the other two CEC modes, packed column CEC resolve these problems, two tactics may be used.
[15–20] and monolithic column CEC [21–26], the First, an extended light path (ELP) capillary, which
main advantages of OTCEC are high efficiency, is fabricated with a bubble cell (usually 3–5-fold

expansion) at the detection point, may yield a 3–5-
fold increase in sensitivity relative to conventional*Corresponding author. Tel.:181-791-580-171; fax:181-791-
capillary. Several applications have been described580-493.
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capillary zone electrophoresis (CZE) [27,28]. Sec- were obtained from Silicon Valley Separation Media
ondly, an etched capillary of a 1000-fold increased (San Jose, CA, USA).
surface area is used to enhance the phase ratio. Pesek
and co-workers [4–9,29] have developed etched bare2 .3. Preparation of stationary phase and frontal
fused-silica capillary and a variety of chemically analysis
modified etched capillaries with desired selectivity
for OTCEC. However, the capability of etched After the capillaries were activated, the stationary
capillary to improve the phase ratio has not yet been phase of avidin was prepared according to the
investigated. method proposed previously [13]. The frontal analy-

In this work, we assessed the possibility of ELP sis method was the same as described previously
and etched capillaries for improving the detection [13], except that thiourea was used to measure
sensitivity and separation capability of OTCEC with breakthrough time without any adsorption.
a chiral stationary phase of physically adsorbed
avidin. The physical adsorption method [10–14,26] 2 .4. Chemicals and solutions
is employed to prepare the stationary phase, because
of its simplicity of preparation procedure and All the chemicals used were of analytical or
feasibility of estimation of the amount of the station- chromatographic grade. Avidin was a gift from Eisai
ary phase on the capillary wall. (Tokyo, Japan). Racemic samples of danysl-valine

(Dns-Val), dansyl-methionine (Dns-Met), dansyl-
threonine (Dns-Thr), dansyl-serine (Dns-Ser) and
chrysanthemic acid were purchased from Sigma (St.2 . Experimental
Louis, MO, USA) while racemic samples of fluribip-
rofen and ibuprofen were purchased from Wako

2 .1. Instrumentation (Osaka, Japan). The sample solutions were prepared
with water. The concentrations of the samples were

All experiments were performed on a Beckman 0.05 or 0.1 mg/ml. Water was purified with a Milli-
P/ACE 5000 instrument (Fullerton, CA, USA). Data Q Labo system (Nihon Millipore, Yonezawa, Japan).
collection and instrument control were realized with
a Beckman P/ACE Station on a personal computer.
UV detection was carried out at 200 or 214 nm. The 3 . Results and discussion
slit was 200mm for observation on ELP capillaries
and 800mm for observation on etched capillaries. 3 .1. Use of ELP capillary
The temperature was kept constant at 208C. The
applied voltage was 20,220 or 210 kV. Open With three racemic samples of Dns-Val, Dns-Met,
tubular liquid chromatography (OTLC) was per- Dns-Thr as test solutes, the detection sensitivity on a
formed by applying a pressure of 3.45 kPa (0.5 p.s.i.) ELP capillary was investigated and compared with a
to the capillary from the inlet. The samples were conventional capillary of identical inner diameter. As
injected by a pressure of 3.45 kPa for 2–8 s. shown in Fig. 1, the sensitivity was effectively

improved by the use of ELP capillary. The corrected
2 .2. Capillaries peak area and peak height were increased by 12-fold

and 4–10-fold, respectively. However, the use of the
All the capillaries used had a length of 57 cm (50 bubble cell gave rise to noticeable losses in ef-

cm to detector). Fused-silica capillaries (20 and 50 ficiency and resolution. As can be seen from Table 1,
mm I.D.) were purchased from Polymicro Tech- the losses in efficiency and resolution are related to
nologies (Phoenix, AZ, USA). ELP capillaries (20 the efficiency: the higher the efficiency, the larger
mm I.D. with a bubble cell of 150mm) were gifts the losses. These losses are caused by the mismatch
from Agilent Technologies (Waldbronn, Germany). of the detection slit length with the bubble cell size.
Etched bare fused-silica capillaries (50mm I.D.) When a sample band enters the bubble cell, it
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Fig. 1. Comparisons of OTCEC separations of racemic samples on ELP and conventional capillaries. Sample (0.1 mg/ml): A, Dns-Val; B,
Dns-Met; C, Dns-Thr. Conventional capillary, 57 cm (50 cm to detector)320 mm I.D.; ELP capillary, 57 cm (50 cm to detector)320 mm
I.D. with a bubble cell of 150mm; slit length for detection, 200mm; mobile phase, 10 mM phosphate buffer, pH 6.00; applied voltage,210
kV; temperature, 208C; injection: 3.45 kPa38 s.

