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Abstract

Capillary electrophoresis with laser-induced fluorescence detection was used to separate and detect doxorubicin and at
least five metabolites from NS-1 cells that were treated with 25 wM doxorubicin for 8 h. Using 10 mM borate, 10 mM
sodium dodecyl sulfate (pH 9.3) as separation buffer, the 488-nm argon-ion laser line for fluorescence excitation, and a
63527.5 nm bandpass filter for detection, the limit of detection (S/N=3) for doxorubicin is 61+13 zmol. This low limit of
detection alows for the detection of a larger number of metabolites than previously reported. Two extraction procedures
were performed: a bulk liquid—-liquid extraction and an in-capillary single-cell lysis. While in the bulk liquid—liquid
extraction procedure, recovery for doxorubicin range from 50 to 99%, in single cell analysis the recovery is expected to be
complete. Furthermore performing lysis of a single cell inside the separation capillary prevents doxorubicin or metabolite
loss or degradation during handling. Based on the bulk method the calculated metabolite abundance is in the sub-amol per
cell range while it varies from 0.1 to 1.1 fmol per cell in single cell analysis confirming metabolite loss during handling.
Each metabolite was found at a level less than 0.1% of the doxorubicin content in either method, suggesting a slow
metabolism in the NS-1 cell system or effective removal of metabolites by the cell. O 2002 Elsevier Science BV. All rights
reserved.
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1. Introduction malignant cells, reaches their nuclei, and stabilizes

the topoisomerase |la—DNA complex, halting cell

Doxorubicin (DOX) is a widely used anthracyc-
line that has proven to be effective against a variety
of human malignancies [1], such as leukemia and
breast cancer [2]. When this drug reaches the tar-
geted organ as free drug administered intravenously
or encapsulated in liposomes [3,4] it enters the
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proliferation [5]. This process is believed to be the
main mechanism of action. Unfortunately, the DOX
treatment is accompanied by the appearance of
cardiac and liver toxicity [6—9] and drug resistance
[6,10,11] which may result from cellular processes
involving the parent compound or drug metabolites
[12,13]. Furthermore, transformation of DOX into
metabolites, which may not be pharmacologically
active, decreases the concentration of the parent
compound affecting the efficacy of the treatment.
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Therefore, it is important to design sensitive ana-
Iytical procedures that can detect the various metabo-
lites that may be present in the cell after DOX
treatment.

DOX metabolisn has been studied previously
[12-14]. Based on the DOX metabolic scheme
proposed by Licata et al. [13] the expected metabo-
lites are shown in Fig. 1. This work was based on the
in vitro incubation of the parent compound with
human cardiac cytosol. Andersen et al. reported five
metabolites [14]. Since most of the cytotoxic activity
of DOX is derived from the aglycone ring system of
the molecule [1,12], those metabolites that retain this
molecular feature are expected to be toxic. In order
to fully explain the role that DOX metabolites play
in its mechanism of action, unwanted cytotoxicity,
and appearance of drug resistance it is necessary to
develop direct methods that are capable of extract-
ing, separating, and detecting doxorubicin metabo-
lites. Some of these methods are discussed below.

The most common methods for extraction of DOX
are solid-phase extraction [15—17], enzymatic diges-
tion of cellular materia [14], and liquid-liquid
extraction (LLE) [6,18,19]. In the liquid—liquid
extraction procedures reported in the literature, a
biological sample is treated with chloroform or a
chloroform/alcohol mixture in order to lyse the cells
and extract the DOX into the organic phase. The
phases are separated and the organic phase is dried
under a steady stream of nitrogen.

