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ABSTRACT

Two methods were developed using capillary electrophoresis to
concentrate urinary constituents in order to collect adequate
amounts of separated analytes. The first method utilizes multiple
capillaries arranged in bundles and coupled to a single capillary
through a glass connector. The second method consists of the use of
an analyte concentrator containing an antibody covalently bound to a
solid support material. Both methods allow loading of increased
amounts of samples into the capillary, and the continuous collection
of purified material in nanogram-microgram quantities. The samples
collected by the two methods were further analyzed by mass spec-
trometry.

*Current address:  Pharmaccutical Research and Development, Hoffmann-La
Roche, 340 Kingsland Strect, Nutley, NJ 07110, (201)-235-4816.
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The results are discussed in terms of practical value when us-
ing an analyte concentrator coupled to capillary electrophoresis for
the analysis of minute quantities of substances, and the semi-
preparative collection and further identification of sample compo-
nents by mass spectrometry or any other relevant technique.

INTRODUCTION

Capillary electrophoresis (CE) is becoming a method with great
potential for the analytical determination of a large variety of sub-
stances (1-5). Although the vast majority of data available in the lit-
erature have been focused in the analysis of highly purified stan-
dards (ranging from small molecules to large macromolecules), only a
few of them deal with the analysis of substances in a mixture of
complex matrices. Slowly, CE is embracing other areas of applied rc-
search, such as applications in the ficld of DNA sequencing (6-9),
separation of cells (10) and particles (11,12), clinical chemistry (13-
16), determination of active ingredients in pharmaceutical formula-
tions (17), and the monitoring of purity for recombinant-DNA gen-
erated proteins (18,19). Nevertheless, the identification of sub-
stances present in complex mixtures of biological origin is not a sim-
ple task. For example, the complexity of quality control and charac-
terization of proteins, as compared to small molecules, usually re-
quires more than two analytical tests. Standard methods of chemical
analysis, such as mass spectrometry, nuclear magnetic resonance,
infrared spectroscopy, or elemental analysis, require large sample
sizes (i.e., microgram or milligram amounts) that are far above sepa-
rations commonly carried out by analytical capillary electrophoresis
(i.e., nanogram amounts).

One of the major drawbacks of CE is handling very small vol-
umes of substances, producing low possibilities of generating enough
material for further analysis of separated sample components. At
the present time, four methods are used for the identification of sub-
stances separated by CE. The first method consists of spiking known
standards with the mixture to be analyzed, und to compare migration
times. This method is insufficient by itself as a means of identifica-
tion and can lead to the erroneous identification of substances. The
second method utilizes the measurement of absorbance ratios as an

aid in peak identification. This method, however, rtequires prior
knowledge of the absorbance properties of the components in the
mixture which are being separated. The third method wmeasures

spectral analysis as a sensitive means of identifying separated com-
pounds. This method requires a more sophisticated detector with a



10: 13 25 January 2011

Downl oaded At:

URINARY COMPONENTS COLLECTION 999

fast response time (i.e., photodiode array detector) which can give
on-the-fly spectral analysis or stopped-flow scanning analysis. The
fourth method utilizes an in tandem capillary electrophoresis-mass
spectrometry (CE-MS) technique which yields more accurate identifi-
cation of analytes. Although CE-MS has been developed in a few lab-
oratories as a research tool, this method is not yet commercially
available, and there are some limitations in sensitivity. Therefore, an
alternative for those laboratories which do not own a mass spec-
trometer to be connected in tandem to a CE instrument, is to collect
adequate amounts of an analyte separated by CE and obtain off-line
mass spectrometry data. In general, two methods have been devel-
oped to collect samples by CE: 1) an interrupted (or discontinuous)
fraction collection system (20,21), and 2) a continuous fraction col-
lection system (1,22-26). Both methods can generate at least
nanogram quantities of collected analytes. Several other methods
have been developed to concentrate diluted samples (to be able to
reach adequate detectable concentration of an analyte) when using
capillary electrophoresis (27,28).

In this paper we report the development of a method for the
identification of separated and collected urinary constituents. The
method consists of using an analyte concentrating system, a continu-
ous fraction collection device, and an off-line mass spectrometer for
further analysis of adequately collected material.

