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Peroxyoxalate Chemiluminescence Detection for
Capillary Electrophoresis Using Membrane Collection
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Ž .Abstract: Capillary electrophoresis CE is often limited by the need to measure
nanoliter-volume, low-concentration analytes with selectivity and specificity. A

Ž .post-column chemiluminescence CL method is described in which the capillary
effluent is collected on a membrane which has been coated with a peroxyoxalate

Ž .CL reagent, bis 2,4,6-trichlorophenyl oxalate. After the CE run, the CL reaction is
initiated on the membrane by applying hydrogen peroxide, a scientific charge-cou-

Ž .pled device CCD camera images the resultant CL emission, and an electrophero-
gram is reconstructed. This postcolumn detection scheme decouples the separation
parameters from detection and allows longer lived CL reagents to be used with fast
separations. As the reaction is catalyzed by imidazole, CL intensities and lifetimes
resulting from imidazole- and non-imidazole-running buffers are compared. The
postcolumn CL method is compared to on-line UV absorbance detection for a

Ž . Žmixture of dansylated amino acids, with limits of detection LODs of 1.5 mM 13
.fmol and separation efficiencies of 170,000 plates. The ability to preserve the

sample on the membrane allows several selective detection schemes to be em-
ployed; the combination of postcolumn chemiluminescence and radionuclide detec-
tion from a single electrophoretic separation is demonstrated. Q 1998 John Wiley &

Sons, Inc. J Micro Sep 10: 329]337, 1998
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INTRODUCTION
Ž .Capillary electrophoresis CE is currently one

of the highest efficiency and lowest volume separa-
tion techniques available to the analytical chemist
w x1]3 . Due to the low sample volumes required for
CE and the trace analyte amounts present in bioana-
lytical and biomedical applications, sensitive detec-
tion methods are often required. Although UV ab-
sorbance offers almost universal detection ability, it
suffers from relatively poor concentration sensitivity
and limited selectivity. Laser-induced fluorescence
Ž .LIF offers low detection limits but often requires
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analyte derivatization and more complex instrumen-
tation. For these reasons, interest in chemilumines-

Ž .cence CL detection methods has been increasing
over the past few years.

w xCL detection schemes 4 , especially peroxyox-
w xalates 5 , have been widely applied to liquid chro-

Ž .matographic LC separations. There have been a
number of CL detection schemes adapted to

w x w x ŽCE 6, 7 , including luminol 8, 9 , tris 2,29-bipyri-
. Ž . w x w xdine ruthenium II 10 , acridinium 11 , and peroxy-

w xoxalate 12]14 . An advantage of CL detectors is
their simple design. They involve mixing the appro-
priate reagents with the CE effluent and detecting
the emitted photons. While conceptually simple,
mixing reagents can be difficult in CE without
broadening the nanoliter volume analyte peaks be-
cause of the small volumes involved. Thus, reduced
separation efficiencies have been one of the largest
disadvantages of most CL detection schemes for CE.

Ž .Peroxyoxalate PO CL reactions are the most
commonly used CL reaction in LC and have been
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w xdescribed in several reports for CE 12]14 . They
involve oxidizing an aryl oxalate in the presence of a
suitable fluorophore to excite the fluorophore, which
then emits photons on return to the ground state.
PO-CL reactions are attractive for microseparations
because they exhibit high quantum efficiencies and
react with a much wider range of analytes than other
CL reagents. However, limited solubility in aqueous
solution make the inclusion of aryl oxalates in the
CE running buffer problematic. Wu and Huie over-
came this problem by employing a sheathlike cell at
the capillary outlet, pumping the CL reagents and
the capillary effluent through the cell after a set

w xseparation time 12 . Hara et al. demonstrated PO-
CL in protein separations and have improved detec-
tion by optimizing the fluorophores used for the

w xlabeling proteins 13]15 . In these examples, the
Žseparation efficiency was poor - 45,000 theoretical

.plates , thereby reducing one of the advantages of
CE.