Following the extraction by any of the procedures

H,CO O OHH R2 Daunosamine
Compound R1 R2
Doxorubicin (R Daunosamine
Doxorubicinol OH Daunosamine
Doxorubicin hydroxyaglycone (H) OH
Doxorubicinol hydroxyaglycone ~ OH OH
Doxorubicin aglycone I H

Fig. 1. Chemica structure of doxorubicin and four previously
reported metabolites [13].

mentioned above, anthracyclines, including DOX
and their metabolites are separated and commonly
characterized by reversed-phase liquid chromatog-
raphy [6,18,20—23]. Because anthracyclines, includ-
ing DOX, and their metabolites exhibit native fluo-
rescence due to the conjugated aglycone ring system
present in the molecule, fluorescence is the preferred
detection scheme. Using excitation at either 460 or
480 nm and detection at 550 nm, DOX limits of
quantification in the fmol range have been reported
[18,23].

Another separation technique that may be used for
the analysis of anthracyclines is capillary electro-
phoresis (CE) with laser-induced fluorescence de-
tection (LIF). The determination of anthracyclines
including DOX by CE-LIF was done first by
Reinhoud et a. [24]. The limit of detection for the
CE-LIF method was 24 amol, a limit of detection
three orders of magnitude lower than those obtained
by reversed-phase liquid chromatography analyses.
Recently the CE separation of a mixture of anthra-
cyclines containing DOX, daunorubicin, and
idarubicin was reported [25]. Hempel et al. have
used CE-LIF for separation and quantification of
parent anthracyclines and their main metabolite:
idarubicin from idarubicinol and DOX from doxoru-
bicinol in samples from plasma of patients treated
with the respective drug [19,26]. Furthermore,
Siméon et al. have reported the CE-LIF analysis of
an anthracycline, daunorubicine, extracted from
tumor biopsies [27]. However, they did not report the
separation of anthracycline metabolites produced by
the cells of the biopsy.

One of the unique applications of CE has been its
application to the analysis of the contents of single
mammalian cells [28—-32]. In single cell analysis a
whole cell is rapidly disrupted inside a capillary
resulting in the release of all its metabolites which
then can be separated by CE. This procedure elimi-
nates the risk of metabolite degradation during a
lengthy extraction procedure and guarantees com-
plete recovery [33]. So far, metabolic studies based
on single cell analysis by CE-LIF have been limited
to synthetic fluorescent substrates that resemble the
natural substrates [29,33,34]. Because of these struc-
tural modifications it is expected that the analysis
will result in a slightly altered description of metabo-
lism. Single-cell analysis by CE may provide an
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accurate description of doxorubicin metabolism be-
cause doxorubicin is an unmodified substrate.

Here we demonstrate a sensitive CE—LIF method
for the separation and detection of doxorubicin and
at least five of its metabolites in bulk preparations
and in single cells. Using this method, we present the
most complete description of low-abundance DOX
metabolites produced in vivo by cultured cells to
date.

2. Experimental
2.1. Chemicals and reagents

Doxorubicin HCI (ICN, Costa Mesa, CA, USA),
13-dihydrodoxorubicin HCl (doxorubicinol) (Dr A.
Suarato, Pharmacia, Nerviano, Italy), fluorescein
reference standard (Molecular Probes, Eugene, OR,
USA), sodium borate decahydrate (EN Science,
Gibbstown, NJ, USA), sodium dodecy! sulfate (SDS)
Ultrapure Bioreagent and potassium phosphate
monobasic (J.T. Baker, Phillipsburg, NJ, USA),
methanol (MeOH) and acetonitrile (Mallinckrodt,
Paris, KY, USA), chloroform (Aldrich, Milwaukee,
WI, USA), N-[2-hydroxyethyl]piperazine-N'-[2-
ethane sulfonic acid] (HEPES), p-mannitol, and
phosphate buffered saline (PBS) (Sigma, St. Louis,
MO, USA), sucrose (Fischer, Fair Lawn, NJ, USA),
ethylenediaminetetraacetic acid (EDTA) (Alfa Aesar,
Ward Hall, MA, USA). Buffers for capillary electro-
phoresis were 10 mM borate—10 mM SDS (pH 9.3)
(BS buffer), 100 mM phosphate (pH 4.2)—acetoni-
trile (7:3, v/v), and 250 mM sucrose—-10 mM
HEPES (pH 7.5). All buffers were made using high-
performance liquid chromatography (HPLC) grade
water (Mallinckrodt) that had been filtered through a
0.22 pm Nalgene filter. The pH of all solutions was
adjusted with either HCl or NaOH. Following pH
adjustment, buffers were filtered through a 0.22 pm
Nalgene filter and stored at room temperature for up
to 1 month.

