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CAPILLARY ISOELECTRIC FOCUSING 
WITH IMAGING DETECTION 

JIAQI WU AND JANUSZ PAWLISZYN* 
Department of Chemistry 

University of Waterloo 
Waterloo, Ontario, Canada N2L 3GI 

ABSTRACT 

A simple on-line absorbance imaging detection system was 
constructed for detection of capillary isoelectric focusing (CIEF). 
Because of the use of the CIEF-imaging detection system, separation 
and detection of protein sample could be completed in 2 minutes. The 
use of the imaging detection system also allowed for studying the 
focusing process. When a 4 cm long, 200-pm i. d. square capillary was 
used as the separation column, the concentration detection limit of the 
detectoir reached 5 pg/mL. This is the first report of applying absorbance 
imaging1 detection system to capillary electrophoretic techniques. The 
absorbance imaging detection system was compared with the refractive 
index glradient imaging detection system. For the capillary with large i. 
d., the absorbance imaging system showed higher sensitivity than the 
refractive index gradient imaging detector. However, the refractive index 
gradient imaging system was more suitable for narrow capillaries 
because it applied a laser as the light source which could be easily 
focused into narrow capillaries. The sensitivity of the refractive index 
gradient imaging detector was expected to be higher for narrower 
capillaries than the absorbance imaging detector. 
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1892 WU AND PAWLISZYN 

INTRODUCTION 

Capillary isoelectric focusing (CIEF)' is beginning to attract 

attention among analytical chemists and biochemists because it is an 

ideal tool for characterization of protein samples, such as antibodies, due 

to its high resolution and separation Small amounts of proteins 

(in nL) with isoelectric point (pl) differences as small as 0.02 can be 

separated and detected in 15 - 20 minutes. In conventional CIEF, all 

focused protein zones have to be moved inside the separation capillary, 

after the focusing process, through the detection point of an on-column 

detector which is located at one end of the capillary'. The mobilization is 

non-linear, which results in deterioration of resolution2, long analysis 

times2, and difficulty for determination of pi values for protein samples5. 

Therefore, an on-line imaging detection system will be the best detector 

for CIEF. The use of an on-line detector also allows for on-line 

optimization of experimental conditions and study of focusing mechanism 

in CIEF. 

Several new imaging detection schemes have been developed for 

CIEF. An electrode array detector could be used as an on-line imaging 

system for CIEF for study of focusing process6; however, the resolution 

of the detector is low due to the limited number of the electrode. The 

focusing process of blue dye stained proteins in a capillary was 

monitored by photographic method under the illumination of visible light7. 

However, it is difficult to obtain quantitative information using 

photographic film in the method. The focused protein samples could be 

quantitatively determined by a whole column absorbance detection 

method'. In this method, all the focused protein zones inside the 

capillary were detected using a single point UV-vis absorbance detector 

by moving the capillary after the focusing process. This method is not a 

on-line detector, and can not be applied to studies of focusing process. 

Also, zone broadening caused by diffusion during detection is 
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CAPILLARY ISOELECTRIC FOCUSING 1893 

unavoidable because the capillary is transferred to the detector after 

focusing’. 

A real on-line imaging detection system, which was based on the 

detection of the refractive index gradient generated by a concentration 

gradient, was developed for ClEF in our Iaborato$”O, by which 

separation and detection was combined into one step, and analysis of 

protein mixtures could be completed in 1 - 3 minutes”. The detection 

system could also be used for on-line optimization of focusing conditions 

and study of focusing processes’o. This detection system can be 

modified to become a simple on-line absorbance imaging detector by 

using a visible fight lamp source and a lens. In this paper, we will show 

preliminary results of applications of the on-line absorbance imaging 

detector and compare the results to those when the concentration 

gradient imaging detector is used. Human hemoglobin was used in the 

research as a model sample because of its absorption bands in the 400 - 
600 nm visible light range. 

MATERIALS AND METHODS 

Instrumentation 
A 200-pm i. d., 4-cm long square glass capillary was used as the 

separation column when the absorbance imaging detection was applied. 

