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SUMMARY 

A fixed-wavelength on-column UV absorption detector has been developed for 
open tubular capillary electrophoresis. The detection limits are 15 pg for isoquinoline 
and 250 pg for lysozyme. Detector response is linear over three to four orders of 
magnitude for each solute tested. This approach to detector design solves many prob- 
lems encountered in the use of modified commercial high-performance liquid chro- 
matography detectors. Examples of separations obtained by capillary zone electro- 
phoresis with UV detection are given, including separations in non-aqueous and 
mixed media. 

INTRODUCTION 

High-voltage zone electrophoresis performed in open tubular capillaries offers 
several advantages over more conventional approaches to electrophoresis’ . Efficient 
cooling of the separation compartment allows the use of very high voltages, resulting 
in high-resolution separations in a short time period. Since no stabilizers are used, 
zone broadening effects such as “eddy migration” and adsorptive interactions be- 
tween solutes and stabilizers are eliminated. Under ideal circumstances, molecular 
diffusion is the primary source of zone broadening. On-line detection devices permit 
accurate measurement of migration times and zone concentration profiles in a format 
similar to a chromatogram. 

Detection is a critical factor in the development of capillary zone electropho- 
resis, Separation efficiencies of up to one million theoretical plates have been reported 
for small ions with this technique *. Efficiencies of up to several million theoretical 
plates may be realized for proteins and other large solutes, if adsorption to the inside 
surface of the capillary can be eliminatedz. The high separation efficiency of capillary 
zone electrophoresis makes small volume a requirement for a detection device. The 
low sample capacity of the capillary necessitates a highly sensitive detector. In our 
laboratory, these problems have been approached through the use of on-column 
optical detectors. Initial work involved the use of a home-made fluorescence detec- 
tor3. This detector is quite sensitive, but limits detection to fluorescent solutes. Recent 
improvements on this detector have made it applicable to a wider range of solutes4*5, 

OOZl-9673/84/%03.00 0 1984 Elsevier Science Publishers B.V. 



136 Y. WALBROEHL, J. W. JORGENSON 

but it remains that solutes must fluoresce in order to be detected. Preparation of 
fluorescent derivatives is sometimes a solution to this problem, but derivatization is 
not always feasible, so more general detection schemes are warranted. 

UV absorption is a more general mode of detection which is useful for many 
solutes of interest. Previous work with on-column UV detection in capillary sepa- 
ration techniques has involved the use of modified commercial HPLC detectors6-g or 
detectors designed for capillary isotachophoresis lo. None of these detectors has a 
sufficiently small illumination slit to accommodate capillaries of 80 pm I.D. or less. 

Our experience with a modified Jasco UVIDEC 100-11 HPLC detector revealed 
several problems. First, the source, a deuterium lamp, offers modest intensity over 
a broad spectrum, but relatively low intensity over narrow bandwidths. Secondly, 
our modification9 makes no provision for securing the capillary firmly in the optical 
path. This presents two problems. There is no way to secure the capillary in an 
optimum position in the optical path, for greatest signal-to-noise ratio. There is also 
no way to ensure that the capillary will occupy the same spot in the optical path 
during subsequent experiments, so reproducibility is poor. Also, the capillary can 
vibrate in the optical path upon application of very high voltages, resulting in a noisy 
baseline. Finally, the slit width is much greater than the inner diameter of the cap- 
illary, so much of the light reaching the photodetector has not passed through the 
capillary. This has two effects. First, the linear dynamic range of the detector is 
reduced. Secondly, the maximum absorption signal that can be produced is relatively 
small, and signal-to-noise ratio is reduced. 

In our laboratory, a UV absorption detector has been designed and built spe- 
cifically for open tubular capillary zone electrophoresis. This detector has a “slit” 
width of only 100 pm, and thus spatial resolution is very good. It uses interchangeable 
line sources which offer high intensity over narrow bandwidths. The detector is linear 
over four orders of magnitude with detection limits as low as 15 pg for isoquinoline. 