Thus, one area of research in CL detection for
CE has been to obtain good limits of detection
Ž .LODs while increasing the separation efficiencies
by improved methods of reagent addition. Dadoo et
al. described a method based on luminol where the

analytes react as they elute from the CE capillary,
and the CL reaction is monitored using a parabolic

Ž .mirror photomultiplier tuble PMT at the outlet
w xend 9 . Zhao et al. demonstrated a sheath flow

reactor with two-PMT coincidence detection that
obtained 40 amol LODs with 100,000]200,000 theo-
retical plates for a series of isoluminol-labeled amino

w xacids 16 . However, both methods would be difficult
to adapt to the organic modifiers required of PO-CL.

Here we report an alternative method of reagent
additionrmixing which allows PO-CL and other CL
reactions requiring nonaqueous reagent addition and
long observation times to be used with CE. The
technique is based on depositing the CE effluent
onto a membrane and is similar to previously de-
scribed membrane deposition and detection schemes

w xdeveloped for radionuclide detection 17, 18 . An
advantage of this deposition method is that after a
separation the analytes are preserved and can be
detected on the membrane using as many detection
methods as necessary. Besides the radiochemical
and CL methods demonstrated here, the ability to
obtain matrix assisted laser desorption ionization
Ž .MALDI mass spectra directly from membranes has

w xbeen demonstrated 19 . Thus, membrane deposition
offers great flexibility for CE separations in allowing

Figure 1. Schematic of capillary electrophoresis system, showing con¨entional CE inlet and detail of capillary
outlet from which effluent is deposited on the collection membrane.



Peroxyoxalate Chemiluminescence Detection 331

one to choose the appropriate detection strategy
after the separation or even after other deduction
modes have been used.

Integrating the emission over the majority of the
CL lifetime potentially makes postcolumn methods
more sensitive than capturing a transient CL signal
as the reagents pass through a flow cell. Signal
integration for a period exceeding the residence

Ž .time of an analyte in the detector several seconds
is generally not feasible in flowing streams. Curtis
and Seitz demonstrated that the PO-CL reaction
was useful for postseparation detection by using the
PO-CL reaction to detect fluorophores separated by

Ž . w xthin-layer chromatography TLC 20, 21 . In the
original study, Curtis and Seitz used a fiber optic to
transmit light emitted from the TLC plate to a PMT,
measuring emission from only one spot at a time
w x20 . They later replaced the fiber optic and PMT
with a Vidicon detector to integrate emissions from

w xthe entire TLC plate 21 . Such integrating detectors
result in higher sensitivity and allow the simultane-
ous detection of all emitting species. Charge-coupled

Ž . w xdevice CCD detectors 22, 23 , for example, have
been used to integrate CL emission in various appli-

w xcations, including TLC plates 22, 24 , immunoassays
w x w x25]27 , and biosensors 28 .

In this article, analyte bands separated with CE
are deposited on a membrane, and a CCD is used to
integrate the CL signal arising from the PO-CL
reaction. The capillary effluent is collected on a
membrane that includes a peroxyoxalate CL reagent,

Ž . Ž .bis 2,4,6-trichlorophenyl oxalate TCPO . The reac-
tion proceeds upon application of hydrogen perox-
ide, and an image of the resultant CL is obtained
with a CCD. Because the TCPO is present in solid
form on the membrane and the hydrogen peroxide is
introduced to the system as a vapor, the integrity of
the deposited sample bands is maintained. The CL
reaction is catalyzed by imidazole, though the pres-
ence of a catalyst is not necessary. A mixture of
three dansylated amino acids is used as a model
system to demonstrate separation and detection us-
ing this method. This postcolumn detection scheme
allows separation parameters to be optimized inde-
pendently from chemiluminescence parameters.

EXPERIMENTAL
Reagents. Dansylated lysine, valine, and glu-

Ž .tamic acid Dns-Lys, Dns-Val, Dns-Glu , imidazole,
lithium acetate, N-morpholino ethane sulfonic acid
Ž . Ž . Ž .MES , and bis 2,4,6-trichlorophenyl oxalate TCPO

Ž .were from Sigma St. Louis, MO . Hydrogen perox-
Ž . Ž .ide 30% was from Fisher Fair Lawn, NJ . Sodium

chloride and p-dioxane were from EM Science
Ž .Gibbstown, NJ .