EXPERIMENTAL

Reagents and samples

High purity sodium tetraborate, potassium hydroxide, uric acid
(free acid), (+)methamphetamine hydrochloride, Nonidet P-40, and
hydrochloric acid were purchased from Sigma Chemical Company (St.
Louis, MO). 3-Aminopropyltriethoxysilane was obtained from Pierce
Chemical (Rockford, IL). 1,4-phenylene diisothiocyanate (DITC) was
purchased from Eastman Kodak (Rochester, NY). Millex disposable
filter units (0.22 pm) were obtained from Millipore Corporation
(Bedford, MA). Underivatized controlled-pore glass (CPG) beads
(3000 A pore size, 200-400 mesh, irregular shaped) were purchased
from CPG Inc. (Fairfield, NJ). Fused-silica capillary columns were
obtained from Polymicro Technologies (Phoenix, AZ) and Scientific
Glass Engineering (Austin, TX). HPLC-grade methanol was purchased
from EM-Science (Gibbstown, NJ). Other materials were obtained in
the highest purity from commercial sources.

Triply distilled and deionized water was used for the prepara-
tion of buffer solutions. Both buffer and samples were routinely de-
gassed by sonication and vacuum.
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Urine specimens, freshly collected as clean-catch (of fasting
morning urine) were obtained from six normal people. All urine
donors were adult males of approximately 70-90 Kg body weight.

Preparation of antibodies

Monoclonal antibodies directed against methamphetamine
were prepared by the method of Galfre and Milstein (29) with minor
modifications described elsewhere (30). More than twenty mono-
clonal antibodies were produced of which the four with the highest
immunological titers were combined into a single pool of sample.
The purification of the pooled antibodies from mouse ascites fluid
was carried out by HPLC using Protein A affinity chromatography as
previously described (30).

Preparation of multiple capillaries

Five capillaries were merged into a single capillary column us-
ing a glass connector. For this coupling a sodium-silicate tube was
used as a link, having a wider diameter for the multiple capillaries
(fused-silica capillaries, 75 pm) at the inlet side, and a thinner di-
ameter for the single capillary at the outlet side. The capillaries,
aligned in a uniform and rigid manner by previously tapping them
on a flat surface, were glued into the link tube. This connector tube
was slowly heated until fusion of the linking terminals (using a con-
trolled incremental increase of temperature), allowing all capillaries
to be enclosed into a single compartment. The final product was
monitored for imperfections under a stereo microscope (Nikon,
Micron Optics, Parsippany, NIJ), and then tested for performance aspi-
rating into the capillary column deionized water using a controlled-
vacuum pump.

For the fabrication of the grounding micro-device (Figure 1), a
tee assembly was constructed using a modification of the fabrication
method of Fujimoto et al. (25) as described elsewhere (26). The en-
tire concept of the continuous fraction collection system used herc is
depicted in Figure 2.

Preparation of aminopropyl-glass

Controlled-pore glass beads were silylated by a modification of
the procedures described elsewhere (31,32). CPG beads (8 g, 3000 A,
200-400 mesh) were boiled for 10 min in {0 mM HCI and washed
with 400 ml of deionized water, followed by 400 ml of methanol, and
dried under vacuum for 2 h over P»Os5. The beads were then heated
for 2 h at 200°C and allowed to cool under vacuum over P205. A so-
lution of 0.6 ml of 3-aminopropyltriethoxysilane in 60 ml of dry
toluéene was added, and then the beads were degassed under vacuum
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Figure 1. A Schematic Diagram of the Tee Assembly Unit Used as a
Grounding Device. A. 10 um id., 150 um o.d. fused-silica capillary;
B. 530 um i.d., 660 o.d. fused-silica capillaries; C. Teflon tubing; D.
Epoxy resin; E. 75 um id., 375 pm o.d. fused-silica capillary.

and heated at 56°C for 24 h with occasional stirring. The beads were
filtered on a sintered glass filter, washed with methanol, and dried
under vacuum at room temperature over P20Os. The beads were
stored at 4°C under nitrogen.