INSTRUMENTAL 

Optical layout 
A schematic diagram of the optical layout for the on-column UV detector is 

given in Fig. 1. The UV source is a 7-W cadmium “pen-ray” lamp (CD-480, Ultra- 
Violet Products, San Gabriel, CA, U.S.A.). This lamp emits radiation from both 
sides, so emission from one side of the lamp is used as the reference beam and the 
other is used as the sample beam. For added flexibility, it may be interchanged with 
zinc and mercury lamps of a similar design. The reference and sample beams pass 
through lOO+m pinholes (1546, Oriel, Stratford, CT, U.S.A.). The positions of the 
pinholes are adjusted through the use of pinhole positioning mounts (1538, Oriel). 
The pinhole mounts were slightly modified so that the capillary can be mounted flush 
to the pinhole. The capillary is clamped in place by two nylon set screws on either 
side of the pinhole. The use of a “reference capillary” is optional and was omitted 
in this work because it was of no advantage. The beams are then passed through 
interference filters (229 nm, No. 2290/200, Barr Assoc., Concord, MA, U.S.A. or 326 
nm, No. PlO-326-A, Corion, Holliston, MA, U.S.A.) to select the wavelength of 
interest. The transmitted light is then detected by two photomultiplier tubes (R212, 
Hamamatsu, Japan). 
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Fig. 1, Exploded schematic diagram of optical layout for on-column LJV absorption detector. 

The optical system is held together by a detector block, which was machined 
from aluminum, 15.2 x 12.7 x 5.1 cm. The lamp is held wrthin the block by a large 
set screw. The lamp position may be optimized by loosening the set screw and moving 
the lamp until the desired position is attained. The pinhole positioners, filter mounts, 
and housings of the photomultiplier tubes (PMT) are attached to one another and 
to the detector block. The position of the optical path with respect to the capillary 
is optimized via the moveable pinhole. This design solves most of the problems which 

were encountered with the modified commercial high-performance liquid chromato- 
graphy (HPLC) detector. 

Signal processor 
In preliminary work, signal processing was achieved by a home-made analog 

electrometer. This consisted of current-to-voltage transducers with variable gain, for 
both signal and reference channels, followed by an analog subtractor and a low-pass 
filter. This method of signal processing was abandoned in favor of a microcomputer 
controlled signal processor. It consists of two current-to-voltage transducers with 
variable gain. The voltage outputs of the two channels are read simultaneously by 
two l&bit integrating analog-to-digital converters (IADC), which are controlled by 
an Atari 800 microcomputer (Atari, Sunnyvale, CA, U.S.A.). The computer is 
equipped with a total of four 16-bit IADC’s, two l&bit digital-to-analog converters, 
two disk drives, a printer, and a plotter. The raw data is stored in the computer’s 
RAM and may also be stored on disk. Actual signal processing occurs after the 
electropherogram is collected. It is accomplished by a BASIC program and involves 
either subtraction of the reference channel data from the sample channel data, similar 
to the analog circuit, or calculation of absorbance. The latter is preferable, because 
of increased linear dynamic range. However, it is more time consuming than a simple 
baseline subtraction. In this work, the absorbance calculation method was used. 

Electrophoresis set-up 
Electrophoresis was performed in fused-silica capillaries which varied in length 
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from 75 to 100 cm and were 75 pm I.D. (Scientific Glass Engineering, Austin, TX, 
U.S.A.). A regulated high-voltage d.c. power supply (Bertan Assoc., Syosset, NY, 
U.S.A.) delivering from 0 to 30 kV was used to drive the electrophoresis. A small 
section of the polyimide coating was removed from the fused-silica capillary to permit 
transmission of UV light through the capillary. The fused silica is transparent to 
about 190 nm. This set-up has been described in detail elsewherel,2~*1-13, 

EXPERIMENTAL 

“Static” linearity test 
The American Society for Testing and Materials has recently published a static 

linearity test for fixed-wavelength UV absorption HPLC detectors14. This method 
evaluates the linearity of the detector independent of chromatographic factors such 
as injection and column effects. A similar method was used to evaluate the capillary 
electrophoresis detector, without introducing complication from the electrophoretic 
injection technique. To test for linearity at 229 nm, lysozyme and isoquinoline were 
used. At 326 nm, acridine and basic fuchsin were the test solutes. Stock solutions 
were made for each compound and series of standards were made by serial dilution 
of the stock solutions. Lysozyme was dissolved in an aqueous buffer, while the other 
compounds were dissolved in acetonitrile with an acidic modifier. 