A same length, 100 pm i. d. square glass capillary was used for the 

concentration gradient imaging detection system. The capillary inner wall 

was coated with non-cross-linked acrylamide to eliminate electroosmosis 

by the reported method3. The capillary cartridge used was the same as 

that used in our previous The sample focusing was driven 

by high-voltage dc power supply (RE3002B, Northeast Scientific, 

Cambridge, Mass.). The current passing through the capillary during the 

focusing process was monitored at the cathodic end of the capillary. 
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1894 WU AND PAWLISZYN 

In the absorbance imaging detector, the light beam source was a 

halogen lamp. The light from the lamp was collected by a paraboloidal 

reflector which reflected light onto a mirror. The light beam was filtered 

by color filter which was transparent in 400 nm - 600 nm wavelength 

range. The light beam was then focused into a 200 pm width slit and 

was focused again into the separation capillary. The image of the 

capillary illuminated by the light beam was projected by a 10 cm focal 

length lens onto a 1024 pixel charge-coupled device (CCD) sensor 

(S3903-1024Q, Hamamatsu, Hamamatsu City, Japan) which had a 25- 

mm X 0.5-mm sensing area. The changes in the light beam intensity 

profile due to the refractive gradient inside the capillary was eliminated 

by focusing the image of the capillary onto the detector plane. The data 

was collected by an IBM DACA board, in a PC-AT personal computer. A 

averaging method was applied to reduce the random noise, in which for 

each measurement the CCD scanned for ten times in 1 s and these 

scans were averaged. The background image which was recorded 

before the focusing voltage was turned on, was first subtracted from 

sample images, and the sample images were then normalized by the 

background image to eliminate fluctuations created by the source beam 

intensity distribution. All other instruments were the same as those used 

in previous  experiment^^^"'. 

Reagents 

Co., which contained 75% of methemoglobin, balanced primarily with 

oxyhemoglobin. All chemicals were reagent grade, and solutions were 

prepared using deionized water. 10 mM H,PO, and 20 mM NaOH were 

used as anolyte and catholyte, respectively. Protein samples were 

mixed with the carrier ampholytes (Pharmalyte pH3-10, Sigma) solution 

to a final concentration of 2% ampholytes’. Solutions were filtered using 

Human hemoglobin sample was purchased from Sigma Chemical 
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CAPILLARY ISOELECTRIC FOCUSING 1895 

0.2-pm pore size cellulose acetate filters (Sartorius, Gottingen, Germany) 

prior to use. 

lsoelectric focusing process 
The samples were loaded into the capillary by pressure. A plug of 

an 1% agarose gel (prepared in the anolyte) was introduced into the 

reservoir at anodic end of the capillary to avoid hydrodynamic flow during 

introduction of the catholyte and focusing process. A 2.5 kV dc voltage 

was applied in focusing process for the 200 pm i. d. capillary, and for the 

100 pm i. d. capillary, the focusing voltage was 4 kV. The current which 

passed through the capillary dropped from 50 pA to 3 pA in 2 minutes 

before stabilizing. During the focusing process the capillary was 

continuously monitored by the imaging detection systems, and the 

detection completed in 2 - 2.5 minutes when the focusing process 

finished. 

RESULTS AND DISCUSSION 

Unlike other capillary electrophoretic techniques, in CIEF, all 

components in a protein sample are focused inside the capillary during 

the focusing process. The best way to detect those focused zones 

without mobilization is using an imaging detection system. Compared to 

conventional CIEF on-column absorbance detectors, the absorbance 

imaging detector with the large CCD sensor facilitates high analysis 

speed, good sensitivity and high resolution. The detection system 

combines separation and detection steps into one step. Combined with 

a short capillary, fast separation and detection of protein samples can be 

achieved in short times. Figure 1 shows focusing process of the human 

hemoglobin samples at total concentration of 60 pg/mL monitored by the 
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a 

C 

14.4 15.6 16.8 

mm 
FIGURE 1. Absorbance images of focused human hemoglobin sample 
in the capillary. Total concentration of the sample; 60 pg/mL. (a) 3 s 
after focusing; (b) 0.5 minutes; (c) 1 minute; and (d) 2 minutes. 

absorbance imaging system. Peaks 1 and 2 correspond to two variants 

of hemoglobin; methemoglobin (pl 7.2, comprises 75% of the sample) 

and oxyhemoglobin (pl 7.0, comprises less than 25% of the sample), 

respectively. Other peaks may correspond to other variants of 

hemoglobin”. The results show that separation and detection can be 

completed in 2 minutes, which is much faster than the speed of 

conventional ClEF with mobilization process, 15 - 20 minutes’. 
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CAPILLARY ISOELECTRIC FOCUSING 1897 

Although a short capillary is used in the separation, the resolution 

of the detection is still high due to the use of the high resolution CCD 

sensor. The resolution of the detector is estimated to be less than 0.02 

pH units from the peak width of peak 2 and distance between peaks 1 

and 2 in Fig. 1. The resolution is the same order of magnitude as that of 

conventional on-column single point absorbance detectors', and better 

than the whole column scanning absorbance detecto?. In the whole 

column absorbance detection, the capillary needs to be removed from 

the focusing voltage and placed in the scanning stage for detection. In 

the detection, diffusion of the focused zone deteriorates the resolution. 