Preparation of DITC-glass

The preparation of DITC-glass was carried out by a modifica-
tion of the procedures described elsewhere (31,32). Aminopropyl-
glass beads (4 g) were suspended in 12 ml of dry tetrahydrofuran
(freshly distilled from sodium and benzophenone) containing 400 mg
of DITC. The mixture was kept at room temperature for 2 hr under
nitrogen, and was then filtered and washed with 200 ml of benzene.
The beads were finally washed with 300 ml of anhydrous methanol
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Figure 2. A Schematic Diagram of a Continuous Fraction Collection
System for Semi-Preparative Capillary Electrophoresis.

and were dried under vacuum. The becads were stored at 4°C under
nitrogen,

Conjugation of antibodies to DITC-glass

A solution of 1 mg/ml of monoclonal antibody was dialyzed
extensively against coupling buffer (0.2 M Na;HPO4, pH 7.5, 0.2%
Nonidet P-40). Approximately 10 ml of antibody solution were incu-
bated with DITC-glass for 4 hr at room temperature. Alternatively,
the coupling can be carried out at pH 9.0 but in order to avoid dete-
rioration of the glass the incubation with the antibody should be
performed at 4°C. The conjugated beads were then filtered and
washed with the pH 7.5 coupling buffer, and finally stored at 4°C.
The entire concept of the chemical conjugation of an antibody to sil-
ica-derived glass beads is depicted in Figure 3.

Fabrication of an analyte concentrator

The fabrication of an analyte concentrator was carried out by
using a piece of fused-silica capillary (100 ym i.d.) in which the con-
jugated glass beads were held inside the column by two porous glass
frits. Borosilicate beads were dry-packed into one end of the capil-
lary column and then sintered in place by using an arc source. The
remaining of the capillary tube was filled with the antibody-glass
beads by capillarity effect or by slowly controlled-vacuum aspiration
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Figure 3. A Schematic Representation of the Various Chemical
Reactions Necessary for the Conjugation of an Antibody Protein to the
Surface of Glass Beads. For details of the complete chemical process
see Materials and Methods.

to reach a depth of 3-5 mm. The capillary tube was carefully tapped
to compact the beads, and the other end of the column was sealed
with a sintered glass plug as described above. The analyte concen-
trator was then fused to two longer capillary columns (100 um id.)
using a sleeve of larger fused-silica tubing and glued with an epoxy
resin. The final product was also monitored under a stereo micro-
scope. The concept of an analyte concentrator is depicted in Figure 4.
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Figure 4. A Schematic Diagram of an Analyte Concentrator.
Controlled-pore glass beads were activated, conjugated with a puri-
fied antibody, and installed inside a portion of a fused-silica capillary
column as described in Matcerials and Methods.

Instrumentation

The capillary electrophoresis instrument with ultraviolet de-
tection used was similar to that previously published (1,2). The on-
column UV detection system consists of an adjustable wavelength
detector (Hitachi Instruments, Inc., Danbury, CT), and the instrument
includes a fraction collector. Electropherograms were obtained with
a strip chart recorder model L-6512 (Linseis Inc., Princeton Junction,
NJ) at 20 cm/h.

The mass spectrometry data was obtained using a Finnigan
MAT 8230 mass spectrometer (Bremen, Germany). The samples
were analyzed by direct probe Electron Ionization (EI) at a mass
range of 35-350 a.m.u., scan rate of 1 sec/decade, and a probe tem-
perature ranging from 25°C to 350°C at a flow rate of 10°C/sec.

Procedure
Urinary constituents were separated and collected by capillary
electrophoresis using one of the two concentration systems described
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above. When using the method of capillary bundle, five capillaries
were connected to a single capillary column. Samples were elec-
trokinetically injected into the five inlet columns, simultaneously, for
30 sec at 17 kV and were separated at 22 kV for 95 min. Detection
at 210 nm was carried out in the single outlet capillary. The total
length of the capillary column system (from anode to cathode) was
approximately 100 cm, and all six capillaries were 75 pum i.d..
Several fractions were collected into small microcentrifuge tubes
containing 5 pl sodium tetraborate buffer, and were further rein-
jected into a single capillary column system for purity confirmation
(see below). The separation of the urinary components was carried
out in 50 mM sodium tetraborate buffer, pH 8.3. The pH of the
pooled urine specimen and the two test substances (uric acid and
methamphetamine, sce Figure 5) was adjusted to 7.5.

When using the analyte concentrator method, a column con-
taining one or two concentrators was used. Samples were injected
electrokinetically or by using a controlled-vacuum pump. For this
experiment, a known amount of amphetamine was spiked into an
aliquot of urine sample. As previously reported, the flow rate was
carefully monitored during sample injection to test for possible ef-
fects of the analyte concentrator(s) on operational conditions (1,2).
The manufacturing of an optimal analyte concentrator is critical for a
good performance and to avoid any plugging of the system. After
saturation of the antibody binding sites, the column was extensively
washed with 0.05 M sodium tetraborate buffer, pH 8.3, followed by
an elution buffer composed of 0.05 M sodium acetate buffer, pH 3.5.
Several fractions were collected into small conical microcentrifuge
tubes containing 5 ul of sodium tetraborate buffer, and were further
reinjected into a single capillary column system for purity confirma-
tion (see below).