A 10° M doxorubicin stock solution was pre-
pared in 100% MeOH and alocated into amber
polypropylene vials. The DOX stock solutions were
stored a8 —20°C and used up to 1 month post
preparation. On the day of analysis one vial of DOX
stock solution was used to prepare standard dilutions

and for cell treatment. A new via of stock DOX
solution was used each day to prevent repeated
thermal cycling between —20°C and 25 °C.

2.2. Cell incubation and sample preparation

NS-1 cells were incubated at 37 °C and 5% CO, in
Dulbecco’'s modified eagle medium (DMEM)
(Sigma) 3 days after splitting with 25 wM DOX for 8
h. The concentration of 25 pWM DOX was chosen
because this was the maximum dosage of DOX that
would maintain cell viability at 80% after treatment.
Trypan Blue Solution (0.4%) (Sigma) was used to
stain non-viable cells. Cell viability was then calcu-
lated as the ratio of viable cells to total cells.
Following incubation, cells were divided into five 1.4
ml replicates and pelleted at 1800 g for 5 min using
an Eppendorf microfuge (Brinkman Instruments,
Inc., Westbury, NJ, USA) and washed twice in PBS.
The average cell density was of 1.6+0.4x10° cells/
sample as determined with a Fuchs Rosenthal ultra
plane counting chamber (Hausser Scientific, Hor-
sham, PA, USA).

2.3 Liquid-liquid extraction

Cellular membranes were dissolved and proteins
denatured by adding 450 pl of BS buffer to each
sample. Following addition of the BS buffer, the
samples were sonicated for 1 h to enhance disrup-
tion. Following lysis, 1.05 ml of CHCI,—-MeOH
(5:1, v/v) was added to each sample to extract
doxorubicin and metabolites. The samples were
subjected to two cycles of vortex mixing for 5 min to
improve the extraction followed by centrifugation for
10 min at 1000 g to separate the layers. The less
dense agueous layer and emulsification were re-
moved with a syringe and discarded. The samples
were dried at 45°C under a stream of nitrogen.
Following drying, 100 wl of 100% MeOH was added
to the vial to recongtitute the residue remaining in the
sample vial. The sample was sonicated for 15 min to
facilitate reconstitution.

2.4. Validation of extraction method

In a separate experiment, four replicates of each
10~" M, 10" ® M, and 10 ° M DOX were added to
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NS-1 cell lysate and then collected by an immediate
recovery with the LLE procedure previously de-
scribed. Following LLE of these DOX-fortified
lysates, the lysates were reconstituted in BS buffer—
MeOH (5:1, v/v). A control for 100% recovery was
made by adding cellular extracts not containing DOX
to BS buffer—MeOH (5:1, v/v) containing DOX.
Based on the ratio of the DOX peak areas de-
termined by CE-LIF for the DOX-fortified extracts
and the controls we determined the recovery of the
method.

2.5, CE-LIF analysis

A 10 pl aiquot of each replicate was diluted to
16.7% MeOH (v/v) with 50 pl of BS buffer prior to
analysis. Fresh dilutions were done on the day of the
analysis and diluted samples were not stored for
reuse after more than 12 h. Each one of the five
replicates was analyzed once. Sample preparations
were stored at —20 °C in polypropylene vias for up
to 1 month after extraction. The same preparative
procedures prior to CE-LIF were observed for
doxorubicin standards and controls.