expands in the radial direction to fill the increased a bubble cell of five-times larger inner diameter
area but compresses in the axial direction. The radial should be 8 and 32mm, respectively. Clearly, such
expansion is essential for the enhancement in sen- slit lengths are too limited to be practical, whereas
sitivity while the axial compression requires an use of any larger slit length will be accompanied
accordingly reduced slit length to preserve the with loss in efficiency and thereby loss in resolution.
original peak efficiency. Provided that there is no On the other hand, the slit length required depends
mixing or band broadening process, the band com- on the width of the sample band; a shorter slit is
pression is proportional to the square of the diameter needed for a narrower sample band. As the slit
at a given section of the bubble cell, leading to a length is usually fixed, the loss in efficiency on the
band that is compressed by a factor of 9 to 25 for ELP capillary depends on the width of the sample
typical bubble cells expanded 3–5-times relative to band. This explains the above dependence of the
the capillary inner diameter. Therefore, to keep the losses in efficiency and resolution on the peak
detected peak efficiency the same, the slit should be efficiency. Clearly, the ELP capillary is not suitable
reduced to 1/9 to 1/25 of its original length. For for very efficient peaks with low resolutions. As high
example, to retain the efficiency detected with typi- efficiency is a main advantage of OTCEC, the ELP
cal slits of 200 and 800mm on the Beckman CE capillary is unfavorable to maintain such an advan-
instrument, the slit lengths for an ELP capillary with tage. However, it is useful for highly retentive

Table 1
aComparisons of the peak efficiency and resolution on conventional and ELP capillaries

Compound Conventional capillary ELP capillary Ratio

9 9 9 9 9 9N N R N N R N /N N /N R /R1 2 s 1 2 s 1 1 1 1 s s

Dns-Val 64 000 17 000 2.6 25 000 13 000 2.3 0.39 0.76 0.88
Dns-Met 85 000 44 000 3.5 31 000 17 000 1.6 0.36 0.39 0.46
Dns-Thr 350 000 230 000 2.7 38 000 35 000 1.0 0.11 0.15 0.37

a Unit of the efficiency: theoretical plates/m.
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analytes, which usually encounter low efficiency in capillaries were treated with 0.1M NaOH for 30 min
OTCEC. followed with water for 10 min and a mobile phase

of 10 mM phosphate buffer (pH 2.42) for 20 min,
3 .2. Use of etched capillary the t value on the unetched capillary under a voltage0

of 20 kV was 55.3 min while no peak for thet0

Because the surface matrix of an etched capillary marker (thiourea) was observed on the etched capil-
is different from an unetched capillary after being lary within 90 min under 20 kV and within 60 min
treated with etching reagent, it is necessary to find under220 kV. The weak cathodic EOF on the
out a proper activation procedure to offer maximum unetched capillary indicates that there were still
silanol density. Since the electroosmotic flow (EOF) some ionized silanol groups at the capillary inner
on a fused-silica capillary is generated mainly due to surface under an acidic pH as low as 2.42. The
the presence of ionized surface silanol groups, disappearance of EOF on the etched capillary sug-
monitoring the change in EOF may shed light on the gests that there were some functional groups of
change of the surface silanols on the etched capil- opposite charge at the capillary inner surface,
lary. With a mobile phase of 10 mM phosphate generating a weak opposite potential to offset the
buffer, pH 6.00, the EOF on an etched capillary was weak potential produced by the ionized silanols. The
found faster than that on an unetched one; however, EOF measurement was repeated with three etched
the enhancement of the EOF depended on the capillaries, the trends were found the same. These
activation conditions. After the capillaries were results indicate that a long duration of activation
rinsed with 0.1M NaOH for 30 min, followed with procedure was favorable for increasing the ionized
water for 10 min and the mobile phase for 20 min, silanol number on the etched capillary and that the
the t value on the etched capillary under a voltage etched capillary had some positively charged groups.0

of 20 kV was 7.9 min, being 0.7 min shorter than that After the capillaries were activated with 0.1M
on the unetched capillary. As a contrast, after rinsing NaOH for 12 h, followed by a rinse with water for
the capillaries with 0.1M NaOH for 12 h followed 10 min and 10 mM phosphate buffer (pH 6.00) for
with water for 10 min and the mobile phase for 20 20 min, the adsorbed amounts of avidin on the
min, the t value on the etched capillary under the etched and unetched capillaries were measured by0

same voltage was reduced to 5.0 min, 0.3 min faster using the frontal analysis method and compared with
than that on the unetched capillary. The EOF at each other. As shown in Table 2, the adsorbed
acidic pH condition was also investigated. After the amount was 7.13mmol / l on the etched capillary and

Table 2
Comparisons of the adsorbed amounts of avidin, the retention factors and the separation factors observed on etched and unetched capillaries