The “static” linearity test was carried out as follows. The detector output was 
zeroed with the sample capillary filled with solvent. The capillary was then flushed 
via suction with a standard solution until a constant detector reading was observed 
on the computer monitor. At this point, the capillary was flushed with solvent until 
the baseline returned. Three readings were made for each concentration of standard. 

Electrophoretic technique 
This technique has been published in greater detail elsewhere*Jp’ l-13. Capil- 

laries were filled with the electrophoretic medium of choice. This was done by dipping 
one end of the capillary into the solution and applying suction. Once the capillary 
was filled, both ends of the capillary were dipped into beakers containing the elec- 
trophoretic medium. The positive end of the capillary, where samples were intro- 
duced, was attached to the high-voltage power supply with a graphite electrode. The 
negative end of the capillary was connected to ground in a similar fashion. The 
detector was located on-column about 15 cm from the negative (ground) end of the 
capillary. Samples were injected by electromigrationl. 

RESULTS AND DISCUSSION 

Linearity 
Scott’$ has stated that the function 

y = AC’ (1) 

where y is the detector response, c is the sample concentration, A is a constant, and 
r is the response index, can be used to describe the output of all detectors which are 
approximately linear. Thus the equation 

logy = 1ogA + rlogc (2) 
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TABLE I 

LINEARITY DATA: RESPONSE INDEX AND CORRELATION COEFFICIENT 

Compound Wavelength (nm) Response index (I) Cow. coef. 

Isoquinoline 229 0.963 0.9997 
Lysozyme 229 0.999 0.9991 
Acridine 326 0.960 0.9994 
Basic fuchsin 326 0.983 0.9970 

arises, which should be linear with a slope of r. Scott arbitrarily stated that for the 
response of a particular detector to be linear, P should lie between 0.98 and 1.02. The 
closer r is to unity, the more linear the response. It should be pointed out that “non- 
linear” detectors can still be utilized, as long as r is known with sufficient accuracy. 
The standard curves for the four test solutes were computed in log-log format using 
a linear least squares fit. The r values as well as the correlation coefficients for the 
curves are given in Table I. The detector shows good linearity at both 229 and 326 
nm for the solutes tested. Isoquinoline and acridine have r values slightly less than 
0.98, which may be a result of a dilution error during sample preparation or decom- 
position of the solute over time. In all cases, the correlation coefficients are very close 
to unity, so a calibration curve can be used with good accuracy. 

The linear dynamic range was four orders of magnitude for lysozyme and basic 
fuchsin and greater than three orders of magnitude for isoquinoline and acridine. At 
higher concentrations, there is a severe problem with non-linearity. This could be 
caused by two problems. One is that at very high solute concentrations, there are 
deviations from Beer‘s law, due to changes in the refractive index of the sample 
solution. The other is the fact that the “slit” or pinhole size is larger than the inside 
diameter of the capillary. Thus a certain amount of light reaches the photodetector 
without first passing through the sample. This was meassured by drawing a totally 
opaque sample into the capillary and measuring the percentage transmittance (Oh T). 
Tsoquinoline-acetonitrile (1: 1) was used as the sample. The %T was measured as 
7.24%, which corresponds to an absorbance of 1.14. As sample absorbances ap- 
proach this value, significant non-linearity will be observed. For the low absorbances 
normally encountered in open tubular capillary electrophoresis, the detector pos- 
sesses adequate linearity. A solution to this problem would be to use a smaller pin- 
hole. The next smaller commercially available pinhole is 50 pm in diameter. This is 

TABLE II 

DETECTION LIMITS 

Compound WaveIengrh (nm) MDC fmoljl) MDA 

Pg .fmol 

Isoquinoline 229 8.6 1o-7 15 120 
Lysozyme 229 2.8 1O-7 250 18 
Acridine 229 1.4 1o-6 150 820 
Acridine 326 6.9 lO-‘j 710 3900 
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smaller than the capillary, but reduces light throughout to one-fourth of its previous 
value, and therefore increasing detector noise. Since the loo-pm pinhole offers good 
linearity at absorbances commonly encountered in capillary electrophoresis, and is 
less costly than smaller pinholes, it has been retained in the design. 

Sensitivity 
The detector sensitivity was evaluated for the four compounds in terms of 

minimum detectable concentration (MDC). MDC is defined as the sample concen- 
tration producing a signal-to-noise ratio of two. The MDC was determined during 
the “static” linearity test and is thus independent of the electrophoretic process. It 
is also useful to know the detection limit of the entire system in terms of minimum 
detectable amount (MDA) of solute. 