However, the on-line absorbance imaging system can detect sample 

zones inside the capillary while the focusing voltage is applied, which 

eliminates the zone broadening caused by diffusion. 

process and on-line optimization of separation conditions". An 

interesting phenomenon is observed by the imaging system. The 

focusing of the hemoglobin sample is very fast, only about 0.5 minutes 

as shown in Figure 1 b. The electropherogram at 0.5 minutes shows the 

best resolution, although all zones become stable after 1 minute. This 

observation can not be obtained with a conventional on-column detector 

or capillary scanning detector because they are not on-line detectors. 

The use of the imaging system also allows for study of focusing 

The detection limit of the detection system is about 5 pg/mL from 

the signal-to-noise ratio of peak 2 in Fig. 1, which corresponds to 7.8 X 

lo-* M from the molecular weight of hemoglobin, 64,500. A advantage of 

using the fast CCD sensor is the possibility of signal-to-noise ratio 

enhancement by averaging method. The detection limit is expected to 

be lower if more images are scanned and averaged by the detection 

system". The high speed CCD sensor can scan the capillary many 

times in a short time. The scanning speed of the present CCD reaches 

0.3 ms/scan. The averaging method has proved to be a effective way to 

increase signal-to-noise ratio of the imaging detector". The only 
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1898 ?VU AND PAWLISZYN 

limitation for fast scanning of the CCD under the present experimental 

conditions is the speed of the A/D board. Although averaging method 

can be used in the whole column absorbance detection method’, 

accumulation of many scans is impossible due to the low speed of 

capillary scanning by mechanical stage (more than one 1 minute per 

scan). Also, the scanning of the capillary adds extra noise to the 

detection system. 

concentration gradient imaging detector”. Because of the use of a 

incoherent light source in the absorbance imaging detector, it can not be 

applied to ClEF with narrow capillaries. Under the present experimental 

conditions, it is difficult to detect capillaries with an i. d. less than 200 

pm. Use of narrow capillaries in the absorbance imaging detector 
requires a wavelength adjustable laser working in UV range since most 

proteins only have absorbance bands in UV range. However, the 

concentration gradient imaging detector can be used for narrow 

capillaries. Because it is based on the detection of refractive index 

gradient, a inexpensive, low power He-Ne laser or even a diode laser 

can be used as its light source’o.”. Figure 2 shows the 

electropherogram of the same hemoglobin sample as that in Fig. 1, 

which is focused in a 100 pm i. d. capillary and detected by the 

concentration gradient imaging detection system. The resolution of the 

concentration gradient imaging detector shown in Fig. 2 is better than 

that of the absorbance imaging detector due to the second derivative 

nature of the concentration imaging detector which eliminates broad 

bands and fluctuations. 

The absorbance imaging detector is compared with the 

The sensitivities of both of the imaging detectors are compared. 

The relationship between the maximum concentration in a focused zone, 

C,,,, and the concentration of introduced sample, C,, can be written asI3: 

c,, = c, 44%0, 
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14 15 16 

mm 
FIGURE 2. Concentration gradient image of focused human hemoglobin 
sample in the capillary after 2 minutes focusing. Total concentration of 
the sample; 100 pg/mL. 

where, L is the overall length of the capillary, and ox is the standard 

deviation of the concentration distribution of the zone. The absorbance 

coefficient of hemoglobin" in 400 nm - 600 nm is less than lo5 cm.'M-'. 