CE System. The capillary electrophoresis system
Ž .Figure 1 was similar to that used by Tracht et al.
w x17 . Experiments were performed using 50-mm-i.d.

Ž .fused silica capillary Polymicro, Phoenix, AZ , 60
cm in length, except when the UV absorbance detec-

Ž .tor was on-line described below . Injections and
separations were performed with 15 kV applied

Žby a Glassman high-voltage power supply model
.PSrMJ30P0400-11, Whitehouse Station, NJ . Sam-

Žples mixture of 100 mM of each Dns-Lys, Dns-Val,
.and Dns-Glu were electrokinetically injected into

the capillary by applying 15 kV for 1 s. A two-
capillary system was used to facilitate subtraction of
background chemiluminescence arising from the CE
running buffer.

All capillaries were prepared by painting about
Ž4 cm of the outlet end with Silver Print paint GC

.Electronics, Rockford, IL to provide the outlet
grounding electrode. This coating was cured at 1208C
for at least 2 h. The capillary tips were then sanded

Žusing Flex-I-Grit sanding film K & S Engineering,
.Chicago, IL to provide a flat, even surface to direct

the electroosmotic flow outward from the inner di-
Žameter to the edge of the silver paint Figure 1

.inset . One capillary was fitted with a small section
of 26-gauge Teflon tubing to provide a spacer be-
tween the capillaries to prevent the deposited lines
from overlapping. The capillaries were then epoxied
together and placed in a nonconductive sleeve such
that the conductive screw contacts the silver paint
on both capillaries. An alligator clip was used to
connect the set screw to ground. This completed the
CE circuit and allowed electrophoresis to occur
without bulk electrolyte at the outlet.

Membrane Collection System. The capillary ef-
fluent was collected on a hydrophilic polyvinylidene

Ž . Žfluoride PVDF membrane Immobilon-CD, Milli-
.pore, Bedford, MA which had been previously

treated with a solid chemiluminescence reagent,
TCPO. The TCPO was approximately 8 mM, dis-
solved in p-dioxane, and applied to the membrane
via aspiration using a commercially available reagent

Ž .sprayer Kontes, Vineland, NJ . The dioxane was
evaporated under a stream of nitrogen. After drying,
the membrane was attached to a stage assembly
consisting of perpendicular model 423 and 433 trans-

Ž .lating stages from Newport Irvine, CA . The collec-
tion occurred by rastering the membrane across the
surface of the fixed capillary tip using model 850B
high-speed actuators and an MM2000 motion con-
troller from Newport to drive the translating stages.
The stage motion and the high-voltage power supply

Ž .were controlled using LabView Version 3.1.1 driv-
Žing a Lab PC card National Instruments, Austin,

. ŽTX in a Gateway 2000 P5-75 computer North
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Figure 2. Effluent pattern obtained by simultaneous
deposition of two capillaries during CE. Darker regions
of the drawing represent areas of greater light emission.
Samples are separated in and deposited by one capillary
( )top rows , while the other capillary deposits only CE

( )running buffer bottom rows . Translating stages raster
the membrane across the fixed capillary tips to create
this pattern. The stages and the CE high ¨oltage are
controlled simultaneously. The high ¨oltage is on dur-
ing horizontal stage motion and off during ¨ertical stage
motion, pre¨enting o¨erlap of capillary effluents in the
turns.

.Sioux City, SD . The high voltage was on during
Ž .horizontal stage motion x-direction and off during

Ž .vertical y-direction stage motion, giving the efflu-
ent pattern shown in Figure 2. The darker regions of
the image represent areas of greater light emission.

Several membranes and TCPO solvents were
investigated. The optimum solvent tested for TCPO
was p-dioxane, as acetonitrile and mixed solvent
systems did not completely dissolve the amount of
TCPO used in these experiments. Some of the poly-
meric membranes dissolved upon application of p-
dioxane. Of the membranes and other supports that
did not dissolve, only the PVDF maintained the
integrity of the original CE separation. Other mem-
branes failed to wet during the CE run, so the
capillary effluent was left on the membrane in large
droplets. Filter papers and membranes usually ab-
sorbed the capillary effluent quickly, which resulted
in broad, diffuse, sometimes overlapping deposition

Ž .bands. However, the PVDF Immobilon-CD mem-
brane used for these experiments produced a stri-

Žated background emission likely a result of the
.manufacturing process . The membrane was always

arranged on the translating stage so that these stria-
tions were perpendicular to effluent deposition. The
striations introduced a great deal of regularly occur-
ring background offset, but the use of the second,
reference capillary was effective in removing much
of this effect.