Capillary electrophoresis was performed using a
home-built capillary electrophoresis instrument. This
instrument has been described previously [35]. Sepa-
ration voltage was supplied by a CZE1000R high
voltage power supply (Spellman, Hauppauge, NY,
USA). The 488 nm line of an argon ion laser (Melles
Griot, Carlsbad, CA, USA) was used for fluorescence
excitation. Data was collected a 50 Hz using a
Labview (National Instruments, Austin, TX, USA)
program written in house. Samples were separated
under positive polarity in a 35.0 cm uncoated fused-
silica capillary with an internal diameter of 50 pm
and outer diameter of 150 wm. Two millimeters of
the polyimide coating was burned off at each end of
the capillary.

The detector was aligned by continuously injecting
10~° M fluorescein and maximizing the response of
the photomultiplier tube (PMT) (Hamamatsu,
Bridgewater, NJ, USA) by adjusting the position of
the cuvette with x, y and z trandation stages.
Samples were injected electrokinetically for 5 s at
3.53 kV and then separated under 14.12 kV. Electro-
phoresis running buffer was BS buffer. Fluorescence
detection was done using a post-column sheath flow

cuvette with a 635+27.5 nm bandpass filter (Omega
Optical, Brattleboro, VT, USA). A PMT biased at
1000 V was used to collect the fluorescence photons.
In order to minimize migration time and peak area
variations between injections during the electropho-
resis it was necessary to flush the capillary with the
aid of a 3 cm® syringe adapted to junction with the
capillary. Constant pressure was applied to the
syringe using a three-prong clamp for 2 min with
both the methanol and water flush and then 3 min
with running buffer to remove any fatty acids or
proteins carried through the extraction that had
adsorbed to the capillary surface. The capillary was
then flushed with running buffer for 3 min prior to
the subsequent analysis. The capillary was stored
overnight in running buffer under constant siphoning
via a height differential between the ends of the
capillary.

Data plotting and analysis was performed using
IGOR Pro (Wavemetrics, Lake Oswego, OR, USA).
A Median filter that eliminates spikes produced by
bubbles with 10-point binomial smoothing was used
to process al data

2.6. Sngle cell analysis

Cells are incubated as described above. In order to
eliminate the DOX present in the media or excreted
metabolites, which may bias single cell determi-
nations, the cells were washed twice with sterile 210
mM bp-mannitol-10 mM sucrose-5 mM HEPES-5
mM EDTA (pH 7.4) (mannitol buffer) and resus-
pended in the same buffer. For single cell injections
a 39.5 cm fused-silica capillary (20 pm 1.D.) was
used. The capillary is placed in a Plexiglass holder
and vertically positioned (z-axis) over the stage of an
inverted stage microscope (Nikon, Melville, NY,
USA). The Plexiglas holder is positioned in the
center under 10X magnification using X, y, z mi-
cromanipulation trandation stages (SOMA Scien-
tific, Irvine, CA, USA). Once centered, the capillary
islowered into a5 pl drop of cell suspension. Using
the x—y trandation of the microscope stage a cell is
brought under the capillary image; then the capillary
is micromanipulated and lowered over the cell,
trapping the cell in the lumen of the capillary. The
cell is injected in the capillary with a 1-s siphoning
pulse applied by lowering the waste height at the
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outlet of the capillary to 114 cm below the injection
end. This creates a negative injection pressure of
11.2 kPa which introduces less than 0.1 nl into the
capillary [29]. The capillary is then removed from
the Plexiglas holder and placed in a vial containing
BS buffer. A 30-s delay prior to applying separation
voltage is given to alow for cell lysis [33]. Sepa-
ration is done under 400 V/cm.

2.7. Fluorescence spectra

Excitation and emission spectra were obtained
with a FP-6200 spectrofluorometer (Jasco, Tokyo,
Japan). DOX was diluted to a concentration of 10’
M in BS buffer for spectral analysis. The sample was
placed in a 1 cm path length quartz cuvette.