Electropherograms of freshly-collected urine, and from frac-
tions collected using the two methods described above, were gener-
ated using a single capillary column. The column consisted of a 75
pm x 55 cm fused-silica capillary. Samples were electrokinetically
injected at 15 kV for 12 sec and separated at 22 kV for 45 min. A
regular cleaning cycle after every injection was carried out using a
cleaning device attached to a fluid trap and a miniaturized pump to
aspirate the solutions. One minute of 1% (v/v) phosphoric acid, fol-
lowed by one minute each of water, 0.1 N potassium hydroxide, wa-
ter, and finally equilibrated with sodium tetraborate buffer.

For mass-spectrometry analysis, samples containing either uric
acid or methamphetamine were pooled after several experiments
and were then desalted in a (fine) biogel P2 column (200-400 mesh),
with a molecular weight range of 100-1800 (BIO-RAD, Richmond,
CA), and finally lyophilized.
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Figure 5. A Schematic Representation of the Molecular Structures
of the Two Test Substances Used in this Report: Uric Acid and
Methamphetamine.

RESULTS

Figure 6A depicts an ec¢lectropherogram of a urine specimen
collected from a pool of six normal individuals. Approximately 10
major components were separated, as previously demonstrated
(13,15), except the migration time was 45 min rather than 90 min
because of the use of a shorter capillary column. Peak 8 (Figure 6A)
was originally assigned as phosphate, based on the co-migration of
this peak with phosphate standards (13), however, mass spectrome-
try data (see below) identified this peak as uric acid. When the sub-
stance present in this peak was collected and reinjected into a single
capillary column, it produced an electropherographic peak having an
identical migration time of the uric acid standard (Figure 6B). When
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Figure 6. Typical Electropherogram of Human Urine Using
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pooled wurine specimen obtained from six normal people (A).
Electropherogram oi a uric acid standard (B).
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the urine sample was spiked with uric acid, an increase in the height
of peak 8 was observed (not shown). Furthermore, when the urine
specimen was stored at 4°C a strong precipitation of salts occurred.
The supernatant of this precipitate was further analyzed, and a de-
crease in peak 8 height was found. Conversely, the precipitate-en-
riched urine specimen produced an electropherogram containing an
increase in peak 8 height (13). These precipitated salts were identi-
fied as urate salts. When using the five capillary bundle method, it
was estimated that approximately 200 ng/40 nl of uric acid was in-
jected into the system with a yield of at least 70% recovery (140 ng
of uric acid collected in 95 min). Thus, it is possible to generate more
than 1 pg of material after eight sample injections. This process
takes approximately 13 hr of total repetitive cycles, including a
cleaning cycle after every injection.

Figure 7A depicts an electropherogram of a urine specimen
spiked with methamphetamine, and Figure 7B depicts an electro-
pherogram of the same drug solution, obtained as an eluted material
when using the analyte concentrator method. Notably, metham-
phetamine must have a highly positive charge since it migrated
faster than any of the urinary constituents present in a normal urine
and faster than mesityl oxide used as a flow rate marker (Figure 8).
Using this method, the recovery yield varied dramatically from 20%
to 65% depending on many factors, including the quality of the ana-
lyte concentrator, the quality of the antibody, and the quality of the
conjugation process (not shown). Nevertheless, using one analyte
concentrator it was possible to generate approximately 200 ng of
material after a single injection of methamphetamine-spiked urine.
The analyte concentrator device was reusable, and the yield after the
second injection was similar to that obtaincd with the first injection.
Using two analyte concentrators, it was possible to generate more
than 350 ng of drug per injection. Thus, it was possible to produce
more than 1 pg of methamphetamine in one day.

In order to dcfinitively identify urinary constituents collected
by either of the two methods, off-site mass spectrometry analysis
was performed. As shown in Figure 9A, the mass spectra of the
substance collected by the use of the multiple capillaries method cor-
responds to that of a uric acid standard. As shown in Figure 9B, the
mass spectra of the substance collected by use of the analyte concen-
trator method corresponds to that of a methamphetamine standard.