CCD Detection System. After effluent deposi-
tion, the membrane was removed from the translat-

ing stages and placed atop a petri dish covered with
a screen to hold the membrane. The dish contained
the hydrogen peroxide used to initiate the CL reac-
tion. The dish and membrane were placed below the
CCD. As the hydrogen peroxide evaporated, gaseous
H O came into contact with the TCPO on the2 2
membrane, initiating the CL reaction.

The CCD and associated optics were identical to
w xthose used by Tracht and co-workers 17 and con-

sisted of a PM512 CCD controlled by a CH260
Ž .controller Photometrics, Tucson, AZ . The entire

assembly}CCD, lenses, dish, and membrane}was
completely enclosed in a light-tight box. PMIS 3.0

Ž .software Photometrics was used to control the
CCD. In all experiments, the CCD temperature was
y1208C or below, and exposure time was 15 min,
unless otherwise noted.

Each PMIS image was imported into Matlab
Ž .MathWorks, Natick, MA for processing. Spike re-
moval routines were performed separately on the
reference and sample electropherograms when ap-
propriate. The despiking algorithm involved taking
the mean and standard deviation of the three
points to each side of a given point. If the value of
the point was greater than the mean plus 5 times the
standard deviation of the neighboring points, the
point was considered a spike. The spike was then
replaced with the mean of the neighboring points.
The reference electropherogram was subtracted from
that of the sample, and the difference plotted as CL
intensity vs. elution time.

On-line UV Absorbance Detection. To provide a
comparison in detection limits, a UV absorbance

Ž 4 .detector model CV , Isco, Lincoln, NE was placed
about halfway between the inlet of the capillary and
the membrane collection assembly. A detection win-
dow was created by burning a small area of poly-
imide coating off of the capillary, approximately 40
cm from the inlet end. Only the sample capillary
passed through the absorbance detector. Due to the
additional detector and its geometrical constraints,
the capillaries were approximately 1 m in length.
Thus, the voltage was increased to keep the separa-
tion times reasonable; the injections and separations
were performed at 30 kV, with electrokinetic injec-
tions lasting for 1 s. A strip chart recorder was used
to monitor absorbance during the CE run.

Dual Radionuclide and Chemiluminescence Detec-
tion. For this experiment, the postcolumn radionu-

w xclide detector was used as described previously 18 .
Briefly, after the CE deposition, the membrane to
be measured was placed on top of a phosphoimaging

Ž .plate catalog no. BAS-IIIs, Fuji, Stamford, CT for
20 h, which created an image of radionuclide decay
across the membrane. The exposed plate was read
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Žusing a phosphoimaging system model BAS-1000,
.Fuji , and the plate image converted into an electro-

pherogram. Changes from prior work included using
the TCPO-treated membrane in these experiments.
The CL emission was detected first, followed by
radionuclide decay measurements.

The sample used was a homogenized cellular
sample from the bag cell neurons of Aplysia califor-
nica. The sample was prepared as described previ-

w xously 18 and involved incubating the abdominal
35 Žganglion in a media containing S-Met catalog no.

.SJ1015, Amersham, Arlington Heights for 12 h so
that newly synthesized met-containing peptides are
labeled. After the sample was labeled, the bag cells
were isolated and homogenized in a 20-mL volume.
DNS-Val and DNS-Glu were added to a final con-
centration of 50 mM prior to use.

RESULTS AND DISCUSSION
Under ideal conditions, the CE separation pro-

cess is independent of the detection process and
both can be optimized separately. However, we find
that many buffers produce large light emission from
the membrane, most noticeably when using basic
pHs. Thus, all separations reported were performed
in neutral to acidic pH CE buffers. It may be possi-
ble to use basic CE buffers and then modify the
membrane pH appropriately to alleviate this restric-
tion; this will be investigated in future work.