3. Results and discussion
3.1. Separation and detection conditions

BS buffer was adequate for analysis of doxorubi-
cin and its metabolites by CE—LIF. In comparison to
100 mM phosphate (pH 4.2)—acetonitrile (7:3, v/v)
characterized by high background (1.3+£0.06 V;
background+SD in background), the BS buffer had
a 19-fold lower background (0.0757+0.0014 V).
Also, 250 mM sucrose—10 mM HEPES (pH 7.5) was
tested as a running buffer. The pH of this buffer is
near the pK, of the amine group (7.5) of the
daunosamine sugar (group R2 in Fig. 1) [36], thus
leading to electrostatic interaction with the silanol
groups on the capillary wall. Although DOX was
detected using this buffer, extreme tailing of the
DOX signal was observed. Because the BS buffer
has a pH of 9.3, which is two orders of magnitude
higher than the pK, for the amino group, the
daunosamine sugar is mostly deprotonated and neu-
tral. Also, at this pH a large fraction of the silanol
groups are deprotonated implying that electrostatic
interactions with the capillary wall are reduced.
Further reduction of wall interactions results from
the affinity between DOX and SDS micelles in this
separation buffer [37], which further competes with
the interactions between DOX and the capillary
walls. Therefore the BS buffer was chosen as the
running buffer for the experiments described below.

In order to determine adequate settings for fluores-
cence detection of low abundance metabolites, we
measured the excitation and emission spectra for
DOX in BS buffer (Fig. 2). The excitation maximum
is a 500 nm and there are two emission maxima at
550 and 580 nm. Overlaying of the emission profile
with the transmission profiles for the tested bandpass
filters, 530+25, 580*+15 and 635*+27 nm, alowed
us to identify the filter that provides optimum
fluorescence collection and scattering rejection
(Table 1). Although the 580+15 nm filter is ex-
pected to be the best option in transmitting fluores-
cence, (Fig. 2B and Table 1), this filter also transmits
water Raman bands present over the range of 565—
599 nm [38]. As expected, electropherograms ob-
tained when using this filter have the highest back-
ground of the three filters that were evaluated (Table
1). We aso tested the 530+25 nm filter because
(Table 1) it was expected to provide a good signal-
to-noise (S/N) ratio due to its transmission range.
Unfortunately, this filter seems to transmit 488-nm
radiation caused by Raleigh scattering or fluores-
cence from contaminants that may be found in the
BS buffer. The best S/N ratio was observed when
using the 635 nm filter which coincides with the best
limit of detection (S/N = 3), 61+13 zmol. This mass
limit of detection (LOD) is three orders of mag-
nitude lower than any other mass limit of detection
previously reported [24]. Therefore, selecting the 635
filter was considered adequate for analysis of DOX
and low abundance metabolites.

3.2. Doxorubicin recovery

A DOX calibration curve was constructed using
five concentrations from 10 ° M to 10" '° M plus a
blank. The equation:

y = (1.4+0.04) X 10~ °X — (0.18+1.3)
X 107'% (r* = 0.9956),

where y is molar concentration, X is the peak area
(arbitrary units), and r is the correlation coefficient,
predict a linear dependence. The regression was
linear over the concentration range of 10 ° M to
10 *° M DOX. Assuming that each metabolite has
similar fluorescent properties, this calibration curve
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Fig. 2. The excitation and emission spectra of 10 ' M DOX in BS buffer. After determination of the excitation spectrum (A), the emission
spectrum (B) was obtained using 488-nm excitation. The vertical line at 488 nm represents the wavelength of excitation used in LIF
experiments. The spectral bandpass for the three filters discussed in this report are shown. Scale of excitation spectrum adjusted to match

that of the emission spectrum.

helps to calculate the amounts of DOX or metabolite
in a given sample.