DISCUSSION

Capillary electrophoresis is becoming a complementary tech-
nique to high-performance liquid chromatography (HPLC). In some
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Figure 8. Electrophcrogram of a Mixture of Methamphetamine
(MA), Mesityl Oxide (MO), and Uric acid (UA).

applications, however, it may even replace HPLC because of the ad-
ditional amount of information that CE can generate. Nevertheless,
CE is still considered by many scientisis only as an analytical tool.
The option of having adequate fraction collection capabilitics is not
yet optimized. In this paper we bhave ciearly demonstrated the pos-
sibility of incrcasing sample load into the capillary column, to in-
crease detector response and to generate enough material to perform
further analysis for identification purposes, or for any other purpose.

Although we have been successful in generating more than one
microgram of collected pure material {obtained from a biological
fluid) in one day, it is still possible to optimize the experimental
conditions and be able to obtain larger quantities of material. For
example, this might be accomplished using more than two analyte
concentrators, or using an analyte concentrator with a larger sample
capacity. Additionally, it might also be possible to obtain more than
one pure substance in a shorter period of time, using a mixture of
different antibodies or using different solid support chemistries.
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Figure 9. Mass Spectrometry Data Using the Electron lonization
Method. Samples were purified and processed as described in
Materials and Methods. (A). EI spectra of the compound collected
by the bundle of multiple capillaries method (this EI spectra corre-
sponds to that of a uric acid standard). (B). EI spectra of the com-
pound collected by the analyte concentrator method (this EI spectra
corresponds to that of a methamphetamine standard).
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Finally, the use of the grounding device makes the system very
practical to collect substances into a buffer-containing reservoir or
just simply onto a flat surface or membrane.

There are specific situations when the sample volume available
for biochemical and immunological analysis is limited, among others,
biological products derived from cell culture, forensic medicine, and
neuroscience. In these cases, CE might be an alternative to tradi-
tional chromatographic approaches. In addition, there are also in-
stances when samples having low analyte amounts might benefit by
a concentration step previous to the chromatographic detection stage.
In these cases, use of a bundle of multiple capillaries and the use of
an analyte concentrator might be useful addition to such CE ap-
proaches. For example, push-pull cannula (PPC) perfusion and mi-
crodialysis are sampling techniques used by neuroscientists to assess
in vivo rtelease of neuropeptides and neurotransmitters, from dis-
crete brain areas (33-36). Under these sampling conditions, very low
volume is available to determine neuropeptides and neurotransmit-
ters, which are usually at very low concentrations. Traditional ra-
dioimmunoassay and electrochemical detection measurements re-
quire most of each PPC and/or microdialysis sample volume, thus
limiting the amount of information which may be obtained from
these samples (33-36). CE assessment of such samples show that
several mneurotransmitters and neuropeptides may be separated in a
single electropherogram (33,34). Thus, the use of a bundle of multi-
ple capillaries and the use of an analyte concentrator might increase
the sensitivity of CE approaches by increasing the load of sample into
the CE system. Further increases in sensitivity may be obtained by
coupling the CE system to a fluorescent microscope, thus increasing
the detector sensitivity of the CE system (26,37).

Increasing the sample load to the CE system may increase the
detectability of specific analytes. This might be achieved by using a
bundle of multiple capillaries, an analyte concentrator, or both. For
example, we have rtecently reported a dramatic increase in the de-
tectability of immunoglobulins using CE, by coupling a bundle of mul-
tiple capillaries to fluorescence microscope detection (26). A descrip-
tion of the fabrication of such capillary bundles and its associated
problems were reported (26). On the other hand, we have presented
in this paper evidence for an increased detectability of metham-
phetamine using CE, when using an analyte concentrator and UV de-
tection. One of the problems encountered during the fabrication of
the analyte concentrator used in this report, was the attachment of
the second frit to the capillary column. To fuse the porous glass
beads to the capillary column (in order to form the frits) it is neces-
sary to heat the beads for a short period of time. When fusing the
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second set of beads to the capillary (to form the second frit), some of
the beads carrying covalently-bound antibodies are located near the
frit. Unfortunately, the excess amount of heat when fabricating the
second frit may have altered the binding efficiency of some of the
antigen-antibody binding sites. This might explain the wide range of
sample recoveries observed when using the analyte concentrator.
Additional problems related to the fusing of the frits might also exist
(i.e., alteration of the porosity of the glass material).

Thus, capillary electrophoresis may be used as a semi-prepara-
tive technique having capabilities for collecting microgram quantities
of pure material. However, this technique faces many improvements
in the years to come.
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