Figure 3 shows an image of the membrane after
a CE deposition. The three dansylated amino acid
bands are clearly visible. Perhaps the most obvious
feature of the membrane is the vertical striations. As
previously mentioned, these cause baseline irregu-
larities which greatly affect the LOD of the system.
In order to reduce this effect, a two-capillary deposi-
tion method has been developed in which one of the
capillaries deposits CE buffer only and the second
deposits the CE sample effluent. Figure 2 schemati-
cally shows the paths of the two capillary outlets
across the membrane. Unlike the previous radionu-

w xclide detection scheme 17 , the high-voltage power
supply is turned off during the time it takes for the
capillaries to ‘‘turn’’ a corner in the membrane de-
position process, making the two-capillary subtrac-
tion straightforward.

The rate that the membrane moves across the
capillary tip is varied to determine its effect on
separation efficiency. The imaging system has been
optimized to view a 3 = 3-cm membrane; given this
geometric constraint and the typical width of the

Ž .effluent after deposition 0.35 mm , 16 passes of the
sampling capillary are possible. Thus, faster capillary
speeds decrease the separation time that can be
collected on a single membrane. As expected, wider

Figure 3. CCD image of membrane after CE deposi-
tion of three separated dansyl amino acids, showing
¨isible striations in membrane. Darker regions of the
image represent areas of greater light emission. Lithium

( )acetate CE buffer pH 4.7 ; 100 mM each Dns-Lys,
Dns-Val, and Dns-Glu injected electrokinetically for 1 s
at 15 kV; two-capillary system employing 50 mm = 100
cm capillaries.

sample bands are obtained when a faster collection
rate is utilized, with the separation efficiency being
50,000 plates for a 0.33-mmrs movement and de-
creasing to 5500 plates for a 0.79-mmrs capillary

Žmovement. Note that these separation efficiencies
were obtained with no reference capillary, so they

.are artificially low, as discussed below. For all ex-
periments reported here, a 0.66-mmrs collection
rate was used for all experiments to obtain narrow
peaks and a 13.8-min separation time window.

Figure 4 shows representative electrophero-
grams illustrating each step toward a final electro-
pherogram. From the CCD image, 13 rows from the
sample capillary effluent are extracted and com-

w Ž .xbined end to end Figure 4 a , and then the blank
rows from the reference capillary are similarly ex-

w Ž .xtracted and combined Figure 4 b and the two
w Ž .xsubtracted Figure 4 c . As can be seen in Figure

Ž .4 c , much of the background is removed by the
subtraction of the second, reference, capillary emis-
sion. Table I quantitates the effect of the two-
capillary method by showing the standard deviation
of a row of the membrane under various conditions:

Ža dark image, a membrane blank no buffer de-
. Žposited , a CE blank where the sample capillary

. Ždeposited buffer , a capillary blank where the refer-
ence capillary deposited buffer on the same mem-

.brane , and the difference between the CE and
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Figure 4. Representatï e electropherograms extracted
( )from sample capillary rows a and reference capillary

( )rows b , showing effects of membrane striations e¨i-
dent in baseline. The difference electropherogram,

( )shown in c , is obtained by subtracting the blank
electropherogram from that of the sample and results in
a smoother baseline and higher signal-to-noise ratio.

capillary blank regions. Interestingly, the back-
ground noise increases more than an order of mag-

Žnitude from 16 to nearly 200 analog-to-digital units
Ž ..ADUs with the presence of the buffer. The two-

Žcapillary subtraction reduces this several-fold note
that the two reads required for the subtraction

.should increase the read noise by 40% . However,
the two-capillary subtracted result still has a stan-
dard deviation more than sixfold above the mem-
brane background. This implies that the optimum
buffer or membrane may reduce the LOD another
factor of 6 by eliminating the offset and background.

Table I. Baseline standard de¨iations of
membrane rows.