Based on five independent liquid—liquid extrac-
tions of the same cell treatment, the recovery of
DOX was 50+ 15, 77+16 and 99+20% for 1X 10"/,
1x10°° and 1x10°° M DOX, respectively. The
large variation in recovery for a given concentration
is common in procedures involving multiple step
extractions. In addition, these data hint to a dight

dependence of extraction efficiency with DOX con-
centration. The percent recovery for 1xX10 ° M
DOX is significantly different than that for 1x10~’
M DOX.

Furthermore, it is expected that the structural
features in the metabolite molecule will affect their
extraction. Loss of the daunosamine sugar (Fig. 1)
would break the intramolecular hydrogen bond with
the glycosidic oxygen and allow the hydroxyl group

Table 1

Optimization of doxorubicin detection

Filter® 530+22.5 (nm) 580+15 (nm) 635+27.5 (nm)
Collected fluorescence” 32 36 14
Background® (V) 0.143 0.725 0.0757
Noise® (V) 0.003 0.005 0.001
LOD*® (zmol) 38080 34090 6010

The transmission range for the interference filter has been provided by the manufacturer (Omega Optical).
® Collected fluorescence is an estimate based on the area overlap of the doxorubicin emission spectra (Fig. 2) and the transmission range

for the interference filter.

° The background is the average of the basdline of a typical electropherogram.

“The noise is the standard deviation of the baseline of a typical electropherogram.

®The limit of detection (LOD) is determined as the quantity of doxorubicin that produces a signal-to-noise ratio equal to three. The
reported value is the average of three determinations done on different days.
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at position 6 to be deprotonated. Therefore, deglyco-
silation would actually serve to increase the charge
on the metabolites thus making extraction into the
organic phase less efficient than the extraction of
DOX. On the other hand, the conversion of DOX to
doxorubicinol (DOXol) increases the hydrogen bond
acidity of the molecule (Fig. 1). Therefore it is
possible that the extraction of DOXol will be more
efficient than the other metabolites due to increased
hydrogen bonding with methanol in the extraction
solvent.

3.3 Metabolite analysis in bulk

Fig. 3A, trace (i), is an electropherogram that
results from treating 1.60.4 million NS-1 cells with
25 nM doxorubicin for 8 h. The extract of untreated
NS-1 cells was used as a control, (Fig. 3A, trace
(iii)). The small peak at a migration time of 113 sis
most likely due to methanol in the sample as it also
appears in the controls. The peak is not in the
metabolite migration window (150-300 s) and there-
fore does not pose any interference to the analysis.

In order to study the potential degradation of DOX
during the extraction procedure, DOX was added to
untreated cells just before the lysing and extracting
steps. In this short contact time (~1 min) at room
temperature it is unlikely that DOX would be
metabolized. In the electropherogram of this ex-
traction control, there is a second peak following the
DOX peak (Fig. 3A, trace (ii)). Since DOX is stable
in methanolic solution [19,39] the second peak is
likely a degradation product resulting from the
liquid—liquid extraction procedure. This second peak
may have not been resolved in Fig. 3A, trace (i), due
to the high level of DOX present in that sample.
These results clearly indicate the need of extraction
controls, the presence of unwanted transformations
during the extraction procedure, and the risk of an
incorrect interpretation of metabolism.

Excluding the artifacts caused during the extrac-
tion protocol, metabolite peaks (1, 2, 3, 5, and 6) in
addition to the DOX peak were always detected (Fig.
3 and Table 2) in five independently prepared NS-1
extracts from the same DOX treatment. In com-
parison with previous reports, detection of additional
metabolites is made possible by the high sensitivity
of post-column LIF detection. Metabolite peaks 4
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Fig. 3. Capillary electrophoresis separation of DOX and metabo-
lites from a cell extract. Following NS-1 cells treated with 25 .M
DOX for 8 h, Trace A(i). Part B is an expansion to show peaks
7-10. Recovery control: 1X10™° M DOX added to cell lysate of
non-treated cells prior to extraction, Trace A(ii). Extraction
control: Untreated NS-1 cells, Trace A(iii). Electrophoresis buffer
was BS buffer. Separation performed in a 35.0 cmx50 um I.D.
fused-silica capillary, separation voltage of +403 V/cm following
a 5-sinjection using 100 V/cm. The 488-nm line of an argon-ion
laser was used for excitation and a 635+27.5 nm bandpass filter
was used for detection. Traces have been offset for clarity.