In order to consider the detection limit of the electrophoretic technique with 
UV detection, it is necessary to evaluate the effect of applying high voltage to the 
capillary on detector noise level. As high voltage is applied to the capillary, the 
detector noise level increases. The increase in noise is proportional to voltage and at 
30 kV, the detector noise is twice as large as it is with no voltage applied. So if 30 kV 
is applied, the MDC is twice its value with no voltage applied. 

To determine the minimum detectable amount (MDA) of solute in capillary 
electrophoresis with on-column UV detection, samples of three of the four test solutes 
were injected onto the electrophoresis set-up described previously. The minimum 
detectable amounts are given in Table II in terms of grams and moles of solute. These 
values reflect the sensitivity of the electrophoretic system with UV detection. The 
noise level is 1 . 10e4 au. at 229 nm and 6 . lop5 a.u. at 326 nm. The greatest source 

Time (mini 

Fig. 2. Electropherogram of protein standards, the concentration is 0.2% (w/v) in each protein. Surface 
modified fused-silica capillary*; 75 cm x 75 pm I.D., f&d with 0.025 M phosphate buffer at pH 6.86; 
applied voltage, 15 kV. A, egg white lysozyme; B, horse heart cytochrome c; C, bovine pancreatic ribo- 
nuclease a; D, bovine pancreatic cxhymotrypsinogen; E, equine myoglobin. 
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of noise is probably due to a mismatch in the intensity fluctuations of the channels 
of light. This could perhaps be improved by using the output of only one side of the 
pen-ray lamp with a beam splitter. The detection limits for all compounds are good, 
and that for isoquinoline is especially so. Since the absorption maximum for isoqui- 
noline lies near 229 nm, the detection limit is much lower than for the other test 
solutes. Better results could be obtained for the other test solutes by operating nearer 
to their absorption maxima. This would require the use of other line sources, or a 
variable-wavelength source. 

Applications 
To show the utility of the UV detector in capillary zone electrophoresis, some 

representative separations are included. Fig. 2 shows a separation of five proteins in 
a surface modified fused-silica capillary with detection at 229 nm. This separation 
was reported previously2 using a modified HPLC detector. The new detector shows 
a reduction in drift and low-frequency noise. Since the peptide bond absorbs at 229 
nm, the detector is generally used for proteins. Fig. 3 shows a separation of five 
quinoline-type compounds in a non-aqueous medium with detection at 229 nm. This 
is the first reported separation by capillary electrophoresis in a totally non-aqueous 
medium, and it shows that non-aqueous capillary electrophoresis deserves further 
investigation. It is particularly interesting to note that a baseline separation was 
obtained for quinoline and isoquinoline, which are geometric isomers. Since the two 

T 
0.010 AU 

Time (min) .- 

Fig. 3. Electropherogram of standard organic bases in non-aqueous medium. Untreated fused-silica cap- 
illary; 100 cm x 75 pm, filled with 0.05 M tetraethylammonium perchlorate, 0.01 M hydrochloric acid in 
acetonitrile. Applied voltage, 20 kV. A, 5 10e4 M isoquinoline; B, 5 10e4 M quinoline; C, 5 lo-“ 
M quinaldine; D, 1 r 10e3 M I-quinolol; E, 1 low3 M acridine. 
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Fig. 4. Electropherogram of basic fraction of solvent refined coal in mixed solvent medium. Untreated 
fused-silica capillary, 100 cm x 75 l”n I.D., filled with 0.05 M tetraethylammonium perchlorate, 0.01 A4 
HCI in acetonitrilewater (7525); applied voltage, 20 kV. Detection wavelength, 229 nm. 

have identical molecular weights, and in the solvent used should be of the same 
charge, one might expect them to have identical migration times. One explanation 
for their separation may be differences in solvation geometry. Fig. 4 shows the use 
of capillary zone electrophoresis with UV detection applied to a complex sample. It 
is a separation of the basic fraction of solvent refined coal in a mixed water-organic 
medium. No attempt was made to identify the zones. These examples show the appli- 
cability of capillary zone electrophoresis with W detection to a variety of samples 
and demonstrate that the technique has promise in the area of electrophoretic sep- 
arations in non-aqueous media. 
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