Etched Unetched Ratio
capillary capillary (etched/unetched)

Adsorbed amounts (mmol/ l) 7.13 4.34 1.64
Retention factor (OTLC mode)
Flurbiprofen 0.186 0.108 1.72

0.336 0.178 1.88
Ibuprofen 0.101 0.054 1.89

0.192 0.093 2.07
Dns-Thr 0.023 0.015 1.51

0.042 0.026 1.61
Separation factor
Flurbiprofen 1.80 1.65 1.09
Ibuprofen 1.90 1.74 1.09
Dns-Thr 1.87 1.75 1.07

Conditions: capillary, 57 cm (50 cm to detector)350 mm I.D.; mobile phase, 10 mM phosphate buffer, pH 6.00; temperature, 208C;
applied pressure, 3.45 kPa.
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4.34mmol / l on the unetched capillary. The increase etched capillary, were resolved somewhat better on
in phase ratio was only 1.64-fold, very slight com- the etched capillary.
pared to the large increase of the surface area. The The low phase ratio on the etched capillary may
retention factors and separation factors of a few test have resulted from three aspects of reason: (1) low
compounds on the resulting stationary phases on the accessible surface area, (2) low density of surface
etched and unetched capillaries were investigated silanol groups at the capillary wall, and (3) the
under OTLC mode by applying a pressure to the presence of oppositely charged groups. The surface
inlet of the capillary with the same instrument. As topography of etched and unetched capillaries was
shown in Table 2, the retention factors of the investigated with atomic force microscopy (AFM)
enantiomers of flurbiprofen, ibuprofen and Dns-Thr [30]. It was found that on etched capillaries small
on the etched capillary were slightly higher than (width,50 nm) and shallow (depth,50 nm) pits
those on the unetched capillary, by 1.51–2.07-fold. occur frequently, providing the main contribution to
This is in agreement with the slight increase in phase the high surface area. As the one-dimensional size of
ratio on the etched capillary. The separation factors avidin is only 5 nm approximately [31], most of such
on the etched capillary were almost the same as pits should be accessible for the molecules of avidin.
those on the unetched capillary, which means that The etching process involves two main reactions, (1)
there was nearly no change in selectivity. The and (2), and two subsidiary reactions, (3) and (4), of
separation capability of the etched capillary is illus- surface silica as follows [32]:
trated with the CEC separations of Dns-Thr, Dns-Ser

Si OH1NH F5Si F1NH 1H O (1)and chrysanthemic acid. Being consistent with the s 4 s 3 2

increase in the phase ratio, the improvement of the
separations on the etched capillary was minute, as Si OH1HF5Si F1H O (2)s s 2
shown in Fig. 2. The enantiomers of Dns-Thr, which
could be baseline separated on the unetched capil- NH2Si OH1NH 5Si k lSi (3)s 3 s slary, were separated with a little better resolution on O
the etched capillary. Dns-Ser and chrysanthemic
acid, which could be partly separated on the un- Si OSi1NH 5Si OH1Si NH (4)s 3 s s 2

Fig. 2. Comparisons of OTCEC separations of racemic samples on unetched and etched capillaries. Sample: A, Dns-Thr (0.1 mg/ml); B,
Dns-Ser (0.1 mg/ml); C, chrysanthemic acid (0.05 mg/ml). Columns, 57 cm (50 cm to detector)350mm I.D.; slit length for detection, 800
mm; mobile phase, 10 mM phosphate buffer, pH 6.00; applied voltage,210 kV; temperature, 208C; injection, A and B, 3.45 kPa32 s, C,
3.45 kPa35 s.
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Therefore, the surface matrix of etched capillary part of the etched capillaries and Dr. Gerald Rozing
NH at Agilent Technologies for generous gifts of ELPshould be Si F instead of Si OH, whereask l ands s O capillaries. Z.L. acknowledges the postdoctoral fel-Si NH are possible by-products. The change of thes 2 lowship and the Grant-in-Aid for scientific researchsurface matrix is supported by the evidence of

(No. 99290) supported from Japan Society for thephotoelectron spectrometry that fluorine and nitrogen
Promotion of Science. This work has been supportedare incorporated into the surface structure of etched
in part by the Grant-in-Aid for Scientific Research oncapillary [8]. The groups of –NH and=NH may be2 Priority Area (B) Creation of Micro Chemo Mechat-protonated at acidic condition, bring positive charge,
ronics (No. 13124208) from the Ministry of Educa-and then counteract with the ionized silanol groups.
tion, Culture, Sports, Science and Technology,This explains the disappearance of EOF under acidic
Japan.pH. In addition, the presence of the groups of –NH2

and =NH is detrimental for the adsorption of avidin
due to the electrostatic repulsion. Therefore, the main
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