and 7-10 (Fig. 3 and Table 2) were not detectable in
al replicates. This is likely to be an effect of dight
changes in their mobility which causes overlapping
with major metabolite peaks. It was aso observed
that the migration time of DOX increased after
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Table 2

Doxorubicin metabolites

Metabolite® Migration time Peak area’ Metabolite amount Abundance”

(n=5) 6] per cell® (amol) (%)
1 157+5 0.2+0.2 0.07£0.05 0.003+0.006
2 159+5 3.4+0.9 1.1+0.3 0.03+0.04
3 210+14 0.7+0.3 0.3+0.1 0.008+0.01
4° 220+13 0.3+0.2 0.1+0.07 0.004+0.005
5 240+15 0.4+0.2 0.2+0.1 0.004+0.006
6 250+15 0.6+0.2 0.3+0.1 0.006+0.008
7' 260 0.1 0.06 0.001
8" 245 0.06 0.03 0.0002
9° 270+19 0.3+0.1 0.1+0.08 0.001+0.004

10’ 251 0.3 0.2 0.001

DOX 297+5 16 00013 000 95007500 100

* Metabolite numbering system is the same as in Fig. 3. Data correspond to the average of five independent extractions and their
corresponding CE-LIF analyses. Variation is represented as the standard deviation.

® Peak area is reported in arbitrary units.

° Metabolite amount was calculated from the average area, the calibration curve, and the total number of cells 1.6+0.4x 10° cells per

replicate.

“ Relative abundance is calculated as percent of DOX peak area

¢ Detected in four of the five replicates.
" Detected in two of the five replicates.

dilution of the sample, suggesting that other varia-
tions in migration time may result from capillary
over loading with DOX, as it was necessary for
detection of low-abundance metabolites. Also migra-
tion time variations may be caused by modifications
of the capillary surface by cellular components that
are co-extracted with DOX and its metabolites.

At the time this manuscript was written, aglycone
metabolite standards were not commercialy avail-
able. Therefore, identification of all of the DOX
metabolites based on their migration time is not
straightforward. For the DOXol standard the migra-
tion time is almost identical to a DOX standard or
extracted DOX (data not shown). Thus DOXol
produced by the metabolism of DOX in the NS-1
cells would not be detected because of overlap with
the large parent drug peak (Fig. 3). For aglycones,
their electrophoretic mobility in relation to DOX
mohility is predicted based on two of their structural
features: (i) they are smaller molecules than DOX or
DOXol; and (ii) a pH 9.3 they have two deproto-
nated hydroxyl groups in positions 11 and 6 (Fig. 1)
while DOX or DOXol have only one [36,40]. Based
on these two features, the mobility of the aglycones
is expected to be more negative than that of DOX or
DOXol. Therefore in free zone electrophoresis, it is

predicted that DOX will migrate faster than the
aglycones. On the other hand, in micellar electro-
kinetic capillary chromatography, the separation
mode used in this study, DOX and metabolite
apparent mobility is also affected by partitioning
between the micellar and aqueous phases. It is
expected that the aglycones will partition less than
DOX into the micelles due to the additional negative
charge thus migrating faster than DOX. This specu-
lation is consistent with the electropherogram in Fig.
3 which suggest that the components migrating
earlier than DOX should correspond to aglycones.