The absorbance detection limit of the absorbance detector can be 

assumed to be 1 X 

0.02 cm i. d. capillary. By Equation 1, this value is calculated to 

corresponds to 2.1 X 10.' M of the introduced concentration for the 

hemoglobin zone shown in Fig. Id, which has a zone width of about 250 

pm. The experimental detection limit, 7.8 X 10.' M, is about 40 times 

higher than the theoretical value. This can be explained by the following 

two reasons. In the imaging detector, the noise level of the detected 

image depends mainly on the noise level of the light beam intensity 

profile which should be higher than the noise level of the whole beam 

intensity. Also there is absorbance background due to the carrier 

ampholytes". As mentioned above, the noise in beam intensity profile 

can be reduced by the averaging method. As for the concentration 

gradient imaging detector, the theoretical detection limit under the 

optimum conditions is about 10.' MI3. The experimental detection limit 

The detection limit for C,,, is 5 X l o 7  M for the 
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11 21 31 

FIGURE 3. Two-dimensional image of focused human hemoglobin 
sample in a 100 pm i. d. capillary after 2 minutes focusing detected by 
the 1200 X 256 pixel two-dimensional CCD sensor. Total concentration 
of the sample; 300 pg/mL. 

obtained from Fig. 2 is about 1.5 X 10.' M, which is higher than the 

theoretical value. This is due to the existence of a high concentration of 

the carrier ampholytes stacking along the ~apillary'~. This experimental 

detection limit is two times higher than that of the absorbance imaging 

detector under the conditions. These results show that the absorbance 

imaging detector has higher sensitivity for ClEF when capillaries with 

large if d. are used. For the narrower capillaries, higher focusing voltage 

can be applied, which generates narrower sample zones. For the 

absorbance detector, its sensitivity is proportional to 1 h x ,  and for the 

sensitivity of the concentration gradient dete~tor'~, it is proportional to 

l/cr,'. Therefore, the detection limit of the concentration gradient imaging 

detector is expected to be lower than that of the absorbance imaging 

detector. 
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CAPILLARY ISOELECTRIC FOCUSING 1901 

It should be noted that these two imaging detectors used in the 

research are inexpensive, each of which costs about $3,000, 

respectively, and they only use the commonly available components. 

They are also applicable to isoelectric focusing performed in capillary 

array14. In the future, the imaging detector is expected to replace the 

single point on-column detectors for the detection of CIEF. 

When a large two-dimensional CCD is used in the imaging 

detectors, they can not only be applied to CIEF performed in capillary 

array, but also can be used to study the focusing mechanism inside the 

capillary. For example, when a 1200 X 256 pixel two dimensional CCD 

sensor is used to observe the focused hemoglobin zones, as shown in 

Fig. 3, the sample zone shapes inside a 100 pm i. d. capillary can be 

observed. Figure 3 shows that the hemoglobin zone positions along the 

capillary axis are not the same at the places near capillary wall and at 

the center of the capillary. This observation can not be made without the 

use of the two dimensional CCD. 

ACKNOWLEDGMENT 

This work was supported by the Natural Sciences and Engineering 

Research Council of Canada. The authors also acknowledge the 

OPTIKON Corporation Ltd., Waterloo, Ontario, Canada, for lending the 

two-dimensional CCD sensor. 

REFERENCES 

1. T. Wehr, M. Zhu, R. Rodriguez, D. Burke, K. Duncan, Am. Biotechnol. 
Lab., 8, 22-29 (1990). 

2. M. Zhu, R. Rodriguez, T. Wehr, J. Chrornatogr., 559, 479-488 (1991). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
3
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1902 WU AND PAWLISZYN 

3. F. Kilar, S. Hjerten, Electrophoresis, 10, 23-29 (1989). 

4. M. A. Costello, C. Woititz, J. De Feo, D. Stremlo, L-F. L. Wen, D. J. 
Palling, K. Iqbal, N. A. Guzman, Journal of Liquid Chromatography, 
15, 1081-1097 (1992). 

5. F. Kilar, J. Chromatogr., 545, 403-406 (1991). 

6. W. Thormann, R. A. Mosher, M. Bier, J. Chromatogr., 351, 17-29 
(1986). 

7. W. Thormann, A. Tsai, J. Michaud, R. A. Mosher, M. Bier, J. 
Chromatogr., 389, 75-86 (1 987). 

8. T. Wang, R. A. Hartwick, Anal. Chem., 64, 1745-1747 (1992). 

9. J. Wu, J. Pawliszyn, Anal. Chem., 64, 224-227 (1992). 

10. J. Wu, J. Pawliszyn, Anal. Chem., 64, (1992) in press. 

11. M. Zhu, R. Rodriguez, T. Wehr, C. Siebert, J. Chromatogr., 608, 225- 
237 (1992). 

12. J. Wu, P. Frank, J. Pawliszyn, Appl. Spectrosc., 46, (1992) in press. 

13. J. Wu, J. Pawliszyn, Anal. Chem., 64, 219-224 (1992). 

14. J. Wu, J. Pawliszyn, Electrophoresis, 14, (1993) in press. D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
3
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