Ž .Membrane image extraction s ADUs

Dark image 6.73
Membrane blank, no buffer 16.04
CE sample buffer blank 192.12
CE reference buffer blank 211.72

Ž .Blank difference sample, reference 101.78

The separation of three dansylated amino acids
Ž .Dns-Lys, Dns-Val, and Dns-Glu are performed in
three different CE electrolytes. The three elec-

Ž .trolytes are 30 mM NaClr5 mM MES pH 4.2 , 30
Ž .mM imidazole]HCl pH 7.5 , and 50 mM lithium

Ž .acetate pH 4.7 . The CL reactions are observed in
1-min increments. In each experiment, the mem-
brane is placed in the CCD dark box with hydrogen
peroxide, as usual, but instead of a single integra-
tion, 10 separate 1-min long integrations are taken
with a 2-min delay between each exposure. Thus, the
entire sequence time covers 28 min of the CL reac-
tion. Intensities are obtained from the sequence
images in Matlab by summing the same small array
in each image over areas corresponding to sample
bands. A similar array of emission from the CE
buffer is also summed in each image. Intensities for
a given peak are divided by the intensity from the
buffer in the same image.

The CL emissions as a function of time are
plotted in Figure 5. The NaClrMES and lithium
acetate systems both show a peak during the first 15
min of the reaction. The imidazole]HCl system ap-
pears to peak immediately upon interaction with
hydrogen peroxide, because the CL reaction is al-
ready decaying by the time the sequence begins.
ŽAbout 30 s lapses after initial contact between the
membrane and gaseous hydrogen peroxide, while
the dark box is closed and the CCD exposure is

.begun. This behavior is expected because imidazole
is a known catalyst of peroxyoxalate chemilumines-

w xcence reactions 29 . The remaining experiments are
Ž .performed in lithum acetate buffer pH 4.7 . Al-

though this buffer yields slightly lower CL intensities
than both NaClrMES and imidazole]HCl, it does
offer some advantages. Lithium acetate gives much
better membrane deposition with less arcing at the
capillary tip. Lithium acetate is also preferred over
imidazole]HCl, which reacts so quickly that the
initial light output is difficult to record.

Figure 6 shows electropherograms obtained dur-
ing the separation of dansyl valine, dansyl lysine, and

Ž .dansyl glutamic acid 100 mM each . The top elec-
w Ž .xtropherogram Figure 6 a was obtained with the

on-line UV absorbance detector about 40 cm from
the inlet. The periodic dips in the baseline are a
result of the high voltage turning off and on during a

Ž .vertical y-direction translation at the outlet. The
w Ž .xbottom electropherogram Figure 6 b was obtained

by peroxyoxalate chemiluminescence after mem-
brane deposition of the capillary effluent at the

Ž .outlet 100 cm from the inlet . The peak shapes are
similar in both methods, implying that the slight
tailing observed occurs within the capillary, not as a
result of effluent deposition. Absorbance gives about
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Figure 5. Time courses for three different CE buffers
used in the separation of three dansyl amino acids
( )v s Dns-Lys; B s Dns-Val; ' s Dns-Glu . Inten-
sities for a gï en dansyl amino acid are taken relatï e to
the intensity from the buffer in the same image.

68,000 plates for Dns-Glu, and the peroxyoxalate CL
method gives about 170,000 plates. The 3s detec-

Ž .tion limit for Dns-Glu is 1 mM 8.7 fmol for ab-
Ž .sorbance and about 1.5 mM 13 fmol for this perox-

yoxalate CL method. Although the conditions for
this separation are not fully optimized, this shows
that the two methods are comparable. Wu and Huie
w x Ž .12 obtained LODs of ; 100 mM 1.0 fmol for
dansyl amino acids with separation efficiencies of
about 10,500 plates. Although they obtained about
an order of magnitude better LODs due to their
lower CL background, the pressure-driven elution of
their separated sample resulted in about an order-
of-magnitude poorer separation efficiencies. The
membrane collection method has a fairly narrow
working range: the upper limit, where the CCD
reaches full-well capacity, is between 300 and 500

Figure 6. Electropherograms obtained during the sep-
aration of 100 mM each Dns-Lys, Dns-Val, and Dns-