On the other hand, the number of peaks in the
metabolite electropherogram (Fig. 3A, trace (i)
exceeds the number of metabolites reported to date
[13]. Likely other metabolites have not been previ-
oudly reported because they have escaped detection.
Another potential explanation is the presence of
complex formation between phospholipids or pro-
teins and DOX or metabolites altering their mobility.
Further characterization or isolation of these un-
identified peaks may lead to the discovery of novel
drug—biomolecule interactions or to enhance the
description of DOX metabolism.

The peak areas in Fig. 3 (Table 2) and in the
calibration curve described above, facilitated to
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calculate the average metabolite amount per cell and
their relative abundance with respect to DOX. In al
cases the DOX pesk could not be obtained at the
initial sample dilution, therefore the sample was
further diluted 5000 to estimate its peak area. The
average amount of doxorubicin per cell was 9.5
fmol/cell while the metabolites are found at levels
between 0.03 and 1.1 amole per cell. These values
are lower than those previously reported by Licata et
a. [13] who used a closed enzymatic system. The
accumulation of metabolites in a closed system is
certainly expected to result in higher metabolite
content than an open cellular system where metabo-
lite excretion is a dynamic process.

34. Sngle cell analysis

After treatment with 25 pM DOX for 8 h, one
single NS-1 cell was introduced into the separation
capillary, lysed with the BS running buffer, and then
analyzed by CE-LIF. Fig. 4A is an electropherogram
resulting from the analysis of a single NS-1 cell.
This profile is not identical to that one resulting from
a bulk extraction (Fig. 4B) but tentative assignments
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Fig. 4. Single NS-1 cell analysis compared to bulk cell extract
metabolite separation. Single NS-1 cell treated with DOX (A).
Cell extract from NS-1 cells treated with DOX (B). A suspension
in mannitol buffer was introduced by a 1-s siphoning injection
(11.2 kPa). Separation performed in a 39.5 cmx20 pm I.D.
fused-silica capillary, separation voltage of +400 V/cm. Other
conditions as in Fig. 2. Traces have been offset for clarity.

are dtill feasible. The origin of the variations in
migration time and peak areas are discussed below.

Variations in the migration time may result from:
(i) wall modifications resulting from the presence of
cell components such as lipids and hydrophobic
proteins co-extracted in bulk or al the cell com-
ponents released during the lysis of a whole cell
inside the capillary; (ii) overloading of the capillary
with DOX in bulk analyses; and (iii) alterations in
the zone field or wall modifications caused by the
components in extra-cellular buffer introduced along
with the cell in a single cell injection. Efforts to
eliminate migration time bias are underway.

In contrast to the variations in migration time, the
absolute and relative peak areas for each metabolite
are expected to be different among individual cells
and bulk extracts. Indeed analysis of multiple cells
(25 cell9) reveal that the metabolic profile for each
cell is unique. Furthermore it is expected that: (i)
there are no losses; and (ii) degradation is minimized
in the single cell procedure. In agreement with this
expectation the typical single cell analysis repre-
sented in Fig. 4B reveals that that cell contains 0.1,
0.3, 0.5, 0.2 and 1.1 fmol of metabolites 2, 3, 4, 5
and 6, respectively. In the bulk extraction anaysis
the amount of same metabolites were estimated to be
at least 100-fold lower, which strongly warns users
about testing the extraction efficiency of each com-
ponent in a metabolite mixture. On the other hand,
the use of single cell electropherograms may provide
a more realistic scenario of metabolism in a given
cell type.

3.5. Conclusions

We have successfully developed a method for the
separation and detection of at least five DOX metab-
olites extracted from a cell culture. The high sen-
sitivity and low limits of detection of post-column
LIF makes it possible to detect up to ten DOX
metabolites present at zmole per cell concentrations.
Single cell analysis providing 100% recovery elimi-
nates the need for recovery studies and decreases the
risk of unwanted metabolite transformation during
the extraction procedure in bulk. It is expected that
the ability to separate and detect low levels of DOX
and its metabolites will help in the early detection of
unwanted metabolite formation and perhaps help to
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identify more efficient and less deleterious chemo-
therapeutic regiments.
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