( )Glu, a using an on-line absorbance detector about 40
( ) ( )cm from the inlet l s 254 nm and b performing

membrane collection at the outlet simultaneously.
( )Lithium acetate CE buffer pH 4.7 ; 100 mM each

Dns-Lys, Dns-Val, and Dns-Glu injected electrokineti-
cally for 1 s at 15 kV; two-capillary system employing
50 mm = 100 cm capillaries. Periodic dips in the base-

( )line in a are a result of the CE high ¨oltage turning
off and on during a ‘‘turn’’ at the outlet.

mM, depending upon the particular dansylated
amino acid. However, due to the membrane stria-
tions and inhomogeneous surface chemistry, the
method does not yield a reproducible working curve.

Ž .Compared to previous TLC, for example area-
based PO-CL detection methods, the mass detection

w xlimits are about 900 times better 20 .
One of the largest advantages of the postcolumn

membrane deposition is that multiple detection
modalities can be used as needed after a separation.
Radiochemical detection offers extremely low detec-
tion limits and the ability to selectively label amino
acids and peptides using cellular machinery. Ra-
dionuclide detection is very selective; for example,
by culturing cells in media containing radiolabeled
precursors, only newly synthesized compounds using
the radiolabel can be detected. However, obtaining
internal standards for radionuclide detection can be
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difficult, and so we have investigated adding CL
active compounds to the CErradionuclide separa-
tions and then using both CL and radionuclide de-
tection. By combining these detection schemes, non-
radiolabeled standards can be incorporated and the
standards and radionuclides can be measured sepa-
rately using the two detection modes, with Figure 7
showing preliminary results demonstrating this com-
bination. Specifically, the separation of two dansy-

Ž . 35lated amino acids detectable by CL spiked into S
Žmethionine-labeled cellular homogenate detectable

. Ž .by radionuclide detection is shown. Figure 7 b
shows the entire electropherogram using CL detec-
tion with only a single capillary pass from the ra-

Ž .dionuclide detection shown in Figure 7 a . Based on
previous calibration results, the peak labeled with
35S-methionine contains approximately 10 amol of
radiolabel. While further improvements are needed
to allow precise electropherogram registration be-
tween detection modes, this result demonstrates the
ability to combine various membrane detection
schemes from a single electropherogram.

Figure 7. A single electropherogram detected with
postcolumn CL detection and radionuclide detection.
Specifically, 50 mM each Dns-Val and Dns-Glu were
spiked into a radiolabeled A. californica bag cell ho-

( )mogenate. a A single 60 s trace of the membrane
using radionuclide detection with the major peak being
an unidentified cellular component at about the 10-

( )amol le¨el. b CL detection showing the DNS-labeled
components.

CONCLUSIONS
A postcolumn membrane collection system has

been developed that obtains high separation effi-
ciency and preserves the separated sample for later
detection. While the separation and detection of
dansylated amino acids have been demonstrated, the
PO-CL chemistry is well suited for many additional
classes of analytes. Most intriguing are those ana-
lytes that are natively fluorescent such as bilirubins
w x30 and peptides or proteins containing the amino
acids phenylalanine, tyrosine, and tryptophan and
the neurotransmitters derived from them, such as
serotonin and dopamine. Although such species can
be detected by UV LIF detection, the high cost of
UV lasers often makes this impractical. As the CCD
currently used in this detection system is insensitive
in the UV, the current system cannot be used to
examine peptides without derivatization. The use of
the appropriate CCDs and optics would alleviate
this restriction and should provide for moderate
sensitivity for such analytes without requiring an
ultraviolet laser.

We expect membrane CL methods to be used in
conjunction with other compatible detection meth-
ods, as demonstrated with radiochemistry, to obtain
complimentary data and to confirm results. MALDI-

Ž .TOF time-of-flight mass spectrometry allows the
detection and characterization of peptides, and this
detection method should be compatible with the
other CErmembrane detectors and is currently un-
der investigation. Also, with careful manipulation of
reagents, multiple CL chemistries may be combined
on one membrane for a single CE separation for
greater selectivity. Lastly, the use of postcolumn
membrane detection allows samples to be recovered
for additional biochemical assays as needed.
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